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Abstract

This paper addresses the question of choosing the appropriate reactor length, wall thickness, and reactor opening size for self-sustained
homogeneous combustion in parallel plate channels. First, the flame characteristics and stability of homogeneous combustion in micro-scale
(<1 mm) and meso-scale (>1 mm) channels are studied, and the roles of heat recirculation and heat loss on the mechanisms of flame extinction and
blowout are investigated. Based on these insights, the effects of reactor dimensions on flame stability are studied. Increasing the reactor length
results in shrinking of the region of self-sustained combustion due to increased heat losses through the reactor solid structure. An optimum gap
width in the range of ~600-1200 wm (transition from micro- to meso-scales) provides the largest region of self-sustained combustion. Size effects

are stronger for methane than for propane combustion.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Combustion in micro- and meso-scale channels lies at the
heart of various portable power generation devices that could
replace current batteries to meet the increasing demand for more
efficient, longer lasting and more environmentally friendly
operation of electronic and telecommunication devices in both
civilian and military applications [1]. Combustion converts the
chemical energy of fuels into thermal energy, which can then be
harnessed as electricity in an integrated device via various
alternate routes. Examples include integrated microreactors for
generation of hydrogen for fuel cells via reforming [2-4] or
ammonia decomposition [5,6], micro-turbines [7,8], thermo-
electric devices [9,10], thermo-photovoltaics [11], etc.

For these devices to be convenient, reliable and commer-
cially viable, on-demand generation of electricity under
different operating conditions is required. Consequently,
understanding the characteristics and the stability limits of
combustion in micro- and meso-scale devices is essential in
designing robust and efficient systems. Since Davy’s seminal
work two centuries ago [12], it has been widely accepted that
there exists a critical dimension, of the order of 1 mm, below
which flame propagation cannot be achieved due to thermal and
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radical quenching [13,14]. However, recent work has shown
that it is possible to sustain homogeneous flames in sub-
millimeter channels (hereafter termed micro-combustion) in
specially constructed ceramic microburners [15].

There have been several studies on stability of homogeneous
and catalytic combustion in micro- and mainly in meso-scale
devices. Maruta et al. [16] studied the stability of catalytic
combustion of methane—air mixtures, focusing on the effect of
equivalence ratio and flow velocity on thermal quenching.
Ronney [17] used a simplified model to study flame stability in
heat recirculating Swiss-roll type burners. A straight channel
system was also studied; however, an a priori assumption
regarding the location of the flame was needed to obtain an
analytical solution. Ju and Choi [18] presented an analytical
solution of simplified mass and energy balance equations for
counter-flow heat recirculating burners. To obtain an analytical
solution, they made a ““‘thin wall approximation,” which may not
hold for micro-scale burners, where the wall thickness is of the
order of the gap width. Raimondeau et al. [19] studied the effect
of radical and thermal quenching on flame propagation in
microchannels. Norton and Vlachos [20,21] investigated the
stability and thermal quenching of homogeneous premixed
methane and propane flames in microchannels using a two-
dimensional (2D) elliptic computational fluid dynamics (CFD)
model. Leach and Cadou [22] used a simple heat resistor network
analogy to obtain extinction limits. Although their model was
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Nomenclature

surface area (m2)

cross-sectional area of the solid plate (m?)
wall thickness (m)

specific heat (J/kg K)

gap width (m)

diffusivity (m?/s)

coefficient of heat transfer/loss (W/m2 K)
enthalpy or heat of reaction (J/mol)
thermal conductivity (W/m K)

length (m)

molecular weight (kg/mol)

heat per unit time (J/s)

rate of reaction (mol/m>/s)

temperature (K)

velocity (m/s)

reactor volume (m>)

axial coordinate (m)

mass fraction

~ = <R QN-QQN»ENQQ“Q?SQQ

Greek symbols
v stoichiometric coefficient
P density (kg/m?)

Subscripts and superscripts

gas phase

reaction index

species index

solid wall

external/environmental conditions
inlet conditions

08 ]

very simple, it did extremely well in qualitatively predicting the
quenching behavior. The same authors [23] also used a transient
one-dimensional (1D) model to examine the role of reactor
structure and gap width on quenching behavior.

The aim of this paper is to extend prior work of our group
[20,21], by presenting a more comprehensive study about the
effect of reactor dimensions and operating conditions on thermal
quenching. An important question is whether there is an optimal
gap size, reactor structure thickness and reactor length that
enhance flame stability. To efficiently explore parameter space
and get further insights into flame stability for fabricating micro-
and meso-scale burners, a computationally more tractable 1D
model is employed, instead of a CFD model. The effects of wall
thermal conductivity and heat losses on the quenching
mechanisms, and their implications on optimal reactor geometry
are studied for both methane and propane fuels.

2. Reactor model
2.1. One-dimensional (1D) model

A schematic of the reactor modeled in this work is shown in
Fig. 1. The reactor consists of two parallel plates of thickness
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Fig. 1. Schematic of the parallel-plate reactor modeled in this work, with the
plane of symmetry shown as the dash-dot line. The numbers in parentheses are
the nominal values of the reactor dimensions.

by, and length [, separated by a gap width d between them. The
nominal reactor dimensions are indicated in the figure. The
physical system is same as that considered in our earlier work
[20,21]. This is a relatively simple geometry used in order to
illustrate the primary mechanisms leading to flame quenching.
It is expected that entrance effects, caused for example by
different nozzles and reactor shapes, may affect microburner
stability and should be studied using 2D/3D CFD simulations.
The flow is laminar, and the reactants and products are assumed
to be ideal gases. Owing to the large aspect ratio (I/d) of the
reactor, radiation effects are neglected [24]. The steady state 1D
model consists of the following continuity, mass, and energy
balance equations:
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The physical properties, such as thermal conductivity and
diffusivity of the gas phase, are assumed to be constant. Based
on nitrogen (dominant species in the mixture) at 1500 K, we
used k;=0.1 WmK and D= 10~* m?%/s. Our previous work
revealed that the Nusselt number remains constant at a value of
4 (used here), throughout the reactor (except in the narrow
combustion region) [21]. Obviously, incorporation of a more
detailed profile of Nusselt number is entirely possible, but it is
not expected to substantially change model predictions. As the
focus of this work is on the effect of reactor dimensions on the
thermal management, a one-step homogeneous chemistry,
which neglects radical quenching, is assumed for both propane
and methane combustion. The following kinetic expressions
developed by Westbrook and Dryer [25] were used:

C3Hg + 50, — 3CO, + 4H,0, AH® = —2070kJ/mol,

—1.256 x 108

— rpr = 4.836 x 10° exp( _T

Jacs o
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and

CH, + 20, — CO, + 2H,0, AH° = —805kJ/mol,
—2.027 x 108
Jesz-ci

— rpe = 2.119 x 10“exp< =T

(6)

where Pr and Me stand for propane and methane respectively;
activation energy is in J/kg mol/K, the concentrations in
kg mol/m>, and the reaction rate in kgmol/m*/s. Due in part to
the simplicity of the chemistry employed and the fact that
radical quenching could be overcome by suitable materials
preparation (at least for some materials) [15], our focus here is
on thermal quenching. This approach also enables us to directly
compare to our recent CFD work [20,21].

The boundary conditions involve at the inlet specified
(Dirichlet) conditions, an insulated wall in the flow direction,
and no flux (Neumann) conditions at the outlet, i.e.,

atinlet, x=0: wu= Uup, Y, = Ykoa Tg = Tgo’
dT
and “=0 @)
dYy, dT’ dT
Atoutlet, x=1: ——+=—"S=-""f_9 8)

dx  dx  dx

A finite difference scheme was used to discretize the model
with 200 equidistant nodes and the resulting algebraic
equations were solved using Newton’s method. The Jacobian
was computed analytically and a banded solver was used at
each Newton’s iteration. Once a stable solution was obtained,
natural parameter continuation with respect to solid thermal
conductivity (ks), heat loss coefficient (4..), or inlet velocity
(up) was employed. The solver was under-relaxed, if required,
and a gradually decreasing continuation step was taken close to
turning points.

2.2. Validation and benchmarking

The first task was to perform simulations using the 1D
model, and to compare the results with those from the 2D CFD
simulations (for details of the CFD simulation, see [20,21]).
Fig. 2 shows the temperature profiles in the solid and gas phases
along with the reaction rate for a stoichiometric propane—air
mixture entering the reactor at Ty, =300 K, with an inlet
velocity uy=0.5m/s, at atmospheric pressure. The solid
thermal conductivity was ks=7.5 W/m K, the heat loss
coefficient h., =10 W/m>K, and the reactor dimensions
d =600 pm, by, =200 wm and [ = 1 cm. These values represent
the “nominal” operating conditions. The lines represent 1D
model responses and the symbols denote 2D model responses,
averaged over the transverse direction. The axial profiles from
the two models are quantitatively similar. Simulations were
performed for several different values of thermal conductivity
and inlet velocity using both the 1D and 2D models. The 1D
model deviates slightly from the 2D model at very low and high
values of wall conductivity. Fig. 3a, which is discussed in the
next section, compares the quenching curves obtained for a
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Fig. 2. Axial profiles of gas (solid line) and wall (dashed-dot line) temperatures,
and reaction rate (dashed line) for stoichiometric propane—air combustion at
nominal reactor dimensions of d = 600 pm, by, =200 wm, and /= 1 cm using
the 1D code. The corresponding values (cup averaged) using 2D fluent
simulations are shown as symbols.

stoichiometric propane—air feed at uo=0.5 m/s. Despite
substantial gradients seen in previous 2D CFD simulations
[20,21] in the gas phase, heat transfer via the wall dominates
operation, and as a result, the two models are in reasonable
quantitative agreement to encourage further studies with the 1D
model.

Use of this simplified 1D model results in significant
reduction of computational time. While the CFD simulation
takes 30 min to several hours for a single calculation at given
conditions, parametric continuation along one parameter takes
only a couple of minutes using our 1D codes. This allows us to
systematically investigate parameter space for enhanced
stability of self-sustained combustion in small channels.

3. Flame characteristics and quenching modes in small
channels

3.1. Stability of propane—air micro-flames

The limits of stable operation of propane—air micro-
combustion are depicted in Fig. 3. As mentioned in our
previous work [20], a flame thermally quenches due to one of
the two mechanisms: extinction, which refers to the case where
a flame quenches because the heat released by combustion is
insufficient to sustain heat losses; and blowout, which refers to
the case where a flame gets swept out of the reactor at low
residence times (i.e., high flow rates). Hereafter, in all figures,
extinction will be denoted by circles, whereas blowout by
squares. In previous work we distinguished between these two
modes mainly based on flame location. However, additional
characteristics, discussed below, serve to better elucidate the
quenching mechanism.

The critical heat loss coefficient, which accounts for losses
to the environment or possible heat exchange with an
endothermic reaction, versus solid thermal conductivity is
plotted in Fig. 3a. The figure shows a bell-shaped curve, with
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Fig. 3. Critical quenching limits for stoichiometric propane—air micro-combustion for nominal reactor dimensions of d = 600 pm, by, =200 pwm and / =1 cm: (a)
critical heat loss coefficient vs. thermal conductivity at various inlet velocities; (b) critical inlet velocity vs. thermal conductivity curves for two values of heat loss
coefficient; (c) critical heat loss coefficient vs. inlet velocity curves. Squares represent blowout, whereas circles represent extinction. The laminar burning velocity
[26] is marked as uy,y,. The corresponding & vs. A, curve for uy = 0.5 m/s generated using 2D fluent simulations is shown as a thin line in panel (a) for comparison.

blowout observed at lower values of solid thermal conductivity
(ks) and extinction at higher values of k;. The region below
(above) the curve indicates self-sustained (non self-sustained)
combustion. The critical values of inlet velocities are plotted as a
function of &, in Fig. 3b. The two curves delimit the region of
stable combustion. The separation of extinction and blowout is
clear in this figure: at each value of thermal conductivity, the
former occurs at low velocities and the latter at much higher
velocities. Finally, Fig. 3¢ depicts the critical heat loss coefficient
as a function of inlet velocity. The region under the bell-shaped
curve denotes stable combustion. The heat loss—velocity curves
go through a maximum, which represents a transition from
extinction to blowout. The velocity at which the maximum is
observed as well as the maximum value of heat loss coefficient
increase as the solid thermal conductivity kg increases.
These plots underline another important point distinguishing
the quenching modes. The blowout curves of Fig. 3b have a
significantly larger slope than those of the extinction curves;
additionally, the blowout curves for different coefficients of
heat loss are close to each other. Similarly in Fig. 3c, the slopes
of extinction curves are larger than those of the blowout curves,
whereas the extinction curves for different kg are close to each
other. This means that the external heat loss coefficient has a
strong influence on flame extinction, whereas the solid thermal
conductivity has a strong effect on blowout.
Fig. 4 shows the flame characteristics as a function of inlet
velocity for various values of (ks, h..). The left end (circles)
denotes extinction and the right end (squares) denotes blowout.

Fig. 4a shows that as one approaches either of the critical limits,
the flame location moves significantly downstream. Therefore,
flame location may not be the best indicator of quenching mode.
Yet, in blowout of propane—air flames, the flame is typically
located further downstream. The conversion of propane is in
excess of 90% throughout the entire range of operation (Fig. 4b);
the conversion is nearly complete at blowout; but drops as one
approaches extinction, due to lower temperatures, as shown in
Fig. 4d. Heat loss to the surroundings shows a monotonic trend as
the velocity increases from the extinction to the blowout limit. Itis
clear from Fig. 4c that the ratio of heat lost via the walls to the
total heat generated is large at extinction, resulting in signifi-
cantly lower temperatures. On the other hand, the temperature
at blowout limit is much higher, approaching the adiabatic flame
temperature. The heat recirculated upstream through the reactor
solid structure results in stabilization of the flame. Consequently,
since blowout occurs on account of the flame being swept out
of the reactor at high flow rates, it depends strongly on the
thermal conductivity, with more conductive materials being
able to sustain higher velocities that can far exceed the laminar
flame speed (u1,,) due to heat recirculation (see Fig. 3b).

An important point to take away from Fig. 4 is that a
substantial fraction of the heat generated gets lost even at
moderate values of the heat loss coefficient (in the natural
convection range). Operation at faster flow rates toward the
blowout limit decreases this fraction (Fig. 4c) and can be an
important strategy in designing portable devices with max-
imum energy efficiency; however, at the cost of higher solid

99
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wall operating temperatures (Fig. 4d) that may be difficult to
handle from the materials point of view. Finally, for
microreactors of highly conductive walls, stability limit at
extinction is extended for faster flows (see Fig. 3a) due to the
decreased fraction of heat loss stemming from the higher
enthalpy per unit time flowing into the system inlet and the
shorter residence time of gases that minimizes heat losses.

3.2. Effect of fuel

To study the effect of hydrocarbon fuel, simulations were
performed for methane fuel and the results compared with those
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Fig. 5. Bifurcation plot showing ignition of propane and methane in a micro-
reactor. The relevant parameters are the same as in Fig. 2. The methane ignition
temperature is higher and the flame temperature lower than those of propane.

of propane. Fig. 5 shows the maximum wall temperature versus
the inlet gas temperature for stoichiometric propane—air and
methane—air mixtures. Propane has a higher energy density per
unit volume and lower activation energy for homogeneous
combustion than methane. As a result, the methane flame
temperature is lower and its ignition temperature is higher.
Therefore, the window of stable methane combustion is
narrower than that for propane. Fig. 6 shows the critical limits
for stable self-sustained combustion of stoichiometric
methane—air mixtures, with the critical heat loss coefficient
plotted against wall conductivity and inlet velocity in panels (a)
and (b), respectively. The corresponding critical heat loss—wall
conductivity curve for propane is shown as a thin dotted line for
comparison in Fig. 6a. The overall trend for extinction of
methane is similar to that seen for propane; however, extinction
happens at much lower values of heat loss coefficient. Likewise,
blowout occurs at much lower velocities than what was
observed for propane. However, there is a qualitative difference
between blowout characteristics of methane and propane, in
that the blowout limit is only weakly dependent on the wall
conductivity for methane in contrast to propane.

Fig. 7 shows the flame location and the fractional heat loss
over the heat generation (Qjoss/Qgen) for methane combustion
spanning the velocity range of stable operation. The
corresponding curve for propane is also plotted as a thin
dotted line for comparison. The fractional heat loss and
temperature curves (not shown) for methane and propane are
similar to each other. However, the methane flame is located
more downstream as compared to propane, as a larger distance
from the entrance is required to reach methane’s higher ignition
temperature. This perhaps makes the methane flame more
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Fig. 6. Extinction characteristics for stoichiometric methane—air mixtures. The
parameters are as in Fig. 3. The critical heat loss curves for propane at
up = 0.5 m/s and kg = 7.5 W/m K are plotted as thin dotted lines for comparison.
The maximum heat loss coefficient and the maximum velocity for stable
operation of methane combustion are lower than those of propane.

prone to blowout (see Figs. 7 and 6b), and a faster heat
recirculation through more conducting walls is unable to
increase the blowout limit, as was observed in propane.

Norton and Vlachos [21] performed a kind of sensitivity
analysis by substituting the reaction rate and energy density of
propane with those of methane (they called this a pseudo-fuel).
Their conclusion that the difference in the quenching
characteristics of the two fuels is mainly due to the difference
in their activation energies is consistent with the results
presented in this section. Based on this, we postulate that fuels
or fuel blends that have a lower ignition temperature will result
in a more stable reactor operation.

4. Effect of reactor geometry

It is expected that in small-scale systems, surface
phenomena dominate over bulk phenomena. In the previous
section, we saw that the reactor solid structure has a profound
effect on the thermal stability of micro-combustion, as it is
the main route for heat dissipation with multiple effects:
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Fig. 7. Flame location and fractional heat loss plotted as a function of inlet
velocity for a stoichiometric methane—air system. Circles represent extinction
and squares represent blowout. The corresponding curve for propane is shown
as a thin dotted line for comparison, with the abscissa truncated to highlight
methane data. Units of k, are W/m K and &, are W/m> K.

namely, reducing the peak solid temperatures, controlling
heat loss, and recirculating the heat upstream that is critical
for ignition. There is an interplay between higher heat losses
versus higher heat recirculation or higher residence times as
the wall thermal conductivity and reactor size change. It is not
immediately clear what are the appropriate scales of reactor
gap width, reactor length, and thickness of reactor walls, and
these effects are investigated next for propane-air first and
methane—air last.

4.1. Reactor gap width

The rate of convective heat transfer to the reactor walls is
linearly dependent on the inverse of the gap width. Increased
heat transfer to the walls by shrinking the gap width results in an
increase in heat recirculation as well as an increase in heat
losses. Fig. 8 shows the critical heat loss coefficient as a
function of solid thermal conductivity (panel a) and inlet
velocity (panel b) for different gap widths. An important
observation in Fig. 8a is that the dominant quenching
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mechanism changes with varying gap size: small channels
quench because of extinction (heat loss) due to large surface to
volume ratio and fast heat transfer, whereas larger channels
suffer mainly from blowout due to insufficient heat recircula-
tion (note that the circles denote extinction whereas squares
blowout). This change in quenching mechanisms has important
ramifications on the effect of gap size on stability. Based on
intuitive thermal quenching arguments, one may expect
combustion to be more stable for larger gap widths. However,
Fig. 8a reveals that for reactors having walls with low thermal
conductivity (such as ceramics), reactors with sub-millimeter
gap width may actually be more stable than those with larger
gap width (e.g., compare 400 um to 1.5 mm for k,=7.5 W/
m K). This behavior is in contrast to highly conducting walls,
wherein high heat recirculation allows relatively higher
velocities to be sustained (without blowout occurring) in
reactors with larger gap widths. At very small gap widths (e.g.,
400 pm or lower), extinction occurs at relatively low values of
heat loss coefficient. As the gap width increases, flames become
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Fig. 9. Critical values of inlet velocity are plotted as a function of gap width for
solid thermal conductivities of ks=7.5 W/m K (solid line), k; =35 W/m K
(dashed line), and k; = 100 W/m K (dotted line), and heat loss coefficient value
of heo = 10 W/m? K for stoichiometric propane—air combustion.

more stable to heat losses. As the gap width is increased beyond
1 mm (meso-scale), blowout becomes prominent for poorly
conducting walls and results in reduced stability of self-
sustained combustion. There seems to be an ‘“‘optimum size,”
which occurs at the transition from micro- to meso-scales (i.e.,
at ~1 mm). Fig. 8b shows that the heat loss—inlet velocity
curves qualitatively maintain their shape, but just move towards
lower velocity values as the gap width is increased. In other
words, the maximum power generated could be controlled by
tuning the gap width.

Fig. 9 presents an alternate view of the quenching
characteristics described above, by plotting the critical
velocities as a function of gap width. It is to be noted that
the velocity scale (ordinate) is linear, and not logarithmic as in
Fig. 8b. It is evident that the extinction limit is relatively
insensitive to the gap size, whereas the blowout limit varies
significantly with gap size. For low conductivity ceramics, the
blowout limit decreases monotonically with increasing gap
size over the scales explored. For intermediate conductivity
materials, a maximum occurs at ~600 wm, and for highly
conductive materials, a plateau is seen below a certain size
when apparently the time scales for heat transfer from the gas
to the wall and within the wall are sufficiently short. The
operating window becomes narrower due to a decrease in the
critical velocity for blowout, as the meso-scale regime is
approached, and thus, small gap sizes are better for higher flow
velocities (and powers). Fig. 10 plots the critical value of heat
loss coefficient as a function of gap width. This plot clearly
shows that there exists an optimal gap width regarding flame
stability for low to moderate conductivities, for which the
critical value of h., exhibits a maximum. As the thermal
conductivity k; increases, the optimal gap width also
increases. In summary, gap widths in the range 600-
1200 pm are ideal for enhanced stability depending on
material and flow velocity.
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Fig. 10. Maximum value of the heat loss coefficient as a function of gap width
for an inlet velocity of uo=0.5m/s and different values of solid thermal
conductivity, as in Fig. 9, for stoichiometric propane—air combustion.

Fig. 11 shows the flame location and fractional heat loss as a
function of inlet velocity, for different reactor dimensions. The
two dashed lines indicate reactors with the same length and
different gap widths as the nominal reactor (solid line). For the
same operating conditions, the reactor with the larger gap width
experiences a smaller relative heat loss, and is consequently
more stable against extinction. In contrast, the flame is located
significantly downstream, and therefore, blowout occurs at a
much lower value of inlet velocity.

Methane also shows similar quenching behavior with
respect to the gap width (Fig. 12). Consistent with one’s
expectations, gap width has a more profound effect on flame
stability for self-sustained methane combustion. A major
difference in methane—air combustion is that the extinction is a
strong function of gap width at small gap widths, causing the
operating window to shrink significantly as the gap width
decreases below 500 wm. In these narrower channels, a larger
portion of heat gets transferred from the gas to the solid, a part
of which is lost to the surroundings. An increased heat loss
causes methane flames to move significantly downstream,
before finally approaching the extinction limit (also see Fig. 7).
Hence, for homogeneous methane combustion, reactors should
not be designed with gap widths less than 500 pm. Similar to
propane, a gap width of approximately 1 mm provides the
largest operating window.

4.2. Plate/structure thickness

The reactor solid structure affects both the rate of heat
transfer upstream and the rate of heat loss. Owing to the small
plate thickness, resistance to heat transfer in the transverse
direction due to the solid reactor structure is negligible as
compared to the effect of external heat loss coefficient, /... As a
result, the plate thickness b,, primarily affects the axial heat
transfer upstream in the reactor. The thicker the plate, the larger
is the area available for axial heat transfer. Thus, doubling the
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Fig. 11. Flame location (panel a) and fractional heat loss (panel b) are plotted as
a function of inlet velocity for k£, =7.5 W/m K and A, =10 W/m? K, and for
various gap widths and reactor lengths for stoichiometric propane—air combus-
tion. The solid line represents the nominal reactor dimensions (/d) = (1 cm/
600 wm). The two dotted lines represent reactors with the same gap width but
different lengths (0.75 and 1.5 cm); the two dashed lines indicate reactors with
the same length but different gap widths (400 and 1500 pm).

T T T T
dashed line: k; =35 Wm.K
solid line: k‘ =7.5 Wm.K

blowout

0.6

0

0.4

Inlet velocity u_ (m/s)

“ -
B LT

0 1 | 1 I |
400 600 800 1000 1200 1400
Gap width d (micron)

extinction
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width of about 1 mm provides the largest operating window for homogeneous
methane combustion in small channels.
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plate thickness has quantitatively the same effect as that of
doubling the thermal conductivity.

Investigation of Eq. (4) indicates that the specific surface
area in the last two terms is 1/by,. Multiplying by by, it is clear
that the product kb, is important. For a general case of a
reactor with an arbitrary geometry, the product k., where ac
is the cross-sectional area of the solid body, is critical. This
product is sometimes called thermal conductance.' For the sake
of brevity, no additional figures are provided. However, the
same plots (Figs 3 and 6) can be used by changing the abscissa
from thermal conductivity to thermal conductance, with the
value of by, =200 pm.

4.3. Reactor length

A longer reactor provides a larger residence time that could
allow for more complete, and thus, more stable combustion,
especially towards the blowout limit. However, the effect of
reactor length on propane combustion in Fig. 13 shows that the
situation is not so straightforward. A longer reactor provides a
larger surface area for heat loss. Hence, other operating
conditions remaining the same, the fractional heat loss is higher
for a longer reactor than a shorter one. Consequently, extinction
takes place at lower values of external heat loss coefficient in a
longer reactor and the region of stable operation shrinks.
Increasing the reactor length does not significantly increase the
blowout limit for most of the range of wall conductivities of
practical interest (such an increase occurs for k; << 1 W/m K, as
shown in Fig. 13a).

The reason for these effects becomes clearer from Fig. 11.
The two dotted lines represent reactors with the same gap width
but different lengths than the nominal (solid line) case (these
lines are difficult to discern in Fig. 11a). The amount of heat
loss increases significantly with an increase in the reactor
length, thus resulting in shrinking of the extinction limit.
Fig. 11a shows the flame location for three different lengths.
The actual location of the flame is almost independent of the
reactor length. The flame is located within the initial 0.1 cm of
the reactor for most of the range of velocities. Close to the
blowout limit, the flame location increases steeply before
getting blown out. Thus, only a small increase, if any, in the
maximum velocity is observed when the reactor length is
increased. Therefore, a longer reactor does not result in any
significant stabilization of the blowout limit. An exception to
this behavior is observed for highly insulating walls (e.g.,
ks = 0.5 W/m K), wherein the low thermal conductivity limits
the upstream heat transfer. A longer reactor can enhance the
flame stability by providing a larger residence time.

Similar results were obtained for methane, but are skipped
for brevity. Since methane flames get quenched in reactors with
highly insulating walls, an analogous improvement of flame
stability with an increase in length was not observed.

! Thermal conductance is not a standard term. Sometimes, the inverse of
thermal resistance, i.e. kqa. /I, is called thermal conductance instead of the
definition used here.
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Fig. 13. Effect of reactor length on flame stability. Combustion is stable for
higher heat loss coefficients in shorter reactors with moderate to high con-
ductivity walls. This is because for the same heat loss coefficient, longer
reactors result in higher total heat loss. Conversely, a slightly increased stability
is observed for the blowout limit for longer reactors with low conductivity wall
materials.

5. Conclusions

In this paper, we build on the insights obtained in our
previous work [20,21] on the flame characteristics and stability
of propane and methane combustion in small-scale channels.
Specifically, the effect of reactor dimensions and system
parameters on the two mechanisms of thermal quenching of
premixed flames, viz. extinction and blowout, were studied
using an efficient 1D model. While a parallel plate geometry
was investigated, qualitatively similar results should hold for
other geometries. The following insights were obtained
regarding the mechanisms of extinction and blowout, and
the effect of thermal conductivity and heat losses on them:

e Extinction occurs when the heat released by reaction is
insufficient to sustain combustion due to heat loss. As a result,
at the extinction limit, the ratio of heat losses to the total heat
generated is high and the maximum temperature is low.
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Blowout, on the other hand, occurs because the flame gets
swept out of the reactor at higher velocities due to lower
residence times. The heat losses are comparatively lower and
the maximum temperatures higher at the blowout limit.

e Heat recirculation through the reactor solid structure is
mainly responsible for stabilizing flames in small channels.
Therefore, the solid thermal conductivity has a stronger effect
on the blowout limit and a relatively weaker effect on the
extinction limit. Higher thermal conductivity materials make
it possible to operate a microreactor at higher inlet velocities
(and therefore higher powers), even above the flame speed;
however, extinction occurs at lower values of the heat loss
coefficient.

e Extinction is strongly affected by heat losses to the
surroundings, while blowout shows relatively weaker
dependence on heat losses. Maximum heat losses are
sustainable in reactors made with materials having thermal
conductivity of 1-10 W/m K, depending on flow velocity.

The second contribution of this paper is to understand the
effect of reactor dimensions on flame stability. The effect of
reactor length, gap size, and plate thickness are summarized
below:

o Increasing the reactor length results in an increase in heat loss
(for the same value of external heat transfer coefficient) and
residence time. Thus, longer reactors tend to get extinguished
at lower critical values of the heat loss coefficient. As a result,
shorter reactors are preferable while operating closer to the
extinction limit. An exception is propane-air (though not
methane—air) combustion in reactors with highly insulating
walls (typically a non-practical situation), where longer
reactors are more stable.

e Thicker reactor walls provide a larger area for axial heat
conduction and have the same effect as that of increasing the
thermal conductivity. As a result, higher velocities can be
sustained in reactors of lower thermal conductivity solids
using thicker walls.

e The channel gap width has a strong effect on quenching limits
that is fuel dependent. The rate of heat transfer to the wall has
an approximately linear dependence on the inverse of gap
width. Thus, when the gap width is reduced, the net heat loss
as well as the heat recirculation towards the upstream of the
reactor increase. The former makes the flames less stable near
the extinction limit, whereas the latter stabilizes the flames at
higher velocities allowing blowout to occur at much higher
velocities. There appears to be an optimum gap width in the
micro- to meso-scale range (600-1200 wm) for enhanced
flame stability. However, materials integrity in terms of high
wall temperatures should also be carefully considered in
design.

e The effect of these parameters is even more profound for
methane than for propane. This is generally attributed to the
higher ignition temperature of methane.

The model employed herein is a steady state one; transients
are obviously important since many microscale devices operate

in an on/off mode. Furthermore, periodic operation could
enhance flame stability. These issues will be addressed in
forthcoming communications.
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