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Abstract

This paper presents a numerical study of ultra-lean hydrogen-methane flames

stabilized behind a rectangular, highly conducting metallic blu↵ body acting

as a flame holder. Using high fidelity numerical simulations, we show that

lean inverted steady flames exist below normal flammability limits. They

have distinct stabilization mechanism from pure methane flames. These

flames are blown-o↵ for su�ciently small velocities, a phenomenon called

anomalous blow-o↵. At even leaner conditions oscillating ultra–lean hydrogen-

methane flames can be established. These oscillating flames exist within a

rather small range of equivalence ratios and inflow velocities, and move to

mean locations closer to the flame holder as the reactant flow is increased.

We show that the oscillations are associated with the shedding of flame balls

from the downstream end of a “residual flame” that remains attached. Un-

like their steady counterparts, the oscillating flames exhibit blow-o↵ at both
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low velocities (anomalous blow-o↵) and at su�ciently high inflow velocities

(normal blow-o↵). We show that normal blow-o↵ is linked to heat losses to

the flame holder.
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1. Introduction

One of the practical means of e↵ectively obtaining a stable premixed flame

in a high velocity reactant flow over a wide range of inflow rates is using a

solid obstacle as a flame holder. The solid body immersed in the flow cre-

ates a low velocity recirculation zone where the flame can anchor even when

the burning velocity is very small compared to the mean flow velocity. The

recirculating flow produces a flux of hot products towards the reactants that

contribute to their preheating, therefore favoring ignition conditions. Ad-

ditionally, the solid body can contribute to flame stabilization by providing

means by which some of the heat produced in the combustion zone is con-

ducted through the solid back to preheat the reactants. Aerodynamic strain

and curvature, together with possible e↵ects of di↵erential di↵usion and heat

transport determine the local flame propagation speed and its shape.

Starting with the pioneering work of Lewis and von Elbe [1, 2], who

performed experiments of inverted flames stabilized behind a central body

and linked the blow-o↵ to the velocity gradient at the nozzle reaching a

critical value, many researchers have tried to explain the mechanisms that

a↵ect flame stabilization and blow-o↵ in these flames, adding other factors

such as flame curvature [3, 4] and heat exchange with the flame holder [3–6].

Numerical studies where the combustion field, its heat exchange with the

solid body and the internal temperature distribution inside the latter can

be coupled have been scarce until recent years. Advances in computational

power and parallel computing as well as specific coupling strategies [7, 8]

have allowed direct numerical simulations of this kind of problems using

detailed chemistry and transport properties of complex fuels and including
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the conjugate heat exchange with the solid [9–14].

A recent experimental study [15] examined methane-air and methane-

hydrogen-air flames anchored behind a long, highly conducting metallic cylin-

drical rod with a small diameter (1 to 3 mm), placed along the axis of a circu-

lar channel. The study showed that in this configuration hydrogen-containing

flames could be stabilized for mixtures well below the flammability limit, per-

mitting ultra-lean combustion. It showed that pure methane flames behave

according to the well-know mechanism, anchoring farther away from the solid

rod as the flow rate is raised and eventually blowing o↵ at a high enough flow

rate. When the burning mixture contains a su�cient amount of hydrogen,

this behavior is di↵erent: increasing the flow rate results in the flame an-

choring closer to the metallic rod and reducing the flow rate leads to flames

stabilized farther from the flame holder and can eventually lead to blow-o↵.

This blow-o↵ by decreasing the inflow velocity, termed “anomalous blow-o↵”

in [15], was found when hydrogen content was equal or larger than 20%. Dual

blow-o↵ was also reported for some of these flames: “anomalous” blow-o↵

by decreasing the inflow velocity and ‘normal” blow-o↵ as the flow velocity

is raised.

In a previous study [16], we used direct numerical simulations to inves-

tigate the anchoring of ultra-lean H2-CH4 flames behind a thin conducting

solid. We reproduced the experimental findings, using a 2D planar model,

with a rectangular metallic blu↵ body of size 5 x 15 mm. For 40%H2-60%CH4

mixtures, it was found, as in the experiments, that flames could be estab-

lished for mixtures under the lean flammability limit of the unstrained planar

flame. For these ultra-lean flames, as the inflow reactants velocity increased,
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the flame stabilized closer to the flame holder. Conversely, as the inflow

velocity was reduced, the steady flame moved farther away from the flame

holder, and for a su�ciently small value of this velocity the flame was blown-

o↵. We showed in [16] that this anomalous stabillzation behavior was related

to the high di↵usivity of H2, which results in H2 concentrating on the highly

strained and curved flame base, and leading to local burning at richer equiva-

lence ratios. As the inflow rate is increased, flame stretch near the flame base

is increased and this focusing e↵ect is enhanced, leading to stronger burning

at the flame base and it moving closer to the flame holder, anchoring inside

the flow recirculation zone. When the inflow rate is reduced below a certain

limit there is not enough stretch at the flame base to generate a locally richer

mixture region and the flame is extinguished.

However, the simulations in [16] did not show blow-o↵ as the inflow reac-

tants velocity was increased. Raising the velocity resulted always in steady

flames stabilizing closer to the solid. Thus “normal blow-o↵”, as reported in

the experiments, was not reproduced in our numerical investigation.

In this paper, we report new results at even leaner equivalence ratios in

the same configuration studied in [16]. We show that, as the equivalence

ratio is reduced, unsteady flames featuring oscillatory dynamics may appear.

These very weak flames exhibit both “anomalous” and “normal” blow-o↵. As

in [16], we use direct numerical simulations including detailed chemistry and

species transport, as well as the conjugate heat exchange with the conducting

body in a planar (2D) configuration.
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2. Numerical model and simulation set–up

Under the low-Mach number approximation, the conservation equations

for mass, momentum, energy and species are:
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where v is the velocity vector, ⇢ the density, T the temperature, Y
k

the

k species mass fraction, p the hydrodynamic pressure and N

s

the number of

involved chemical species. This system of equations is supplemented with the

equation of state for an ideal gas: p0 =
⇢RT

W

, where p0 is the thermodynamic

pressure, considered spatially uniform in the low-Mach number limit, and

also constant in time in the present, open-domain configuration; R stands

for the universal gas constant, and W corresponds to the mixture molecular

weight.

In Eqs. 1, ⌧ is the stress tensor of components: ⌧
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with µ the dynamic viscosity of the mixture and u

i

the components of

the velocity vector; V

k

is the di↵usion velocity of species k, modeled as:
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, where X
k

stands for the mole fraction of species

k, D
k,m

is the mixture-averaged di↵usivity of species k and D

T

k

is its ther-

mal di↵usion coe�cient, which is introduced to account for the Soret e↵ect.
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Figure 1: A sketch of the computational domain.

Moreover, c

p,k

and c

p

stand for the specific heat at constant pressure for

species k and for the mixture, resp., � is the mixture thermal conductivity

and h

k

and !̇

k

represent the molar enthalpy and molar production rate (per

unit time and volume) of species k. The NASA polynomials [17] are used to

compute the thermodynamic properties of the mixture; the mixture-averaged

transport properties are evaluated using a dipole-reduced formalism [18].

The conjugate heat exchange between the solid and the fluid is incorpo-

rated by simultaneously integrating the conservation equations for the re-

acting flow, Eqs. 1, and the transient heat conduction equation in the solid

body:
@T

@t

=
1

⇢

s

c

ps

r · (�
s

rT ) , (2)

where ⇢
s

, c
ps

and �

s

are, resp., the density, the heat capacity and the thermal

conductivity of the solid material. A no-penetration condition, the continuity

of the temperature field and the conservation of heat flux are imposed at each

time step in the solid-fluid boundary using the bu↵er-zone method presented

in [19]. Numerical integration of Eqs. 1 is performed using the adaptive mesh

refinement method proposed in [20].
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Figure 1 presents a schematic of the geometry of the computational do-

main. The flame holder, shaded in black, is a rectangular body of width

d = 5 mm and length l = 3 d. The computational domain is a channel of

height h = 5 d and length L = 12.5 d. The flame holder is considered to be

a highly conducting metal with �

s

= 60 W/(m K) and ⇢

s

c

ps

= 56532 J/(m3

K).

The fuel composition is 40%H2 and 60%CH4 by volume. For this fraction

of hydrogen, ultra–lean combustion and anomalous blow–o↵ were reported

in the experiments in [15]. The fuel is premixed with air to create mixtures

at equivalence ratios � between 0.3 and 0.4 (� is defined according to the

stoichiometric relation: � = 1
2

XH2
XO2

+ 2
XCH4
XO2

.) The skeletal chemical kinetics

scheme proposed in [21], consisting of 46 reversible reactions among 16 species

is used to compute the species production rates. This mechanism has been

validated for lean CH4/H2 flames in [13]. The lean flammability limit of

a 40%H2-60%CH4 planar unstrained flame using this chemical kinetics is

� = 0.425, and hence all the mixtures in the present study are below this

flammability limit.

Boundary conditions at the inflow of the computational domain corre-

spond to a fully developed Poiseuille flow above and below the solid body

with mean velocity U , reactant mass fractions given by � and pressure and

temperature p0 = 1 atm, T0 = 300 K, so that the total mass flux at the

inlet is ṁ = ⇢0 U 4d. U is varied between 5 cm/s and 8.5 m/s, resulting

in a Reynolds number variation from Re

d

= 15 to Re

d

= 2590, based on

the flame holder width d. At the outlet, “convective-flow” boundary condi-

tions are used for the velocity and scalars and a Neumann (zero-gradient)
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condition is applied to the pressure [20]. No-slip, impermeable, adiabatic

conditions are imposed at the channel walls, while the left wall of the solid

body was kept isothermal, at ambient temperature equal to T0 = 300 K.

This boundary condition models cooling of the body at a distance of 15 mm

from the flame side. This distance was shown in [16] to have no significant

e↵ect on the flame stabilization location or solid body temperature field for

the present value of the thermal conductivity.

The size of the computational grid was�x = �y = 196µm, with one addi-

tional refinement level in the adaptive mesh refinement. This mesh resolution

results in nearly 15 points inside the flame thickness of a planar flame near the

flammability limit � = 0.425, which is estimated to be �
T

= �/(⇢c
p

S

L

) ⇡ 1.5

mm [16]. Given that the ultra–lean flames below the lean flammability limit

of the present study are slower and consequently thicker, the same level of

resolution should also su�ce.

3. Steady flame solutions

Examples of steady flame solutions, corresponding to reactant mixtures

with 40%H2-60%CH4 at an equivalence ratio � = 0.35 and inflow velocities

U = 0.5 and U = 1.5 m/s, and at equivalence ratio � = 0.325 and inflow

velocity U = 1.5 m/s are presented in Fig. 2. In this figure the flow goes

from left to right and the flames are represented by colored contours of the

temperature field while black solid lines mark the isosurfaces where the heat

release rate is equal to 10% and to 50% of the maximum value. Selected

streamlines are added to locate the recirculation zone. Figure 2 shows that,

as the inflow velocity is raised, the flame moves closer to the flame holder,
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Figure 2: Temperature field for steady flames corresponding to 40%H2-60%CH4 at di↵er-

ent equivalence ratios � and inflow velocities U : (top) � = 0.35, U = 0.5 m/s; (middle)

� = 0.35, U = 1.5 m/s; (bottom) � = 0.325, U = 1.5 m/s. The black lines mark the sur-

faces where the heat release is 10% and 50% of the maximum. The white lines represent

selected streamlines and the + sign marks the end of the recirculation zone.
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Figure 3: The stand-o↵ distance (distance from the flame base to the flame holder) for

flames with 40%H2-60%CH4 at equivalence ratios � = 0.4, 0.35 and 0.325 as a function of

the reactants inflow velocity U .

anchoring inside the recirculation zone. Moreover, as the mixture equivalence

ratio is lowered, the flame becomes parallel to the flow and moves slightly

away from the flame holder.

The flame response to both independent parameters can be seen in Fig. 3,

which presents the stand-o↵ distance, or distance from the flame base to the

solid, for flames at � = 0.4, 0.35 and 0.325 over a wide range of U . All the

results in Fig. 3 correspond to steady symmetric flames. The exact value of

the stand-o↵ distance depends on the definition of the flame surface; here it

is defined as the location where the heat release rate is 10% of the maximum

heat release.

It is clear from Fig. 3 that for these flames, as the reactant mass flow rate

is raised, the flame anchors at a point closer to the flame holder. In the case

at equivalence ratio � = 0.4 the inflow velocity can be reduced to very small
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values and still a steady flame exists. For � = 0.35 the minimum velocity

for which a steady flame exists is U = 0.5 m/s; reducing this velocity results

in flame blow-o↵. For � = 0.325, the minimum velocity before blow-o↵ is

U = 0.85 m/s. Therefore for � = 0.35 and � = 0.325 our results show

the behavior termed as anomalous blow-o↵ in [15]: the anchoring distance

decreases as the inflow velocity is raised and increases as this velocity is

reduced, so that for a certain low value of the inflow velocity the flame can

not be sustained.

For the flames represented in Fig. 3, as U is raised the flames move closer

to the flame holder, but no extinction or blow-o↵ are detected, not even for

values of the inflow velocity as high as U = 8.5 m/s. In the experiments in

[15], blow-o↵ was observed for a narrow range of equivalence ratios when the

inflow velocity was raised, at values between U = 2 and 4 m/s; this is what

the authors called normal blow-o↵. No explanation was found in our study in

[16] for this di↵erent behavior at high velocities. The following results show

a possible explanation.

4. Unsteady flames

Starting from a steady flame burning a 40%H2-60%CH4 mixture at an

inflow rate U = 1.5 m/s, if the equivalence ratio is reduced from � = 0.35 to

� = 0.325 (as in the flames shown in Fig. 2), the total heat release rate in the

flame is reduced. As the equivalence ratio is lowered further, oscillating flame

solutions emerge. Figure 4 shows a sequence of snapshots of the temperature

and heat release rate in an oscillating flame with � = 0.315 and U = 1.5

m/s, at times 0.003 s apart. The oscillations are driven by periodic pinch-o↵
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events, similar to the pinch-o↵ events leading to blow-o↵ described in [11].

For the present flames, pinch-o↵ leads to blow-o↵ if the equivalence ratio

is lowered below about � = 0.3, but for intermediate values of � unsteady

flames survive. Because of the low equivalence ratio of the mixture, burning

occurs mainly in mostly curved end sections of the flame, as can be seen in

Fig. 4 (right). For the flame that remains attached to the blu↵ body, which

we refer to as the residual flame, two intensely burning curved regions at the

base (upstream) and the tip (downstream) are observed. The flame consumes

reactants from all sides and its tip moves downstream, as a consequence the

residual flame length increases. The flame base is stabilized near the solid

wall. As the residual flame length grows, there are regions where it becomes

flat and almost parallel to the flow, and its burning velocity reduces leading

to a pinch-o↵ event. This occurs in the present cycle near a location x/d = 5

at a time just after t = 0.003 s, corresponding to the sudden decrease in the

residual flame length and heat release observed in Fig. 4. In this pinch-o↵

event the flame is broken in two regions: a flame ball, which burns intensely

because of its curvature and is convected downstream, and a smaller residual

flame. After pinch-o↵ the residual flame begins to expand downstream again,

burning unburnt reactants and the cycle starts again.

The amplitude and frequency of these oscillations change with the mixture

equivalence ratio, as shown in Fig. 5. Here we present the instantaneous

value of the total heat release rate in the residual flame as � is lowered.

For � = 0.32, 0.315 and 0.314 the heat release rate shows oscillations with

frequencies 38, 8 and 4 Hz, respectively. As the equivalence ratio is lowered

to a leaner value, � = 0.313, the oscillating flame extinguishes.
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Figure 5 also shows that as � is reduced the flame power (total heat release

in the residual flame) is also appreciably reduced, the flames become weaker.

Interestingly, in the simulations these weak, oscillating flames were found to

su↵er ‘normal blow-o↵”. As the inflow reactants velocity U is raised their

distance to the flame holder is reduced, leading to increase in heat losses.

The oscillation frequency decreases with leaning the mixture and also with

increasing the flow velocity (see Fig. 6). In both cases this is linked to weaker

burning (because of lower � or larger heat losses, respectively). With weaker

burning the flame elongation after each pinch-o↵ becomes slower, and pinch-

o↵ events occur at longer periods.

As heat loss becomes excessive in these weak flames they blow-o↵. This

is illustrated in Fig. 6 for flames with � = 0.314. As U is raised from

U = 1.25 m/s to 1.5 m/s the heat produced in the residual flame decreases

only slightly, but, because the flame moves to a position closer to the solid

body, the fraction of this heat lost to the solid increases appreciably. As U is

raised further to U = 1.65 m/s the fraction of heat lost to the flame holder

becomes too large and the flame is blown-o↵.

The map in Fig. 7 shows steady (black circles) and unsteady (white cir-

cles) flame solutions as the equivalence ratio and the inflow velocity are var-

ied. Flames exist for values of these two parameters above or on the dashed

line; as the line is crossed to lower values of � or by varying U at constant

�, blow-o↵ occurs. For the highest values of equivalence ratio in this figure,

� > 0.32, blow-o↵ is associated to a decrease in the inflow velocity (“anoma-

lous blow-o↵”), while steady flames exist for any large value of the inflow

velocity. For the lowest equivalence ratios, �  0.32, two extinction points
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are found, corresponding to decreased and increased velocity U . For these

flames, which are unsteady, both “anomalous” and “normal” blow-o↵ were

found.

These unsteady flame solutions are very plausibly the flames for which

“normal blow-o↵” was detected in the experiments in [15]. Indeed, flame

oscillations prior to high velocity blow-o↵ were reported in those experiments,

even though they were interpreted as extinction-reignition events [15]. In a

recent paper analyzing numerically the same problem it was shown, using

linear stability analysis, that inverted flames could be unstable for very lean

mixtures, resulting in oscillating flames [22]. The supplemental material

included in the online version of [22] shows oscillations very similar to those

found here. We note that in [22] a simplified model with constant density was

used; the model results showed that these oscillations are related to flame

instabilities (and not to hydrodynamic instabilities). Our present results

confirm the existence of these instabilities, showing the parametric range

at which they are expected and their link to normal blow-o↵ of ultra-lean

hydrogen-enriched flames.

5. Conclusions

We investigated ultra-lean H2-CH4 flames behind a thin heat conducting

blu↵-body. For this purpose, we used direct numerical simulations, includ-

ing detailed chemistry and species transport, as well as the conjugate heat

exchange with the conducting body in a planar (2D) configuration.

Steady flame solutions were found for 40%H2-60%CH4 mixtures at equiv-

alence ratios below the planar flame lean flammability limit (in the range
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� = 0.4 � 0.325). For the leanest cases (� = 0.35, 0.325) “anomalous blow-

o↵” was detected, as in the experiments of [15]: as the inflow reactants ve-

locity is raised, the flame stabilizes closer to the flame holder; conversely, as

the inflow velocity is reduced, the steady flame moves farther away from the

flame holder, and for a su�ciently small value of this velocity the flame was

blown-o↵. This behavior was described in our previous study in [16], where

we showed that it was linked to the presence of hydrogen in the reactants

and its large di↵usivity.

In the present paper, we have shown that for a certain, rather small,

range of very lean equivalence ratios, unsteady flames displaying oscillating

dynamics appear. These oscillating flames are weaker than the steady flames

obtained at slightly higher equivalence ratios, so that heat losses to the con-

ducting flame holder can become relatively important. Therefore, for these

flames, blow-o↵ may occur as a consequence of an increase in the inflow ve-

locity, if heat losses become too high as the flame approaches the solid body.

This explains the “normal blow-o↵”, or blow-o↵ at high inflow velocities,

that was also reported in the experiments of [15].
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Figure 4: Temperature field (left) and heat release rate (right) in an oscillating flame with

� = 0.315 and U = 1.5 m/s. The black line corresponds to 10% of the heat release rate

and the + marks the recirculation zone end. (Bottom) Residual flame length and heat

release rate along the cycle.
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Figure 5: Variation of the total heat release rate in the residual flames with � = 0.32 to

� = .313 at an inflow reactants velocity U = 1.5 m/s.
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Figure 6: (Top) Total heat release rate in the residual flame, (middle) fraction of this heat

lost to the flame holder and (bottom) stando↵ distance during oscillations in flames with

� = 0.314 and varying inflow velocity U .
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Figure 7: Low and high velocity blow-o↵ points at di↵erent equivalence ratio. Flames

exist to the top of the dashed line, and are blown-o↵ as the line is crossed in any direction.

Black circles correspond to steady flames while white circles represent unsteady solutions.
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