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Abstract; The characteristics of the surface-stabilized flame on a porous medium in an annular microscale

channel were studied experimentally with methane/air mixture. In the pressure drop characteristic study, three

porous media with the same pore diameter and different porosities were used and compared. The substitution

of the air for the mixture was verified accurately at first. Then the relationship expression of the air pressure

drop characteristic was acquired for each porous medium according to the Forcheimer correlation. The third

porous medium was selected for the following research, as it had the expression closer to the Darcy’s law. As

for the ignition characteristic study of the surface-stabilized flame. a reasonable criterion was established for

the flammability limit determination. Based on the criterion, the result showed that the limit reached the mini-

mum value when the mixture equivalence ratio was 0. 9. During the extinction characteristic study, through the

well-designed operating procedure, the experiment was conducted to obtain the strict extinction limit of the surface-

stabilized flame. It was indicated that the extinction limit at mixture equivalence ratio of 0. 8 was the least.
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The demand for micro power systems be-
comes more urgent with the rapid development
of micro-electromechanical systems (MEMS).
Compared with the disposal chemical battery,
the micropower devices based on fuel combustion
have a higher power density. Thus, they have
already drawn extensive international interest of

[2] " However, the micro combustion is in-

study
fluenced by scaling factors such as low Reynold
number, short residence time, and significant
heat loss from the high surface to volume ratiot**’.
The large heat loss has become an important is-
sue during micro combustor development. With
the increase of heat loss inevitably affects the
flammability and extinction limits, it will result

in poor stability characteristic of the flame,

which will be a key problem encountered in the
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development of micro-combustors. Meanwhile,
large heat loss results in a poor thermal efficien-
cy of the combustor.

Good thermal management techniques be-
come effective measures to solve the above prob-
lems related to considerable heat loss™. A large
number of scholars designed Swiss-roll combus-
tors using the regenerative principle to reduce
heat loss, while the fuel-air mixture was fully
preheated to achieve so-called excess enthalpy of
combustion, the flammability limit, and com-
bustion efficiency were improved™®. Catalytic
combustion technology could achieve stable,
self-sustaining combustion at low temperature in
microscale space, which would reduce heat loss

k78]

to some exten . In porous media combustion,

heat release can be used to preheat the react-
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ants, which would result in less heat loss. Sim-
ultaneously, the mixing of the gas fuel and the
air can be enhanced. Hence, with advantages of
high reaction rate, wide extinction limit, and
low pollution emission, porous media have a real
potential regarding microscale combustion”.
Experiments showed that a new type of combus-
tor using porous media could reduce heat loss
significantly, resulting in improved combustion
stability"?”.  Microscale combustion concept
presented in this paper used a porous medium to
stabilize the surface flame. The experimental in-
vestigation was carried out on the characteristics
(pressure drop, ignition, and extinction) of the
flame of CH, /air mixture in an annular passage.

Many scholars did a lot of researches in mi-
cro combustion employing the porous media.
Concerning with numerical simulation, Mecin-

1 [11]

tosh, et a analyzed the flame speed under

different loads with a simplified model. Diaman-

1. %) conducted numerical study into the

tis, et a
combustion within the porous media. The radia-
tion efficiency and pollution emission were com-
pared. As for experimental investigation, Mar-
bach, et al. ™'* utilized heat recirculation togeth-
er with the flame stabilized on the surface of a
porous inert medium (PIM) made of silicon-car-
bide coated carbon foam. Measurements includ-
ed the carbon monoxide and nitric oxides concen-
trations, the product gas temperatures at the
combustor exit, and the temperature profiles on
the exterior surface. Li, et al.™! adopted hy-
drogen to investigate the wall temperature and e-
mitter efficiency of a flat combustor under flow
conditions of various equivalence ratios, various
mixture flow rates, and different positions of

WANG Hong-

min, et al. " measured and analyzed the de-

porous media experimentally.

tailed axial temperature variation of the porous
medium burner experimentally during startup
and switch-off processes for the premixed CH,/
air combustion. A micro gas turbine combustor
with a sintered porous chamber wall as the inlet
was tested and simulated by JIANG Ligiao, et

al. "® They measured the pressure drop ratio of

the porous inlet, the exit gas temperature, and
the combustion efficiency. In Ref. [17], experi-
ments were conducted to study the effect of the
porous medium structural parameters (the pore
diameter d, and the porosity ¢) on the blow-out
performance of the surface flame stabilized on a
circular porous medium. The effects of inlet
mixture temperature and existence of restricted do-
main were also studied"*""!,

From the literature, there were limited
studies on the characteristics (pressure drop, ig-
nition, and extinction) of the surface-stabilized
flame on porous media in microscale annular pas-
sage. Pressure drop plays a significant role in
the performance of a micro combustor. Ignition
and extinction characteristics of the flame evalu-
ate the combustion stability. The use of an an-
nular passage is closer to the structure and di-
mensions of microscale combustors of practical
application. Therefore, it is necessary to carry
out the experimental study on the above charac-
teristics. of the mentioned surface-stabilized
flame.  The study could provide an important
reference value for the optimization of the mi-
croscale combustor design. In addition, the ex-
perimental data was fit with the Forcheimer cor-
relation (a second-order polynomial) during the
pressure drop study. At the same time, a rea-
sonable criterion was established for the flamma-
bility limit determination, and a proper operat-
ing procedure was set up for the extinction limit

experiment,

1 Experimental system

The porous medium used in this experiment
is called sintered metal powder porous medium.
It used the stainless steel powder as raw material
which was molded and then sintered with high
temperature. With the rigid structure, the por-
ous medium was characterized by a large number
of internal voids containing connectivity or semi-
connected pores. The two important parameters
to describe the characteristic of the porous media

]

were the pore diameter d, and the porosity el?7,

Table 1 gives the average d, and e of the porous
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media used in this paper. All the three porous
media had the same shape dimensions (an outer
diameter of 15 mm, an inner diameter of 6 mm,

and a thickness of 5mm), as shown in Fig. 1.

Table 1 Pore diameters and porosities of three

porous media

Case d,/pm e/ %
1 50 20
2 50 30
3 50 50

Fig. 1 Annular sintered metal powder porous media

Fig. 2 shows the entire experiment system.
It consisted of an air line, a methane line, a mix-
ing section, an annular channel, and a measur-
ing system. The air line was formed by a gas
supply with high pressure of 9 MPa, a shut-off
valve, two pressure regulators, three pressure
gauges, a switching valve, an air filter, and a

CS200A mass flow rate controller. The first

Inner quartz glass wall - Surface-stabilized flame

Single lens
reflex camera

Water
Sprue L] gauge
Directing porous media

Thermocouple
Mass flow
{’ controller 1
Adam |
acquisition ! ! Switchin
module ! ! §§:] b =
: / Flow control I—: [
! : ' :
' signal | Pressure | ]
A grcgulalnr 2 | Pressure
5 2 gauge
perating .
omputer aliefsilia
desk ¥ Pressure % Relief valve
regulator 1 L
1, Shut-off’
@ Adr filter valve
1
4 Methane
High pressure bottle
air supply

Fig. 2 Schematic of the experimental system

pressure regulator was used to reduce the air
pressure from 9 MPa to about 1 MPa, and the
second pressure regulator was used from 1 MPa
to the value among 0. 05~ 0. 35 MPa when mass
flow rate was not more than 10 L/min. The
methane path was formed by a 40 . methane bot-
tle, a shut-off valve, a relief valve, two pressure
gauges, a switching valve, and a CS200A mass
flow rate controller. The methane in the bottle
had purity over 99. 9%. Both the mass flow rate
controllers had a response time less than 1 s.
The accuracy varied based on the mass flow
rate, that were: 40.35% full scale (FS) when
mass flow rate was less than 35% FS; £1.0%
set point (SP) when mass flow rate was no less
than 35% FS. The range of the air mass flow
rate controller was 5L/min, while that was 500
ml./min corresponding to the methane.

The methane and air were directed and
mixed uniformly in the mixing section after pass-
ing through the respective path. The mixing sec-
tion included the sudden expansion part, the di-
recting part, and the converging part. The three
parts were located separately from the entrance
and each directing porous media (as shown in
Fig. 3). The sudden expansion part caused the
formation of vortices at the entrance. The vorti-
ces promoted the uniformity of mixture concen-
tration field. Then they were eliminated in the
directing part by the directing porous media,
which was the type of sintered metal mesh™®”,
As the inside surface of the converging part was
designed with the shape of the Vidor Brzezinski

curve-?

, the flow was accelerated and directed
to one dimensional velocity-uniform flow finally
in this part.

After the mixture had passed out of the
mixing section, it flowed through the annular
channel (as shown in Fig. 3), above which it
would be ignited by the lighter. The channel
consisted of four parts: an annular porous medi-
um, two quartz glass tubes, and a base seating,
with the structure and dimensions given in

Fig. 4. Based on the experience of the previous

study, the depth of the groove in the base seat-



2958 i =

i B

532 %

Temperature measuring position
Annular channel 2 P

Convergin
part

olle

Water row
connection

Directing part

Directing porous media

. Flow direction

le

Sudden
expansion part

Fig.3 Schematic diagram and picture of the mixing

segment and annular channel

ing was designed as 2mm. If the groove was too
shallow, it was not conducive for fixing the
quartz glass tube. On the contrary, the quartz
glass tube was easy to be fit too tight, the heat
stress after combustion would cause cracks in
the quartz glass tube. A sprue was inserted from
the bottom of the inner tube to prevent the mix-
ture flowing through inside the inner quartz
glass tube to atmosphere. It was connected to
the inner tube by the silicone rubbers as shown
in Fig. 3. The sprue was also connected with the
upper directing porous media, to prevent the in-
ner tube and the sprue from being blown out by
the air flow at large mass flow rate for the sys-
tem cooling.

The measuring system was formed by a
temperature acquisition system, a water row,
and a camera system. The temperature acquisi-
tion system adopted a K-type sheathed thermo-
couple with a diameter of 0. 5mm for the mixture
temperature measurement. It was inserted into
the hole of the base seating until the measuring
point reached the center of the local ring of the
channel. The hole had a diameter of 0. 7mm and
it was located 1 mm distance below the lower
surface of the porous medium, as described in
Fig. 3. The temperature data were acquired with
the Adam acquisition module. The results could

be displayed in the program panel in the comput-

er. The pressure drop between the upside and
downside of the annular porous media was meas-
ured by the water gauge, as shown in Fig. 2 and
Fig. 3. The camera system shown in Fig. 2 em-
ployed a Nikon D300 single lens reflex (SLR)
camera to take the pictures of the flames. The
International Organization for Standardization
(ISO) sensitivity was set at the automatic con-
trol mode with the actual value of 200. The ex-
posure mode was set at the automatic program
control with the actual shutter speed of 1/250s

and aperture value of F5. 6.
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Fig. 4 Small parts in the annular channel (unit:mm)

2 Results and discussion

2.1 Pressure drop of porous media

In the pressure drop experiment of the por-
ous media, the upper and lower water levels of
the water gauge should be recorded when the
characteristic velocity of the flow reached the de-
signed minimum value. The mentioned charac-
teristic velocity referred to the average velocity
of the flow before entering the annular porous
media. The corresponding water levels could be
obtained with the increase of the characteristic
velocity by the given step.

For the convenience of the experiment and
prevention of the methane emission to the at-
mosphere, the air was applied instead of the
CH, /air mixture in the experiment. The pres-
sure drop was firstly compared between the air
and the mixture at the equivalence ratio ¢ =1. 0

to evaluate the error of this substitution. The
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porous medium used in this test had a pore diam-
eter d,=50 ym and porosity e=50%. The pres-
sure drop was measured respectively under the
same mass flow rate (instead of the flow velocity
for the instrument operation convenience). The
test result is shown in Fig. 5. When the flow ve-
locity V' was less than 0.2 m/s approximately,
the pressure drop characteristic curve of the air
coincided with the mixture. When V was no less
than 0.2 m/s approximately, the error between
the two increased slowly with V. However, the
error still kept 100Pa or less at V=0. 6m/s, the
relative error was 3% or less. The pressure drop
characteristic of air could be identified with that

of the mixture.

—a— Air )
—e— CH /air mixture with ¢=1

2500F  »p=101310 Pa
=20 C

0 0.1 0.2 0.3 0.4 0.5 0.6
Fi(m/s)

Fig. 5 Comparison of pressure drop between air and

CH, /air mixture at $=1.0, d, =50 pm, e=50%

The pressure drop characteristics of the
three porous media can be seen from Fig. 6.
With the same d,, the pressure drop Ap de-

creased with the increase of e. That was because

20 5 =
i ---- Polynomial fit of case |
16 - Polynomial fit of case 2 -
E o Detimcimis aace 38
i Polynomial fit of Ldsc}, = Case 1: £=20%
12 £ Polynomial order: 2 e Case 2: e=30%
£ 2 A Case 3t £=50%
X f pol01310Pa "
= = -
< 8 00 L
)

0 0.1 0.2 03 04 0.5 0.6 0.7
V {(m/s)

Fig. 6 Pressure drop of the three porous media

(d, =50 um)

the increase of e meant more pore passages inside
the porous media and the reduction of the flow
resistance thereby.

The Forcheimer empirical correlation"?"’

was
applied to fit the relation between the experi-
mental data of the pressure drop Ap and the air

flow velocity V,

Ap M 2 1
EV RS VAT N S
h g T £y

Wherein, h represents the thickness of the
porous media, 2 =0.005m; u represents kinetic
viscosity, x=1.81X107° Pa + s according to the
table in Ref. [22]; p represents the air density,
p=1.165kg/m’ by calculation; ¢, represents the
viscous through coefficient (m”); ¢ represents
the inertia through coefficient (m). After the
second-order polynomial fit of the data shown in
Fig. 6, it was easy to obtain the fitting values of
¢, and ¢ of the three porous media. It can be
seen from Table 2 that all the R%; (it refers to the
adjusted relation coefficient R%; in the linear re-
gression of the function) reach more than 0. 999,
very close to 1, indicating that the fitting opti-

mizations are good.

Table 2 Viscous and inertia through coefficients of

the three porous media

Case ¢ /107" m® ¢/ pm H
1 3.42 0.318 0.99998
2 8.69 1.23 0.99992
3 22.00 3.14 0.99986

As shown in Fig. 6, the third porous media
(case 3 shown in Table 1 and Table 2) has an
expression closer to linear than the other two. It
means that this case could fit the Darcy’s law
properly. As we know, only when under the
laminar condition (about the definition of the
laminar flow, please refer to page 20 in Ref.
[207]) the flow through porous medium would o-
bey the Darcy’s law!?). Therefore, it could be
inferfed that the flow inside the case 3 porous
medium could be taken as a laminar flow when
The third

porous medium was selected as the object in the

this porous medium was applied™".



2960 o = 3

PANE

532 %

following research.

2.2 Ignition characteristic of surface-stabilized

flame

2.2.1

Ignition process of surface-stabilized

flame

During the ignition characteristic experi-
ment, the CH,/air mixture at $=0. 9 and n1,;, =
0.02g/s was ignited by a lighter about 30 mm a-
bove from the top of the glass tube. The flame
propagated to the porous media in opposite di-
rection of the flow. Then a stable surface flame
formed on the porous media. The whole process
was illustrated in Fig. 7. Firstly, the flame ap-
peared pale blue and evenly distributed at the ex-
it of the glass tube (Fig.7(a)), due to the uni-

U7 After the flame propa-

form flow field there
gated a certain distance along the tube, the local
flow field turned irregular’'™ for the effect of the
porous media. In consequence, the shape of the
transient flame became asymmetric (Fig. 7(b)).
When the flame spreaded onto the surface of the
porous media, it could stabilize there if the heat
loss was not so much (Fig. 7(¢) and Fig. 7(d)).
On the contrary, the flame quenched instantly or

the surface flame formed but quenched after a period

of time (as a result of the delayed heat loss).

(a) (b)

(c) (d)
Fig. 7 Ignition process of surface-stabilized flame

($=0.9, sy =0.02g/s)

2.2.2 Flammability limit of surface-stabilized
flame
As for the flammability limit experiment of
the surface-stabilized flame, there were two op-
tions of the start point for ignition: a small non-
flammable or a high flammable mass flow rate.

For the latter one, the extra procedure was nee-

ded to cool the system before the next operating
point to eliminate the effect of the heating on the
ignition. Therefore, the former one was select-
ed. Then, the mass flow rate was gradually in-
creased with the step of 0. 001 g/s until satisfy-
ing the criterion of the flammability limit
(shown below).

The ignition could be deemed successful on-
ly when the surface-stabilized flame could self-
sustain for 10s at given ¢ and m,;. The time 10
s was determined by the experience that the sur-
face flame in some circumstances could self-sus-
tain only for a short time, usually no more than
5s. The measured mixture temperature should
be cooled by the air to below 25 °C before each
attempt of ignition (the mass flow rate of cool-
ing air m.,=0. 1g/s), if necessary. The process
was repeated until either a total of three success-
ful or two unsuccessful ignition attempts were
recorded. The mixture temperature decreased
with the increase of time under the cooling of the
air blow, as illustrated in Fig. 8. It showed that
the temperature decline tended to be smooth
when the temperature approached to the temper-
ature of the atmosphere (19.5°C). The setting
of reignition below 25°C was result of balancing
the cooling time and the steadiness of the tem-
perature with the increase of time. The steadi-
ness helped to ensure the thermal system consis-

tence before all ignition attempts.

110
] p=101310 Pa
0 1=20 °C
3 m_=0.1 g/s
. T0F
T sob
30k T=201s,1 =25 C
10

0 50 100 150 200 250 300
Tis

Fig. 8 Mixture temperature variation with the

increase of time

The flammability limit (i. e. the minimum

mass flow rate for the self-sustained combus-
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tion, as characterized by three successful igni-
tion attempts, with a maximum of one unsuc-
cessful ignition attempt) at given equivalence ra-
tio was established by repeating the above proce-
dure. The Reynolds number (Re) limit of uni-
verse adoption would be defined and then ob-
tained with the parameters setting shown in Ref.
[23]. The result from Fig. 9 indicated that the
surface-stabilized flame could self-sustain for
more than 10s after ignition only when 0. 6 ¢<<
1. 1. It was worth mentioning that we could see
the tube-exit flame or the double-layer flame
( consisting of the tube-exit and tube-inside
flames) when ¢>1.1, shown in Fig. 10. The
limit became wider with the increase of ¢ when
0.6<C ¢ << 0.9 and it became narrower when
0. 9<<¢=<.1. 1. The limit reached a minimum val-
ue at ¢ =0.9 but not ¢ =1. The similar result
was obtained by JiTANG Ligiao, et al.''™) The
reason might be that the concentration field of

the mixture was not so uniform above the porous

media. Some fuel-rich locations still existed
90
851 p=101310 Pa
80+ =20 °C /I
75F /
o 10r Flammable regime
% s /
65 /
60
551
Nonflammable regime
S0F
45 1 5 1 I} 'l L 1
0.6 0.7 0.8 0.9 1.0 1.1 1.2
¢

Fig. 9 Flammability limit of CH, /air mixture

i

(a) (b)

Fig. 10 Tube-exit flame and double-layer flame

there at ¢ =1, which was unfavorable for suc-
cessful igintion. In contrast, the mixture at ¢ =
0.9 could achieve self-sustained combustion in

worse condition.

2.3 Extinction characteristic of surface-

stabilized flame

2.3.1

Extinction process of surface-stabilized

flame

In the extinction characteristic experiment,
the mixture was firstly ignited at § = 0.9 and
Muix = 0. 02 g/s to form the stable surface-stabi-
lized flame. Then the combustion self-sustained
for a period of time to establish the steady state
of thermal equilibrium, which was indicated by
the appearance that the mixture temperature in-
creased no more than 0.1°C in one minutet?/,
After that, my,; gradually decreased with the
step of 0.001 g/s. The system reached new
steady state at each mass flow rate. The above
process was repeated until the extinction (the
flame disappeared by the naked-eye observation)
occurred, as shown in Fig. 11. It was known
that the content of carbon reduced with the de-

crease of m,,.. As a result, the flame became

.

m_ =0.02 g/s m_ =0.018 gs m_ =0.016 g/s

iy mix

m_=0.014 g/s m_=0.012 g/s m_=0.011 g/s

mix mix mie

Fig. 11 Extinction process of the surface-stabilized

flame ($=0.9)
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thin and the color turned from bright blue to
pale blue. When m,;, decreased to 0. 011g/s, the

flame quenched due to the large heat loss.

2. 3.2 Extinction limit of surface-stabilized

flame

For the extinction limit (i. e. the minimum
mass flow rate before extinction) experiment,
the mixture was firstly ignited successfully ac-
cording to the results of the flammability limit
experiment. Based on the procedure mentioned
above, the extinction limit of the surface-stabi-
lized flame could be obtained at the equivalence
ratios in accordance with the flammability limit.
Meanwhile, considering the heat from combus-
tion, the extinction limit could be worse than
the flammability limit. Hence, ¢ should be ap-
propriately extended to both richer and leaner
sides to obtain the corresponding limit. The ex-
periment result showed that the maximum ¢ of
the extinction limit ($=1.2) was greater than
that of the flammability limit (4=1.1), while
the minimum equivalence ratios were the same
($=0.6). Fig. 12 describes the full result of ex-
tinction limit. The limit became wider with the
increase of ¢ when 0. 6< ¢<C0. 8, and it became
narrower when 0. 8<X¢=<{1. 2. The limit arrived
at a minimum value at $=0. 8, but not 4=1.0,
similar with the flammability limit. And the rea-

son might be the same either.

p=101310 Pa
=20 C

ast
= Steady surface-stabilized
40F flame regime
i5F l\
30F ; ;
.\./ Extinction regime
2:’ B 1 1 L 1

06 07 08 09 1.0 11 1.2
¢

Fig. 12 Extinction limit of CH, /air mixture

3 Conclusion and prospect

1) Three porous media with the same d, and

different ¢ were utilized to conduct the air (in-

stead of the mixture) pressure drop characteris-
tic experiment. The Forcheimer correlation was
adopted to fit the relationship expression of the
pressure drop characteristic for each porous me-
dium. The third porous medium was selected for
the flammability and extinction limits experi-
ments for it had the expression that could meet
the Darcy’s law the best.

2) For theignition characteristic study of the
surface-stabilized flame, the flammability limit
was determined according to a reasonable criteri-
on. The result showed that the limit becomes
wider with the increase of ¢ when 0. 6<($<0.9,
and it became narrower when 0. 9<(¢<1. 1.

3) In the extinction characteristic study of
surface-stabilized flame, the strict extinction
limit was acquired by the well-designed operat-
ing procedure in the experiment. The limit
reached the minimum value at ¢=0. 8.

Next, the study would be conducted on the
other combustion characteristics of the surface-
stabilized flame on the porous media. The exper-
imental approach would be taken to obtain the
temperature distribution along the annular chan-
nel wall. The exhaust gas composition and com-
bustion efficiency would be measured at the
same time. Numerical analysis would also be
carried out to obtain deep understanding into the

microscale flames.
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