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Characterization of unconventional hydrogen flame propagation in narrow gaps
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The physical limits of the unconventional flame propagation regimes recently discovered [Veiga-Lopez et al.,
Phys. Rev. Lett. 124, 174501 (2020)] are analyzed. These regimes appear in combustible gaseous mixtures
approaching the lean quenching limit of hydrogen-air flames in narrow gaps. They are characterized by a split
of the flame front into a dendritic and a bifurcating set of flame cells separated by nonburned material. A feature
selection analysis utilizing dimensionless numbers is applied to reveal the most significant parameters governing
the separation between unconventional and traditional flame propagation regimes. It is concluded that (a) the
outbreak of unconventional propagation is mostly due to heat losses, (b) the phenomenon is governed by the
Peclet number and only appears in thin channels, and (c) the Lewis number does not determine the propagation
regime. Additionally, an equation describing the optimal border of the unconventional regime is derived from

experiments.
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I. INTRODUCTION

Propagation of flames in confined environments have been
the object of numerous research [1-5]. In most of the works
devoted to tubes or confined flame propagation, the main goal
was to investigate the flame instability, its acceleration, and/or
Deflagration to Detonation Transition (DDT) transition far
from the flammability limits. Here we want to focus our study
on the flame behavior approaching the lower flammability
limit, in a situation similar to the studies made by Maruta et al.
[6], who analyzed the flame propagation in narrow channels in
the presence of heat losses.

In particular, the lower flammability limit of hydrogen-air
mixtures at unconfined ambient conditions is equal to 4% mol.
of H,. Nevertheless, if the combustion takes place in a con-
fined space, then the flame may extinguish for very reactive
mixtures at much higher hydrogen concentration.

To systematically analyze the divergence between confined
and unconfined environments, the flame propagation regimes
for different hydrogen-air mixtures in a narrow gap were
investigated in Ref. [7]. In an enclosure, combustion prop-
agation is governed by the thickness of the gap and by the
mixture reactivity. In their analysis, the authors use Peclet
number as dimensionless scale factor (the gap size normalized
by the laminar flame thickness as a measure of chemical
reactivity).

The expected results were obtained until the quenching
limit was reached. An anomaly was observed beyond the
traditional quenching limit Pe = 42 [8]. Within the interval
9 < Pe < 42, where the laminar flame thickness is compara-
ble to the size of the enclosure, a variety of unprecedented
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flame propagation regimes were presented in Ref. [9]. In
particular, these newly discovered regimes are characterized
by a division of the expected continuous flame front into
a set of tiny flame cells separated by a mass of nonburned
material.

Four categories of such flame propagation regimes were
reported depending on the conditions of the experiment
(Fig. 1):

(a) Monocellular, in which the so-called one-headed finger
category is obtained.

(b) One-headed branching, where a singular monocellular
front may bifurcate cyclically into several independent mono-
cellular fronts producing menorah-like structures.

(c) Bicellular, a class that received the name two-headed
finger.

(d) Two-headed branching, where two-headed fronts also
bifurcate cyclically producing palm treelike structures.

Furthermore, the results of the experiments in Ref. [9]
showed two familiar categories: (e) no-ignition and (f) con-
ventional continuous flame front propagation (Fig. 2), which
are also considered here.

Figure 3 represents the diagram of state for hydrogen flame
propagation in narrow gaps in terms of gap size versus hy-
drogen concentration. The diagram depicts the experimental
results obtained but does not provide an explanation of the
nature of the process.

Given the available literature, mass diffusivity, heat losses,
and gravity appear to be the significant factors capable of
creating dendritic combustion structures.

(i) Mass diffusivity

The deficit of hydrogen at lean concentrations might be
compensated for strong diffusion from surrounding material
creating a localized isolated area of richer, and thus hotter,
combustion. This would counteract heat losses, keeping the
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FIG. 1. Unconventional flame propagation categories: (a) one-headed finger, (b) one-headed branching, (c) two-headed fingers, and

(d) two-headed branching.

local gas above the limiting temperature and, therefore, sus-
taining the combustion process at these spots.

This mechanism was recognized in Ref. [9] as one of the
governing issues in their experiments. In their analysis, they
even related the width of the unburned material in between
branches to the depletion of fuel.

In Refs. [10-12], dendritic combustion patterns were ob-
served on smoldering in Hele-Shaw cells. These authors also
associated the existence of the phenomena to the mass diffu-
sivity of the deficient component.

In a theoretical study [13], the existence of fragmented
flame structures as a phenomenon caused by the diffusivity
was explained. They were even able to describe these frag-
mented fronts despite considering adiabatic conditions for
thermodiffusive unstable flames.

(i) Heat losses

In addition to these findings, it also appears that heat losses
can generate a similar combustion pattern.

In Ref. [14] it was stated that fragmented reaction areas
appear separated by quenched parts as a product of heat losses.

The phenomenon was also numerically investigated in
Ref. [15] with highly diffusive flames. It was interpreted
that the existence of similar flame propagation regimes is a
function of conductive heat losses. Notably, the authors of
the study concluded that the intensity of the heat losses to
the sidewalls determine the two- or single-headed propagation
regime.

Results shown in Ref. [9] also relate the existence of
nonconventional propagation regimes to the heat losses, in
agreement with the findings in Ref. [7]. Both studies consider
the Peclet number to be a key parameter to understanding the
results.
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FIG. 2. Conventional continuous flame front structure.

(iii) Gravity

The test apparatus is positioned vertically, so gravity could
be a significant factor. This is due to the strong influence of
buoyancy on flame propagation limits for up- and downward
propagating hydrogen flames.

Despite the previous interpretations, an exhaustive ex-
ploitation of the significant amount of experimental data
obtained in Ref. [9] is still incomplete. In this study, we
carry out its statistical analysis. We seek to clarify the most
important of the questions related to the newly observed
phenomena, that is, What are the conditions determining con-
ventional or unconventional propagation regimes?

We perform our study with machine learning techniques.
Machine learning [16] is a branch of computational statistics
[17] sets of data are analyzed systematically with the goal of
extracting information. Due to the fast development of this
branch in the past several years, large numerical libraries like
Scikit-Learn [18] have become publicly available. We will uti-
lize feature selection techniques [19] to systematically extract
the most significant parameters that determine the defining
conditions.

II. ANALYSIS

The strategy used in this study is as follows.
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FIG. 3. Experimental matrix. (a) Full matrix. (b) Lean exper-
iments. Different phenomena registered: conventional combustion
mode (CONV), no-ignition (NI), one-headed finger (OHF), two-
headed fingers (THF), one-headed branching (OHB), and two-
headed branching (THB).

A. Preprocessing

The number of experiments available for each of the six
categories described in the introduction do not allow for
significant segregation of each of the propagation regimes.
Therefore, we agglomerate all unconventional categories
to find the optimal border between conventional (Fig. 2)
and unconventional (Fig. 1) modes. Among all the tests,
downward-propagating tests only will be considered in our
study, captured in Fig. 4. Note that we exclude upward propa-
gation experiments because there is not a large-enough sample
size for a confident analysis.

B. Features

From the layer thickness and properties of the mix-
ture, we shall generate dimensionless numbers to provide
a physical interpretation of the experimental results. They
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FIG. 4. Dicotomic experimental matrix. White and black points
represent conventional and unconventional propagation, respectively.

are as follows: Reynolds number, Re = LS ; Peclet number,
Pe = L/§7; Prandtl number, Pr = v/y; Richardson num-
ber, Ri = gB(T}, — TO)L/S%; Rayleigh number, Ra = gB(T}, —
TO)L3/(X1)); Schmidt number, Sc = v/D; Lewis number,
Le = x/D; Zeldovich number, Ze = E(T}, — To)/RTZ; ex-
pansion rate o) = pg/pp; modified expansion rate o, =
Peold products/po; and Froude number Fr = S;/./gL. These
numbers depend on the basic magnitudes of the gaseous
mixture and the flame, such as the laminar flame speed S,
adiabatic combustion temperature 7;, an overall activation
energy E, kinematic viscosity v, thermal diffusivity x, molec-
ular diffusion D, integral scale of the system or gap size
L, gravitational acceleration g, and thermal expansion of the
gas B.

The aforementioned dimensionless numbers characterize
the process with respect to viscosity (Re, Pr), diffusion
(Le, Sc), buoyancy (Ri, Ra, Fr), and chemical reactivity
(Re, Pe, Ze).

C. Nusselt number

Heat losses have been identified as one of the main param-
eters of the problem.

(i) Bergman correlation

The usage of the Nusselt number for laminar flow along a
flat plate, as described in [20],

Nu = 0.33Re!/?Pr'/3, (1)

poses two problems. First, the distance, x, parallel to the plate
is one of its main dependencies. In our case, this distance is
measured from the flame position. This value is ill defined due
to the multiplicity of fronts.

Second, Re, also depends on the flame propagation veloc-
ity, S, and not on S;. In the study [9], it was impossible to the
velocity of the propagating flame from their experiments, thus
the real flame velocity S remains unknown.

To circumvent these shortcomings, we take into account the
minimal distance capable of cooling the whole thickness, &, of
the gas gap, h/2 = 4/vx/S. Also, we will utilize the laminar

burning velocity, S;. Substituting, we obtain
Nu; & 0.033RePr'/’. )

(i) Kuznetsov correlation

The estimation of the Nusselt number according to Eq. (1)
is questionable under these particular conditions. This is due
to the presence of heat losses caused by steam condensation
[7]. The effect of condensation was shown to be very signifi-
cant in Refs. [7,9]. The presence of water fog or even droplets
on the internal side of the Plexiglas plates confirm this fact.
Therefore, the empirical correlation for the Nusselt number
considering condensation due to [21] was also utilized:

Nu, = 10.3Re®3. 3)

D. B parameter

In the numerical calculations dedicated to unconventional
propagation [15,22], the dimensionless parameter B was also
considered:

_ kw/he
 ky/h

“

where k,, and k, are the conductivity of the wall and the
gas and h,, and h are their respective thicknesses. The ratio
(kyh)/(kgh,,) describes the conductive heat transfer in the
wall compared to that of the gaseous gap per Kelvin. It extends
the classical formulation of [23,24] and is very similar to the
parameter used in Ref. [25].

E. Additional parameters

Two additional dimensionless parameters can also be intro-
duced into the analysis. First, we have the Biot number,

ahy,

ky ~
where « is the thermal conductivity at the interface. We extract
o from Nu, which yields

Bi = )

h
Bi; = ~2 X Nu,, ©)
ky h
and thus gives two Bi numbers for their respective Nu.

Next we have the Fourier number,

Xt
=17
where ¢ is the characteristic time to reach a certain tempera-
ture, which results in

Fo (N

Fo = Pe 2, (8)

and therefore can be disregarded.

F. Limitations

Some magnitudes defined above, like Re, were charac-
terized considering S; and not the velocity measured in the
study S. Similar shortcomings also exists for 7, which is
clearly different than the temperature reached in between the
two plates. These shortcomings could be possible source of
insignificance or inaccuracy.
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FIG. 5. Autocovariance matrix.

G. Recapitulation

In summary, each experiment can be characterized by the
following vector:

(Re, Pe, Pr, Ri, Ra, Sc, Le, Ze,

B, Nuy, Nuy, Biy, Biy, 01, 02, Fr). &)

Note that the addition of more parameters would increase the
reliability of the conclusions.

H. Reduction of dimensionality

We may reduce the dimension of the previous vector by
disregarding highly correlated components. We can study the
correlation of the different variables by calculating the auto-
covariance matrix [26], plotted in Fig. 5. In this figure, we can
see the correlation of the variables to each other. Higher values
in each cell means a higher degree of correlation between
elements of the matrix.

We disregard variables correlated to others more than a
predetermined threshold, which was set at 0.9. Given that
assumption, this set of numbers appear to be correlated. On

one side, we have Re, Pe, and Nu, and on the other Pr, Le, Sc,
Bij, and Le. It is indifferent which of those numbers we keep
as they statistically contain the same information. To be more
coherent with referenced literature, we will use

(Pe, Ri, Ra, Le, Ze, B, Biy, 02). (10)

I. Segregation

We separate the experiments shown in the dichotomic ma-
trix (Fig. 4) using a linear correlation in the logarithmic space
generated by a pair of variables. Later, we identify the opti-
mal number of parameters that may govern the phenomena.
Additionally, we seek to clarify which pair better correlates
the experimental findings. Please note that we disregard all
nonlinear borders that could provide even better separation
between the unconventional and the conventional regions,
making it easier to physically understand our results.

III. FEATURE SELECTION

Recursive feature elimination is a technique that allows
selecting features by recursively considering smaller and
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TABLE 1. Results of recursive feature elimination with cross-
validation.

Number of variables Score

0.89
0.90
0.90
0.89
0.89
0.89
0.89
0.89

[eBEN Be R0 R N R

smaller sets of variables [27]. In our study, we will utilize a
further development of this technique that includes a cross-
validation step [28]. This implies the division of the whole
data into subsets. The importance of each feature will then
be analyzed in each subset, modeling and evaluating with
regard to its complementary. This technique is called recursive
feature elimination with cross-validation (RFECV), and it is
available in Scikit-Learn. RFECV requires the user to provide
a classification model that provides a score for each feature
and, therefore, a way to assess its importance.

Support vector classification (SVC) is a method inside of
support vector machines (SVM) methodologies [29,30] that
provides the required classification. Succinctly, SVM provides
a classification for data belonging to dichotomic classes by
separating them with an optimal hyperplane. The hyperplane
is chosen so that the distance from it to the nearest data point
in each dichotomic category is maximized. By ranking which
feature provides a cleaner separation, we can score each of the
variables.

The result of this methodology applied to our data is con-
tained in Tables I and II.

In Table I, we observe that the best separation is achieved
with two variables. We also conclude that three or more vari-
ables provide a similar quality of separation. Likewise, the
separation based in one variable is also similar than the one
achieved with three or more.

In Table II we depict the relative importance of each of
the variables. The most significant variables are Pe and Ri
followed by the Rayleigh number. The diffusion factor Le,
07, and the chemical reactivity factor, Ze, are less significant.
Thus, the optimal SVM model should be the function and

TABLE II. Importance ranking by recursive feature elimination
results.

Variable Importance

Pe
Le
Ri
Ra
Ze
B
Bi2
02

~N WA NN =N

log1o(Ri)

1.00 1.25 1.50 175 2.00 2.25 2.50
log1o(Pe)

FIG. 6. SVM model based on Pe and Ri. Optimal model. White
points: Conventional propagation. Black points: Unconventional
propagation. White region: SVM model unconventional propaga-
tion prediction. Gray region: SVM model conventional propagation
prediction.

the argument of the most significant variables Pe and Ri (see

Fig. 6).
From the SVM model, the optimal border in Fig. 6 is
log,,(Ri) ~ 13.21og,,(Pe) — 15.0, (11)
or
pe!32
i~ Tk (12)

The importance of Pe is shown by its power. Pe is collinear
with Re and Nu, so that Pe represents the statistical impor-
tance of the thickness of the tube, the flow regime, and the
heat losses. Ri shows the mild importance of gravity and shear.
This is also in agreement with the findings of Table I where
separation based on a single variable obtained a surprisingly
good score.

IV. SUBOPTIMAL BORDERS

In this section, we explore the experimental data as a
function of other variables. This may allow for an alternative
interpretation of the results.

A. Secondary importance variables

We reconsider the relative importance of the variables rep-
resented in Table II. We may enlarge our assessments by
including the next more significant variable, Ra, and represent
(Pe, Ra) and (Ri, Ra). This has been done in Figs. 7 and 8.

The separation of the data achieved by the usage of the
pair Pe, Ra is relatively good. The implicit model implies that
unconventional propagation is reached if Ra g 10°'Pe=*2,
that is, if Ra is much less important than Pe. The expression
means that the separation line versus Pe is almost vertical and
simplifies the critical condition to

Pe < 15, (13)

for unconventional propagation.
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FIG. 7. SVM model using Pe, Ra. For the points and regions
meaning, see Fig. 6.

We represent now the other secondary pair (Ri, Ra). From
the modeling obtained, we derive a border,

Ra Z 251Ri". (14)

We recall here the physical meaning of Ri and Ra. The relative
importance of buoyancy to shear in a flow is Ri. The impor-
tance of heat convection compared to conduction is Ra. Purely
convective heat transfer is represented as Ra > 1000. Purely
conductive heat transfer is Ra < 10. Between these two val-
ues, both heat transfer mechanisms are combined. Most of the
points in Fig. 8 lay above Ra > 1000. The border found shows
the relative importance of buoyancy or shear and convection.
The power of Ra and Ri shows that the flow regime and the
heat transfer have a similar importance close to 1.

B. Separate ranking of the variables

We continue exploring the experimental results. Next, we
will rank the importance of each of the significant dimension-

4.5

4.0

logi0(Ra)
w
w

w
=)

2.5

2.0

log1o(Ri)

FIG. 8. SVM model using Ri and Ra. For the points and regions
meaning, see Fig. 6.

TABLE III. Ranking individual variables.

Number F value Mutual information
Pe 129.3 0.29
Le 13.1 0.08
Ri 9.5 0.16
Ra 71.9 0.25
Ze 33.2 0.24
B 25.9 0.27
Bi, 0.02 0.14
0 14.2 0.23

less numbers by a second procedure, this time not combined
but individually separated. This ranking can be done by the
ANOVA F value [31] and the mutual information classifica-
tion [32] methods. Conveniently, both are readily available in
Scikit.

The results obtained are included in Table III. Pe and Ra
appear to be the most significant variables with the largest F’
value. Pe and B are the most significant variables utilizing
mutual information. The Lewis number, Le, and the Biot
number, Bi,, have the lowest significance.

Therefore, we may study the separation between conven-
tional and unconventional flame propagation considering the
pair Pe and B. This is shown in Fig. 9. The separation model
was again generated utilizing SVM methodology.

The separation line in Fig. 9 shows that unconventional
propagation is reached for B Z 10°¥Pe™*. This transforms
again into Pe < 15, underlining the enhanced importance of
Pe compared with B.

At this stage, the authors want to underline a caveat clearly
visible in Figs. 6-9. We have been utilizing straight lines
to represent the optimal borders in the diagrams in spite of
the significant curvature visible in the boundary between the
regimes. In our opinion, an interpretation of the curvature
of the data could be achieved considering the border as the
maximum, or minimum, between two lines. This kind of
interpretation is typical of logarithmic representation. This

log10(B)

1.00

125 150 175

log1o(Pe)

2.00 2.25 2.50

FIG. 9. SVM model using Pe, B. Points and regions meaning, see
Fig. 6.
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FIG. 10. SVM model using Pe and Le. For the points and regions
meaning, see Fig. 6.

apparent min-max behavior may be achieved as the sum of
two terms which prevails in different zones. Also, this may
be consistent with data obtained in two different regimes for
example. This would be coherent with the values obtained for
Ra larger and smaller than 1000 and Ri larger and smaller
than 1. Nevertheless, this interpretation is speculative. Also,
the limited number of points have prevented the further ex-
ploration of this technique.

C. Lack of significance of Le

The results shown in Refs. [10-12] support that diffusiv-
ity determines the distance of unburned pockets between the
flame fingers. The diffusivity should counteract heat losses
in Hele-Shaw cells making the flame hotter by the diffusion
transport of deficient components towards the reaction zone
[10,11,33].

On the contrary, our SVM analysis shows that Le has no
importance in determining the flame regime (Fig. 10). Several
reasons support this finding:

(i) The range of concentrations of interest is from 4 to 15
vol.%H;. In this range, the flame structure changes dramati-
cally. Nevertheless, the Lewis number only changes slightly
from 0.31 to 0.34. However, the heat losses change dramati-
cally, completely modifying the combustion process and the
flame structure.

(i) The size of the gap does not influence the diffusion
process. To be significant, a Knudsen number of order of
one is required. This corresponds to much narrower channels,
down to the size of 1 micrometer.

(iii) Independent of small Lewis number (Le < 1) for
all mixtures tested, the size of the narrow gap decreases
or suppresses the thermodiffusive instability. This is due
to the critical Peclet number for thermodiffusion instabil-
ity which is Pe, = 50-150 ([34-36]). This is larger than
the typical Pe for the unusual flame propagation, Pe = 15.
This fact reduces the significance of Le for the threshold
evaluation.

V. CONCLUSIONS

In conclusion, unconventional propagation happens in thin
tubes in which heat losses are significant, in agreement with
the idea exposed in Ref. [9]. Equation (11) provides an empir-
ical correlation of the limits of the propagation regime.

The present study excludes Le as a significant parameter
to determine the phenomena of unconventional propagation.
Despite this, unconventional propagation regimes only occur,
as reported, exclusively for Le < 1.

Unconventional propagation is mainly determined by Pe,
that is, by the heat losses dictated by the thickness of the
channel.
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