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An experimental study on stability limits of premixed hydrogen-air flames in planar microcombustors (H=1 mm and
1.5 mm) partially filled with porous medium is carried out, focusing on the effects of combustor sizes and filling condi-
tions. Critical conditions for blow-off, flashback, and breaking through the porous medium are experimentally measured.
The blow-off limits are nearly independent of combustor sizes and filling conditions, while the flashback limits are
strongly influenced by the combustor size and the filling conditions. Critical values for breaking through are identified
with two different methods, and it is shown that standing combustion waves are settled over a range of velocities,
instead of a fixed value of filtration velocity, which is considered an important characteristic of microcombustion. Most
results can be explained by the classic boundary velocity gradient theory by von Elbe and Lewis, and thus the validity
of the theory to the present channel spacings is confirmed. © 2015 American Institute of Chemical Engineers AIChE J,

61: 2571-2580, 2015
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Introduction

Ever since Epstein and Senturia' proposed the concept of
the micro heat engines in 1997, various prototypes of minia-
turized power systems, such as the micro gas turbine,” the
micro-thermoelectric device,” the micro-thermophotovoltaic
system,* and so on have been developed and tested, with a
strong motivation enabled by the fact that hydrogen and
many hydrocarbon fuels offer much higher energy densities
than batteries, and thus miniaturizing the current power
packages becomes feasible.” References ®® reviewed key
progress in the research of microcombustion and the devel-
opment of micro power systems. Despite the remarkable
advances, it is pointed out that the understanding of funda-
mental flame behaviors and combustion characteristics in the
microscale and mesoscale, for example, flame stabilities, is
still insufficient.

Achieving stabilized flames in microcombustors is a chal-
lenging task due to the strong thermal coupling between the
flame and combustor walls, which has been an important sub-
ject for microcombustion research. For this reason, methods
like external heating,™'® backward-facing step,"'™"* catalyzed
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combustion,'* heat recirculation,'>'® and so on were employed.

Among them, heat recirculation from the exhaust to the
unburned mixture was shown to be effective in increasing the
flame speed and extending flammability limits,' 7' suggesting
the importance of transporting heat from the “high temperature
zone” to preheat the mixture in the case of microcombustion.
Based on this principle, a planar microcombustor partially
filled with porous medium was proposed in order to allow
“internal” heat recirculation.'” The microcombustor was fabri-
cated and tested, and the results indicated that thermal radia-
tion from the combustor wall could be greatly enhanced
against the case without porous medium.'?° To better under-
stand the dynamic behaviors of this specific configuration, crit-
ical conditions (mixture velocity U and equivalence ratio @)
corresponding to flame stability limits for different combustor
configurations were experimentally identified for an H =1 mm
microcombustor.?' It was found that the blow-off limits are
nearly independent of the combustor configuration, while the
flashback limits are strongly influenced by the combustor con-
figuration as well as the parameters of the inserted porous
medium. As a follow-up, the present study is primarily
intended to investigate the effects of the combustor size on the
stability limits, and to provide a more in-depth analysis on the
results.

Flame stability limits have been extensively studied for
their theoretical importance and practical relevance to
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Figure 1. Schematic of the experimental setup.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

engineering applications. Back in 1949, von Elbe and
Lewis®* first presented the theory of flame stabilization by
introducing the boundary velocity gradient near the combus-
tor rim, based on which Putnam and Jensen> obtained the
relations expressed in the form of dimensionless numbers
(Peclet number). With a set of well-designed experimental
apparatus, Grumer et al.>* measured the flashback and blow-
off limits of a wide range of fuels, and till today their results
are still well valid for burner designs. However, when it
comes to the near-quenching dimensions, heat losses which
dictate thermal quenching become more significant, and the
combustor material properties strongly affect the radical
quenching.m’zs’26 Yuasa et al.>’ found that the boundary
velocity gradient theory could not explain the experimental
results when the tube diameter is smaller than 1 mm, but
whether this critical dimension is a function of fuel types,
equivalence ratios and other factors, remains unanswered. In
fact, it was also pointed out by Grumer et al.?* that the com-
bustor size has a pronounced effect on the flame stability
limits, especially the flashback conditions. For the reasons
presented above, an experimental study is conducted to
investigate the effects of combustor sizes and filling condi-
tions on the flame stability limits, and by analyzing the
experimental results to generalize some basic rules for the
design and operation of this kind of microcombustors.

Experimental Setup and Approach

The experimental setup for the present study is schemati-
cally shown in Figure 1. It is exactly identical to what was
used in an earlier study,21 except that two microcombustors
with H =1 mm and 1.5 mm, respectively, are used. To avoid
unnecessary repetition, details of the experimental setup are
not given here.

The microcombustors are made of stainless steel (SS)
316L, and their design features and configurations are shown
in Figure 2. The same aspect ratio (= 10) is used for both
microcombustors in order to ensure that the majority of the
flow to be two-dimensional. In the earlier study,21 three con-
figurations were tested: (a) without porous medium; (b) fully
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filled with porous medium; and (c) partially filled with
porous medium, and it was found that it is very difficult to
have flashbacks for (b). As such, only the configurations
shown in Figures 2a, ¢ are investigated in the present study.
The distance from the upper boundary of the inserted porous
medium to the combustor exit is denoted as L., and the
width of the porous medium as W, as illustrated in Figure 2,
which are used to define the “filling conditions.” The porous
medium is made by folding the SS 316L mesh (wire diame-
ter of ~0.229 mm and average pore diameter of ~0.28 mm)
into multiple plies, with triple-ply and double-ply used for
the H =1.5 mm and H=1 mm microcombustors, respec-
tively, to achieve the same porosity. Using the formula given
in Ref. 21, the porosity of the porous medium is calculated
to be 0.87. For more details about the fabrication of the
porous medium and the calculation of the porosity, please
refer to Ref. 21.

The fuel-air mixture is ignited by an external spark placed
near the combustor exit. Under certain flow conditions (U
and ®), the flame propagates upstream back into the com-
bustor. The outer walls of the planar microcombustor were
oxidized very quickly (in less than an hour) once a stable
flame was established inside. To ensure consistent wall prop-
erties, especially the thermal conductivity, the combustor
was “burned” (having flame inside) for about 4 h prior to
the experiment. Figure 3 illustrates the three critical condi-
tions and they are defined as follows: (a) blow-off, under a
given velocity U (superficial velocity based on the cross-
sectional area of H X 10H), there is a critical ®, denoted as
@, under which no flame can be established at the combus-
tor rim; (b) flashback, under a given velocity U, there is a
critical @, denoted as ®, under which the flame can propa-
gate back into the combustor and be stabilized somewhere
inside the combustor; and (c) for the partially filled configu-
ration, there is another critical @, denoted as ®5 above which
the flame will break through the lower boundary of the
porous medium, rendering the porous medium ineffective in
“holding” the flame within it. It should be mentioned that ®,
and O, are applicable to all configurations in Figure 2, while
®; is only applicable to Figure 2c.
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Figure 2. Design features and configurations of the planar microcombustors (not to scale).

The experimental procedure to identify the critical condi-
tions for different combustor sizes and filling conditions is
described as follows. Each time, a given flow velocity U is
applied, and then a preliminary mixture equivalence ratio @
is used for trial. Spark ignition is implemented after stable
readings of the mass flow controllers are achieved. While
fixing U, @ is adjusted by an interval of 0.025 until a critical
value is found. Due to the existence of flames (either at the
combustor rim or inside the combustor), the combustor walls
are heated to a higher temperature than the ambient, which
can be readily detected by the infrared thermal imager. Upon
each trial, an air blower is used to cool down the combustor
until the external wall temperature approaches 25°C—this is
to ensure the thermal boundary conditions to be consistent
throughout the experiment. The procedure described above is
applicable to both ®; and ®,, as schematically shown in

Figure 4, while for @3, the case is a bit more complicated,
and its procedure is detailed in Critical conditions for flames
breaking through the porous medium section. Each value of
the critical equivalence ratio (@, ®,, and ®3) is finalized
only after the result is repeated at least twice under the iden-
tical conditions. The experimental error of @ is about 1.4%,
and therefore, error bars are not shown in the following fig-
ures due to their smaller sizes compared to those of the
symbols.21

Results and Discussion

The velocity range for the present study is determined to
be U=1-3 m/s. U< 1 m/s does not generate sufficient ther-
mal energy for practical micro power systems, while the
upper limit (U =3 m/s) is chosen out of consideration that a
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Figure 3. lllustration of the three critical conditions.
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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higher velocity may result in burnout of the inserted porous
medium. To study the effects of filling conditions, there are
totally six filling conditions designed for each microcombus-
tor. The grouping of the experimental cases is given in
Table 1.

Critical conditions for blow-off

The results of the critical conditions for blow-off are given
in Table 2. It can be seen that within the velocity range, the
critical equivalence ratios (®;) do not differ significantly
among the experimental cases given in Table 1. In other
words, @; can be taken as 0.3 (=0.05) when 1 <U <3 m/s.
To compare the above results with those obtained by von Elbe
and Lewis®* and Grumer et al.,** the velocity gradient at the
exit of the microcombustor needs to be known. However, this
is very difficult to get. From Figure 1, it can be seen that the
flow velocity at the combustor inlet is almost uniform. Using
a simple empirical relation®® L, ~ 0.05Re X D to estimate
the hydrodynamic entrance length, one obtains: for
H=1 mm, L, is around 13, 28, and 39 mm for U=1, 2,
3 m/s, respectively; and for H = 1.5 mm, L, is around 29, 57,

and 86 mm for U =1, 2, 3 m/s, respectively. Take note that
D =2H and the viscosity of air at 300 K are used in the
above calculation. The results of L, indicate that the flow
velocity has not reached the fully developed condition for
most cases, as the combustor length is only 20 mm (see Fig-
ure 2). Therefore, a quantitative comparison is unfeasible, and
the data presented in Table 2 are only examined in a qualita-
tive manner. It was pointed out in Ref. 24 that blow-off gra-
dients are less affected by tube diameters near quenching
dimensions. In addition, Fig. 25 of Ref. 24 (titled “Flame sta-
bility diagram for fuel hydrogen”) shows that when ® <04,
the blow-off curve becomes very steep, implying that blow-off
happens over a considerably wide range of velocity gradients
when the mixture is lean to 0.4 and below, which is consid-
ered to be in some qualitative agreement with the experimen-
tal results given in Table 2. Based on the limited cases tested
in the present study, it is concluded that the blow-off limits
are mainly determined by the mixture composition. @
increases very insignificantly with the increase of the flow
velocity, and is almost independent of combustor sizes and
filling conditions, especially at higher flow velocities.

Table 1. Grouping of the Experimental Cases

Description of Cases

H=15 mm

H=1mm Purpose

(1) Without porous medium, Figure 2a
(2) *W =5 mm, Ly, =7 mm, Figure 2¢

(3) W=3 mm, Ly, =7 mm, Figure 2c
(2) *W =5 mm, Ly, =7 mm, Figure 2c
(4) W=10 mm, L., =7 mm, Figure 2¢c

(5) W=5 mm, Ly, =3 mm, Figure 2c
(2) *W =5 mm, Ly, =7 mm, Figure 2¢c
(6) W=5 mm, Ly, = 14 mm, Figure 2c

Effects of inserted porous medium

Effects of the width of the porous medium

Effects of the distance from the porous medium upper boundary to the combustor exit

“Reference case.
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Table 2. Critical Equivalence Ratios (®;) for Blow-Off

U
1 m/s 1.5 m/s 2 m/s 2.5 m/s 3 m/s

H
Description of Cases 1 mm 1.5 mm 1 mm 1.5 mm 1 mm 1.5 mm 1 mm 1.5 mm 1 mm 1.5 mm
Without porous medium [ON 0.3 0.3 0.3 0.325 0.325 0.325 0.325 0.35 0.35 0.35
W =3 mm, Ly, =7 mm 0.325 0.325 0.325 0.325 0.325 0.35 0.35 0.35 0.35 0.35
W =35 mm, Ly, =7 mm 0.3 0.3 0.3 0.3 0.325 0.325 0.325 0.35 0.35 0.35
W =10 mm, Ly, =7 mm 0.3 0.325 0.3 0.325 0.35 0.35 0.35 0.35 0.35 0.35
W =35 mm, Ly, =3 mm 0.3 0.3 0.3 0.325 0.325 0.35 0.35 0.35 0.35 0.35
W =35 mm, Ly, = 14 mm 0.275 0.3 0.3 0.325 0.325 0.35 0.35 0.35 0.35 0.35

Critical conditions for flashback

Figure 5 shows the comparison of the critical equivalence
ratio (O,) between “without porous medium” and “partially
filled with porous medium.” First, the overall trend is that
@, increases with the increasing velocity, which is similar to
the results of natural gas flames given by von Elbe and
Lewis.?? Second, it is also shown that ®, can be consider-
ably lowered by partially filling the microcombustor with
porous medium. Following the velocity gradient theory, for
the two configurations in Figures 2a, c, one can easily have
G.> G, (G representing the velocity gradient), thus leading
to @, , > @, .. Third, Figure 5 indicates that the larger com-
bustor requires a smaller @, for the flame to flashback. In
Grumer et al.’s experimental study,”* the smallest tube diam-
eter used for hydrogen-air is 2.3 mm, and no size effects
were observed in the G-® diagram (Fig. 25 of Ref. 24). In
the present study, the characteristic lengths are about 2 mm
and 3 mm (hydraulic diameter = 2H), very close to 2.3 mm.
Based on the above argument, it is believed that the differ-
ence in terms of @, between the two combustor sizes is
attributed more to the velocity gradient, a parameter not
being able to be quantified in the present study, than the
surface-to-volume ratio (nearly proportional to H™") which
has a profound effect on heat losses.

The effects of filling conditions, they are, L., and W, are
illustrated in Figure 6. The overall trend is that with the
increase of U, @, increases accordingly. The results for
H =1 mm have been reported and analyzed in Ref. 21, and
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Figure 5. Effects of the inserted porous medium on
flashback limits (®,).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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the same analysis can be applied to explain the effects of Ly,
and W for the H= 1.5 mm microcombustor as well. With
regards to the combustor size effects, it is consistent that for
all cases in Figure 6, the larger combustor gives a lower ®@,.
Again, this is believed to be a result of the velocity gradient.
In Putnam and Jensen’s amalysis,23 a condition was
defined as “partial flame speed relation,” referring to the
case of near-quenching dimensions when the tube is too
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Figure 6. Results of the flashback limits (®). (a)
Effects of W (Lot =7 mm). (b) Effects of Lot
(W =5 mm).
[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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small for the flame speed to reach the free propagating speed
for a given equivalence ratio. For the combustor dimensions
examined in this study, the “partial flame speed relation” is
unlikely to happen, and therefore, the boundary velocity gra-
dient theory is believed still valid. With this assumption,
Putnam and Jensen®® correlated two dimensionless numbers,

Per and Pey, for flashback limits in the form as follows
Pe; = C Peg” )

where Pey is the Peclet number based on the flame speed S;,
Pe; is the Peclet number based on the average jet velocity

2576 DOI 10.1002/aic
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U, and C a constant independent of tube diameters. Their
expressions are given as follows

_2RSrcpp

2RUc,p
ey — ———
F) ’ J o

Per 2)

With Egs. 1 and 2, using the air properties, substituting R
with H, and taking the values of S, under different equiva-
lence ratios from Ref. 29, the results in Figures 5 and 6 can
be replotted in the logarithmic scales, as shown in Figure 7.
Second-order polynomial fitting is employed for the data
points, and the fitting results are summarized in Table 3.
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Table 3. Results of Data Fitting for @,

c Standard Error (10™%) Relative Error (%)
1 |C1—Ch5]
Filling Conditions 1 mm 1.5 mm 1 mm 1.5 mm min{Cy,C,s}
Without medium 0.01077 0.01075 2.05749 1.30716 0.186
W =3 mm, Ly, =7 mm 0.01650 0.01591 3.72601 2.40710 3.701
W =5 mm, Ly, =7 mm 0.01981 0.02018 3.21488 5.43659 1.867
W =10 mm, L, =7 mm 0.02307 0.02131 4.1780 3.4953 8.256
W =5 mm, Ly, =3 mm 0.02244 0.02131 4.20930 3.48530 5.302
W =35 mm, Ly, = 14 mm 0.01645 0.01693 4.52717 3.50152 2917

From Eq. 1, one obtains: 1gPe; = 1gC+2lgPer, which shows
that the fitted lines have the slope of 2 and the intercept of
lgC. Each graph of Figure 7 represents a specific filling con-
dition (a combination of L., and W) for two combustor
dimensions. It can be seen that the slopes of two fitted lines
are almost identical (= 2), indicating that Eq. 1 is well valid.
In addition, the results given in Table 3 suggest that the con-
stant C is almost independent of the channel spacing H.
Based on this finding, the results of Figure 7 are collated in
Figure 8 for the H =1 mm microcombustor to better under-
stand the effects of filling conditions on the constant C in
Eq. 1. It is shown that when L, is fixed, increasing W
results in a larger intercept; when W is fixed, increasing Ly,
leads to a smaller intercept. In both Figures 8a, b, the no-
filling condition gives the smallest intercept, and the closer
the filling condition is to the no-filling case, the smaller the
intercept.

It the constant C is independent of the combustor size,
then it can be derived from Eq. 1 to have the following
relation

——S812 3

where the subscripts 1 and 2 refer to the two combustor
dimensions, and o the thermal diffusivity. Assuming o,/
o, =1, one can obtain that when the channel spacing H is
reduced from 1.5 to 1 mm, the critical flame speed corre-
sponding to flashback limits is decreased by a factor of (1/
1.5)% & 0.8, meaning that S, is lowered by about 20%, and
consequently a lower @,, as shown in Figure 6. A potential
application of Eq. 3 is that once the flashback limits are
known for one combustor size, one can easily derive the
flashback limits for another size.

Critical conditions for flames breaking through the
porous medium

In the earlier study,21 it was found that when applying an
equivalence ratio @ greater than the flashback limit (® > @,),
there are two possibilities: (1) the flame is stabilized within
the porous medium; and (2) above a certain @, denoted as
@3, the flame breaks through the lower boundary of the
porous medium and eventually is stabilized at the inlet.
However, under certain filling conditions, (2) happens when
® = ®,, meaning that once the flame propagates into the
combustor, it straight away breaks through the porous
medium (sometimes with retardation of a few seconds). For
example, for the H =1 mm combustor under the filling con-
ditions of Ly, =7 mm and W =15 mm, Figure 6 shows that
®,=0.65 for U=2.5 m/s. In our experiment, when
® =0.65 is used, what happens is that upon flashback, the

AIChE Journal August 2015 Vol. 61, No. 8
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flame enters the porous medium, heating it up, and after a
few seconds it breaks through the lower boundary of the
porous medium. In that particular situation, ®, and @3
merges, but we could not tell what a lower @ will result in
because it could not overcome the flashback limit (®,) at the
exit. For this reason, a “bypassing” method is employed. For
the same example filling condition mentioned above, the fol-
lowing steps are implemented to obtain ®;. First, set the
flow velocity U=1.5 m/s (®,=0.55, ®3=0.675), and
®=0.6 (O, <D< D3) is used. Then, ignite the mixture and
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Figure 8. Effects of filling conditions on the constant C
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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a flame is established inside the porous medium. Next, U is
increased to 2.5 m/s (the desired value) by keeping @ = 0.6
unchanged, and now the stable flame is still inside the
porous medium. Finally, increase ® from 0.6 by an interval
of 0.025 while carefully observing the change of the flame
position. The critical value for @3 is recorded when flame
breaking through the porous medium occurs. The process
described above, named “Method 2,” is illustrated in Figure
9 in blue dotted lines, while the normal procedure, named
“Method 1,” in black solid lines. It should be pointed out
that “breaking through” happens under the “hot wall” condi-
tion, and therefore, cooling down the combustor walls (Fig-
ure 4) is not necessary any more in the measurement of ®j.
For both Method 1 and Method 2, values of @5 are recorded
after the flame being stabilized inside the porous medium for
at least 5 min.

Using the procedure illustrated in Figure 9, the results of
@5 are obtained, and are shown in Figure 10. It is consistent
for all filling conditions that the larger combustor gives a
lower value of ®;, suggesting that a smaller combustor is
able to “withstand” a higher flame speed, in which heat
losses through the external combustor walls are believed to
play an important role. As the combustor size shrinks, the
surface-to-volume ratio increases, and the net result is that
the ratio of heat losses to heat generation increases. As such,
in order to sustain the same flow velocity inside the porous
medium, a smaller combustor requires a larger equivalence
ratio to compensate for its higher heat losses. This finding,
the authors believe, could be a very important characteristic
associated with the small combustor sizes, and does not exist
in large-scale porous medium combustors.

Application of the critical conditions

Flame stability limits are of great theoretical importance
to combustion science and practical relevance to engineering
applications, for example, burner designs. Having discussed
the results and implications of @, ®,, and ®; separately, it
is useful to put them in a composite diagram in order to pro-
vide directions for designs and operation of the partially
filled microcombustor, and an example case (W =5 mm,
Loy =7 mm) is done in Figure 11. It is seen that the ®-U
diagram is divided into two regions, namely, Region 1 and
Region 2. A point (U and ®) taken from Region 2 will lead
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Figure 11. Composite diagram of flame stability limits
(W=5mm, Ly,; =7 mm).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

to a Bunsen-burner-typed flame sitting at the exit of the
microcombustor, while a point taken from Region 1 gives a
stable flame within the porous medium. However, it is
noticed that Region 1 shrinks to almost zero for H =1 mm
when U > 1.5 m/s, but this does not mean that no stable
flames can be established within the porous medium when
U> 1.5 m/s. Recalling the “bypassing” method described in
Critical conditions for flames breaking through the porous
medium section and illustrated in Figure 10, an easy and
simple strategy is to pick a point from Region 1 (<1.5 m/s)
to set up a flame in the porous medium first, and gradually
adjust the flow rates of air and hydrogen to the desired value
of U, which is essentially a measure to change the thermal
boundary condition of the combustor walls. Similar diagrams
can be obtained for other filling conditions, based on which
ignition and operation strategy for the particular configura-
tion can be easily determined and implemented in combustor
designs.

It is also found in Figure 11 that the inserted porous
medium allows standing combustion waves over a range of
velocities, instead of a fixed value, under a certain ®. A sim-
ilar finding was also reported by Yang et al.** and Fursenko
et al.’! for methane-air flames in high-porosity microfibrous
porous media. Again, it is believed that the ability of sustain-
ing standing combustion waves in the porous medium over a
wider range of velocities and equivalence ratios than large-
scale counterparts is attributed to the small combustor sizes.
Supposing a standing combustion wave is established under
a certain combination of U and @, increasing the velocity by
AU would push the wave downstream and finally blow it off
from the porous medium in large-scale combustors. How-
ever, in the scenario of microcombustion, AU also means a
higher flame temperature, which is not the case in large-
scale combustors. The increased flame temperature in turn
gives rise to a higher flame speed, and consequently a new
balance is achieved under U+AU. Although this is a rather
course analysis based on a quasi-one-dimensional assump-
tion, it illustrates the essential mechanism of flame stabiliza-
tion inside the porous medium in microcombustors. Further
studies are underway to reveal the underlying mechanism in
a more quantitative way.
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Conclusion

An experimental study on the flame stability limits of pre-
mixed hydrogen-air combustion in planar microcombustors
(spacings of H=1 mm and 1.5 mm) partially filled with
porous medium is carried out in order to investigate the
effects of combustor sizes and filling conditions. Critical
conditions for blow-offs (®;), flashbacks (®,), and breaking
through the porous medium (®;) were experimentally meas-
ured. The results of @, indicate that the blow-off limits are
almost independent of combustor sizes and filling conditions.
However, the flashback limits are strongly influenced by the
combustor size and the filling condition defined by the
position (L) and the width (W) of the inserted porous
medium. Critical values for @5 are identified with two differ-
ent methods, and it is shown that standing combustion waves
are sustained over a range of velocities, instead of a fixed
value of filtration velocity, which is considered an inherent
and important characteristic of microcombustion. Most of
the experimental results can be explained by the classic
boundary velocity gradient theory by von Elbe and Lewis,
and thus the validity of the theory to the present channel
spacings is confirmed.
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