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Abstract

Hydrogen–air diffusion flames were modeled with an emphasis on kinetic extinction. The flames were
one-dimensional spherical laminar diffusion flames supported by adiabatic porous burners of various diam-
eters. Behavior of normal (H2 flowing into quiescent air) and inverse (air flowing into quiescent H2) con-
figurations were considered using detailed H2/O2 chemistry and transport properties with updated light
component diffusivities. For the same heat release rate, inverse flames were found to be smaller and
290 K hotter than normal flames. The weakest normal flame that could be achieved before quenching
has an overall heat release rate of 0.25 W, compared to 1.4 W for the weakest inverse flame. There is exten-
sive leakage of the ambient reactant for both normal and inverse flames near extinction, which results in a
premixed flame regime for diffusion flames except for the smallest burners with radii on the order of 1 lm.
At high flow rates H + OH(+M)!H2O(+M) contributes nearly 50% of the net heat release. However at
flow rates approaching quenching limits, H + O2(+M)! HO2(+M) is the elementary reaction with the
largest heat release rate.
� 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

This study is motivated by the limited under-
standing of quenching limits of weak diffusion
flames, particularly those fueled by hydrogen.
Such quenching limits are pertinent to the fire haz-
ards associated with small leaks in hydrogen sys-
tems and the potential use of microcombustors
for power generation. They could also affect
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kinetic extinction phenomena in turbulent diffu-
sion flames and fires, particularly those associated
with flame anchoring and stability [1–3].

Quenching limits are defined as conditions for
which a stable flame will extinguish upon any
reduction in flow rate. These limits are associated
with kinetic extinction, which occurs at high sca-
lar dissipation rates (low Damköhler numbers)
and may occur with or without external losses
(i.e., losses other than chemical enthalpy loss).
This is contrary to radiative extinction, which
occurs at high Damköhler numbers and to date
has only been conclusively observed in spherical
diffusion flames in microgravity [4]. Spherical dif-
fusion flames allow the investigation of both
ute. Published by Elsevier Inc. All rights reserved.
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kinetic and radiative extinction, at low and high
flow rates, respectively.

Microcombustors have potential advantages
over batteries in terms of power generation per
unit volume and energy storage per unit mass
[5]. Recent developments in microelectromechani-
cal systems (MEMS) have enabled microcombus-
tors with dimensions on the order of 1 mm [5].
Weak but stable flames are important to micro-
combustor design.

While there has been extensive research on
normal microflames, i.e., flames with fuel issuing
into an oxidizer, this is the first study to consider
inverse microflames. Inverse flames involve the
injection of oxidizer into surrounding fuel and
can arise in, for example, turbulent flames, indus-
trial processes, or under-ventilated fires.

Butler et al. [6] examined weak hydrogen
flames that might be associated with the fire haz-
ards of small hydrogen leaks. They observed
quenching limits of diffusion flames on small
round burners and found the quenching mass flow
rates for hydrogen to be about an order of magni-
tude lower than those for methane and propane.
At the quenching limits the flame height was com-
parable to the quenching distance for premixed
hydrogen flames, in agreement with other studies
[7,8]. Significantly smaller quenching limits for
hydrogen were also observed for leaking compres-
sion fittings [6]. These hazards are now recognized
in an SAE recommended practice [9].

Several studies have examined flames that are
among the weakest ever observed. Ronney et al.
[10] observed the burning of microgravity pre-
mixed flame balls during the STS-83 Space Shuttle
mission, with heat release rates as low as 0.5–1 W.
Weak propane flames anchored on a 0.1 mm tube
were found to have heat release rates as low as
1 W [7], while methane diffusion flames as weak
as 0.5 W were predicted numerically [8]. The
weakest flames observed to date were fueled by
hydrogen flowing downward into air and oxygen
from a tube with an inside diameter of 0.15 mm
[6,11]. These flames had heat release rates as low
as 0.46 W in air and 0.25 W in oxygen.

Past work has found microflames in micro-
gravity to resemble those in normal gravity. Meth-
ane gas jet diffusion flames on burners smaller
than 1 mm were predicted to be nearly hemispher-
ical for Peclet numbers less than 5 [8]. Small
hydrocarbon jet flames were observed and pre-
dicted to be only slightly affected by buoyancy
and to be nearly hemispherical [7,12]. Microjet
hydrogen diffusion flames with hydrogen issuing
from tubes of 0.2 and 0.48 mm were hemispherical
near extinction [13].

To capture the fundamental nature of kinetic
extinction associated with quenching limits in nor-
mal and inverse hydrogen flames, a one-dimen-
sional spherical diffusion flame geometry is
considered here. In addition to allowing the study
of quenching in an unstretched, idealized diffusion
flame, these flames are computationally attractive
and allow for the study of convection direction
independently from the flame stoichiometric mix-
ture fraction, which is not possible, for example,
in counterflow diffusion flames.
2. Numerical methods

The solver employed here was modified from
PREMIX [14] to admit diffusion flames. Conser-
vation of mass, species, and energy at steady state
were solved in 1-D spherical geometry [4,15]. The
flow was assumed to be isobaric and laminar.
Conventional finite difference techniques with
non-uniform mesh were adopted to discretize the
conservation equations. The equations were
solved using TWOPNT [16], which adopts a mod-
ified damped Newton’s method to solve boundary
value problems. The diffusive and convective
terms were expressed by central and upwind dif-
ference formulas, respectively. Reaction rates,
thermodynamic properties, and transport proper-
ties were evaluated using CHEMKIN and the
TRANSPORT library [17,18]. A detailed H2/air
chemistry model was extracted from USC Mech
Version II [19]. It comprises 9 species and 28 reac-
tions. The hydrogen chemistry model from GRI-
Mech 3.0 was also tested, and the results differed
only slightly from those presented here.

A mixture-average formulation was adopted to
compute species diffusivity coefficients. Diffusion
due to temperature gradients (Soret diffusion)
was included. Simulations using multicomponent
diffusion did not significantly change the results,
nor did the deactivation of Soret diffusion.
Because the diffusion coefficients of H, H2, and
other light species are not well modeled by the
Lennard-Jones potential function, their values
were adjusted [20,21].

The burner surface was specified as adiabatic
and nonradiating, and species fluxes, rather than
concentrations, were specified there. This pre-
vented the loss of heat or species into the burner
from the surrounding gas and is similar to the
approach of Santa et al. [4,15], and Mills and
Matalon [22]. The outer boundary was a Dirichlet
boundary with a temperature of 300 K and a com-
position of either air (for normal flames) or H2

(for inverse flames). The outer boundary was
located at a radius of 150 cm. Tests with a larger
domain confirmed this was sufficient to be consid-
ered infinite.

Adaptive mesh point addition was used to
ensure grid independence. Low tolerances were
used to refine the mesh. Radiative heat loss from
the gases was neglected because this is small for
hydrogen flames near their kinetic extinction lim-
its [23], particularly for microflames [24]. Because
this study focused on kinetic extinction without
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heat loss, surface radiation was also neglected.
Radiative loss from the burner surface is small
for flames that are detached from the burner,
but might become significant for flames that are
anchored to the burner [23].

Local mixture fraction is defined following Bil-
ger [25] as:

Z ¼
Y H
MH
þ 2ðY O;ox�Y OÞ

MO

1
MH
þ 2Y O;ox

MO

; ð1Þ

where Y is the local mass fraction, M is atomic
mass, the subscripts denote the element consid-
ered, and ox is the oxidizer supply. Local equiva-
lence ratio is defined as:

u ¼ ðZ � 1Þ=ðZst � 1Þ; ð2Þ
where the subscript st denotes stoichiometric con-
ditions, i.e., conditions for the present H2/air
flames with Zst = 0.0283. Local scalar dissipation
rate is defined as:

v ¼ 2aðdZ=drÞ2; ð3Þ
where a is mixture thermal diffusivity and r is
radius.

In identifying quenching limits, a steady flame
solution was used as the starting condition for a
new simulation at a decreased mass flow rate.
Extinction was identified when a solution showed
no temperature increase above ambient.
Fig. 1. Flame structure (a) and local heat release rates
(b) for a large H2/air normal flame on a 5 mm radius
burner. Hydrogen flow rate and vst are 10 mg/s and
3.8 � 10�6 s�1.
3. Results

Before examining quenching limits, larger nor-
mal and inverse flames are considered in Figs. 1
and 2, respectively. Similar to the approach of
Sunderland et al. [26], these flames have matched
total heat release rates and H2 consumption rates
under the assumption of complete combustion.
For a normal flame with a fuel flow rate well
above its quenching limit, Fig. 1a shows the pre-
dicted structure. (Herein structure is defined as
the variation of temperature and mole fraction
with respect to position or mixture fraction.) This
flame has hydrogen issuing at 10 mg/s from a
5 mm radius burner, although a reduced burner
size has no significant effect on the predictions.
Figure 1a depicts a flame with the structure of a
canonical diffusion flame. The temperature, T,
peaks at 2305 K (which is close to the adiabatic
flame temperature) and the overall heat release
rate is 1286 W.

Figure 1b shows the net heat release, Qnet, and
the heat release rates Q associated with the main
heat releasing reactions. There are two peaks of
Qnet. Both peaks are dominated by
H + OH(+M)! H2O(+M). The flame has two
main endothermic reactions, H + O2! O + OH
and the reverse of 2OH! O + H2O. The latter
arises from the high concentrations of H2O near
rst. The low vst (3.8 � 10�6 s�1) results in a broad
reaction zone that spans a 50 cm radius. The reac-
tion zone is bounded between the two locations
where Qnet/Qnet,peak = 0.01.

Figure 2 presents the predicted structure and
heat release rates associated with the main heat
releasing reactions for an inverse flame with an
oxidizer flow rate well above the quenching limit.
This flame has air issuing at 340 mg/s from a
5 mm radius burner. Like the flame of Fig. 1, this
flame has the structure of a canonical diffusion
flame. The overall heat release rate is 1253 W,
which is similar to the flame of Fig. 1, but the
flame is smaller (based on rflame) and has a nar-
rower reaction zone that spans only 3.2 cm of
radius. Independence of the results on the burner
size was again confirmed.

There are several differences in structure and
chemistry between the flames of Figs. 1 and 2.
The peak temperature of the inverse flame,
2596 K, is 290 K higher than that of the normal
flame. This arises because the Lewis number
(defined as the mixture thermal diffusivity divided
by the reactant mass diffusivity) of the ambient
reactant in the inverse flame (H2) is much lower



Fig. 2. Flame structure (a) and local heat release rates
(b) for a large H2/air inverse flame on a 5 mm radius
burner. Air flow rate and vst are 340 mg/s and
9.4 � 10�4 s�1.

Fig. 3. Predicted H2/air peak temperature and its radius
for various burner radii versus (a) hydrogen flow rate for
normal flames and (b) air flow rate for inverse flames.
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than unity, whereas for the normal flame it is
nearly unity. This is in agreement with asymptotic
analyses of steady-state spherical diffusion flames,
which also predict an increase (albeit smaller) in
peak temperature with decreasing Lewis number
[22]. In addition, the inverse flame has a peak tem-
perature that is slightly on the lean side of stoichi-
ometric and has higher radical mole fractions.
Only a single peak of Qnet is observed in the
inverse flame, which is on the lean side of stoichi-
ometric owing to the low ambient Lewis number.
The main exothermic reactions are H +
OH(+M)! H2O(+M) and OH + HO2! H2O +
O2, while the main endothermic reactions are
H + O2! O + OH and the reverse of 2OH!
O + H2O.

Simulations for various burner sizes and flow
rates were performed. Figure 3a and b shows the
variation of peak temperature, Tflame, and its
radius, rflame, for normal and inverse flames,
respectively. The highest flow rates correspond
to the flames of Figs. 1 and 2. For flow rates
above 0.2 mg/s (normal flames) or 3 mg/s (inverse
flames), Tflame remains close to its asymptotic
value, burner radius has no significant effect on
Tflame or rflame, and rflame increases with burner
mass flow rate according to:

rflame � _m0:95: ð4Þ
This is close to theoretical predictions of

rflame � _m for quasi-steady burning of spherical
droplets [27] and porous-burner flames [22,23,28].

Flames approaching their quenching limits
behave quite differently. For flames with burners
larger than 1 lm, rflame ultimately reaches the bur-
ner surface, while Tflame decreases. A departure
from linearity between flow rate and flame radius
occurs at small flow rates. This is similar to behav-
ior predicted by Fursenko et al. [28] for flames
with significant heat losses to the burner. The
underlying mechanisms are different in the present
work because there is no heat loss to the burner.
Owing to the collapse of the flame onto the bur-
ner, significant ambient air in the reaction region
of normal flames (or ambient hydrogen in the
reaction region of inverse flames) results in transi-
tion to the premixed-flame regime of diffusion
flames, as will be discussed in more detail later.
The peak temperature at the quenching limits



Fig. 4. Predicted H2/air temperature at stoichiometry
and flame radius versus stoichiometric scalar dissipation
rate for normal and inverse flames for a 1 lm radius
burner.

Fig. 5. Species mole fractions (a) and selected local heat
release rates (b) for the weakest normal flame on a 1 lm
radius burner. Hydrogen flow rate and vst are 2.23 lg/s
and 107 s�1.

Fig. 6. Species mass fractions and temperature for a H2/
air normal flame that has collapsed onto the 5 mm
radius burner. Hydrogen flow rate and vf are 0.1 mg/s
and 0.022 s�1.
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decreases with burner size and is higher for nor-
mal flames (1070–1240 K) than for inverse flames
(903–1127 K).

It is only for a burner radius as small as 1 lm
that the flames do not collapse onto the burner
when approaching the quenching limit. While
such small spherical burners cannot be fabricated,
they are modeled here to examine microflame
structure without burner interference. For the
1 lm radius burner, Tflame is a strong function of
flow rate near the quenching limit. The hydrogen
flow rate at the quenching limit is 2.2 lg/s for the
normal flame, corresponding to a heat release rate
of 0.24 W. The entire flow field is lean, with an
equivalence ratio at peak temperature of 0.51.
Note that a normal flame of hydrogen burning
downward in air on a 0.15 mm tube was observed
to have a quenching limit of 3.9 lg/s and 0.46 W
[6,11]. The reasonable agreement between mea-
sured and predicted quenching limits lends sup-
port to past claims that microflames in normal
gravity are nearly nonbuoyant and hemispherical
[7,8,12,13]. The air flow rate at the quenching limit
is 0.38 mg/s for the inverse flame, corresponding
to a heat release rate of 1.38 W. The entire flow
field is rich, with an equivalence ratio at peak tem-
perature of 2.75.

As flow rate decreases, rflame and Tflame gener-
ally decrease (see Fig. 3), while vst increases. Mills
and Matalon [22] considered adiabatic spherical
diffusion flames and found that the Damköhler
number, Da, scales with _m2. In spherical flames,
decreasing the mass flow rate decreases the trans-
port time until it is comparable to the chemical
time near quenching conditions [29]. A representa-
tion of transport times is v�1

st , such that:

Da � v�1
st expð�Ea=RuT stÞ; ð5Þ

where Ea is the activation energy and Ru the uni-
versal gas constant. Comparing Eq. (5) with re-
sults of Ref. [22] yields vst � _m�2 such that a
decrease in _m leads to a sharp increase in vst.

Figure 4 plots Tst and rflame versus vst for the
normal and inverse flames for a burner radius of



Fig. 7. Normal (a, c) and inverse (b, d) flame key endothermic and exothermic reactions. Plots (c) and (d) are near
quenching.
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1 lm. Inverse flames have higher peak tempera-
tures than normal flames over a broad range of
scalar dissipation rate. While inverse flames are
smaller than normal flames at matched heat
release rates, Fig. 4 shows that inverse flames
are larger at matched scalar dissipation rates.
For both configurations, at low values of vst

(i.e., high _m) Tst is independent of vst. A decrease
of _m leads to an increase in vst. This in turn yields
a reduction in Tst owing to chemical enthalpy loss
via burner reactant leakage across the reaction
zone into the ambient. The high values of vst at
quenching, 107 and 98 s�1 for the normal and
inverse flame, respectively, confirm that the
quenching limits are kinetic extinction events.

Figure 5a shows the structure of a normal
flame near quenching on a 1 lm radius burner.
Its peak temperature is 1252 K and is located
155 lm from the origin. This flame has a high
peak HO2 mole fraction, about 100 times that of
the larger normal flame of Fig. 1. Extensive reac-
tant leakage occurs. This is still a canonical diffu-
sion flame owing to the small size of the burner,
with pure hydrogen present at the burner surface.
Figure 5b shows the local total heat release rate
and the main heat release reactions for this flame.
High heat release rate densities are observed, up
to 20 kW/cm3. The main reactions in terms of
heat released are: H + OH(+M)!H2O(+M);
H + O2(+M)! HO2(+M); HO2 + H! 2OH
(which corresponds to the 3rd explosion limit
reaction); OH + H2! H + H2O; and H+O2!
O + OH.

It is of interest to consider a flame that col-
lapses onto the burner prior to quenching. One
such flame is shown in Fig. 6, which is a normal
flame on a 5 mm radius burner with 100 lg/s of
hydrogen flowing. The peak temperature radius
is 5.18 mm and abundant O2 is present at this
location. Radical levels at the burner surface are
comparable to those predicted for the larger flame
of Fig. 1. Despite considerable reactant leakage,
radical mole fractions have not been reduced.

Figure 6 demonstrates the existence of a pre-
mixed flame regime in a diffusion flame, as intro-
duced by Liñán [30]. For the flames studied in
this work this regime occurs when significant ambi-
ent reactant leaks through the reaction zone and
reaches the burner. The reaction rate becomes con-
trolled by the deficient reactant (here this is the
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reactant supplied from the burner). In this regime,
one of the reactants has a mass fraction of order
unity in the entire reaction zone, as illustrated in
Fig. 6. This is different from the diffusion flames
of Buckmaster and Ludford [29] and Cheatham
and Matalon [31], where minimal reactant leakage
across the reaction zone is allowed. No diffusion
flame burning steadily in the premixed flame regime
has been observed before because this is in the phys-
ically unrealistic middle branch of the S curve and
thus requires unusual conditions such as those
present here. The deviation from the typical diffu-
sion flame structure, e.g., that in Fig. 1, indicates
the transition to the premixed flame regime (instead
of extinction) when the mass flow rate is reduced
and the flame becomes attached to the burner.
Extinction in this flame is similar to that in lean pre-
mixed flames and occurs at a hydrogen flow of
26 lg/s and a peak temperature of 1070 K.

Figure 7 shows the key reactions and their
fractional contributions to overall heat release
rate for: (a) the normal flame of Fig. 1; (b) the
inverse flame of Fig. 2; (c) the normal flame of
Fig. 5; and (d) an inverse flame near quenching.
Negative quantities denote endothermic reactions.
Far from quenching, normal and inverse flames
(Fig. 7a and c) have the same key reactions. The
main heat producer is H + OH(+M)!
H2O(+M), yielding nearly 50% of the overall heat
release. However, OH + H2! H + H2O has the
highest rate of progress. The HO2 producing reac-
tions account for only 15% of the heat produced.
Near the quenching limits, the key reactions are
different as summarized in Fig. 7c and d for nor-
mal and inverse flames, respectively. Here there
is only one key endothermic reaction, H +
O2! O + OH. The main heat producing reaction
is H + O2(+M)! HO2(+M), which accounts for
40% and 25% of the overall heat release for nor-
mal and inverse flames, respectively. The reaction
OH + H2! H + H2O is the second most impor-
tant reaction for both flames. For the larger
flames OH + H2!H + H2O has the highest rate
of progress. The recombination of H2 accounts
for more than 30% of the overall heat release in
both normal and inverse flames.
4. Conclusions

Quenching limits of hydrogen/air spherical dif-
fusion flames were investigated for normal and
inverse configurations. The burners were adiabatic
porous spheres of various sizes. The flames were
simulated using a steady-state laminar flame code
with detailed chemistry and transport. The main
conclusions are as follows.

1. At equivalent heat release rates, inverse flames
are smaller and hotter than normal flames. For
large flow rates, the peak temperature of nor-
mal flames is the adiabatic flame temperature,
while that of inverse flames is 290 K hotter.
This difference results from the low Lewis
number of the ambient gas for inverse flames
fueled by hydrogen.

2. There is extensive reactant leakage for condi-
tions approaching extinction. Flames sup-
ported by burners on the order of 1 lm in
radius do not collapse onto the burner prior
to quenching. Such collapse does occur for lar-
ger burners, leading here to the first demon-
stration of the premixed flame regime of
diffusion flames, as introduced by Liñán.

3. Lower quenching limits are predicted for nor-
mal flames, with a lower bound of 0.25 W. This
is similar to quenching limits measured in nor-
mal gravity on tube burners. Inverse flames
quench at a heat release rate as low as
1.38 W. The minimum peak temperatures at
the quenching limits are 1070 and 903 K for
normal and inverse flames, respectively.

4. For large flames the spatially resolved heat
release rate has either a double peak (normal
flames) or a single peak (inverse flames). For
these flames H + OH(+M)! H2O(+M) is
the main heat producing reaction. Flames clo-
ser to quenching have a single peak in heat
release rate and have H + O2(+M)!
HO2(+M) as the main heat producing
reaction.
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