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Abstract: The impact of the Lewis number, Le, on the dynamics and morphology of a premixed flame front,
spreading through a toothbrush-like array of obstacles in a semi-open channel, is studied by means of the
computational simulations of the reacting flow equations with fully-compressible hydrodynamics and Arrhenius
chemical kinetics. The computational approach employs a cell-centered, finite-volume numerical scheme, which is
of the 2™-order accuracy in time, 4™-order in space for the convective terms, and of the 2"-order in space for the
diffusive terms. The channels of blockage ratios 0.33~0.67 are considered, with the Lewis numbers in the range
0.2<Le<2.0 employed. It is shown that the Lewis number influences the flame evolution substantially. Specifically,
flame acceleration weakens for Le>1 (inherent to fuel-lean hydrogen or fuel-rich hydrocarbon burning), presumably,
due to a thickening of the flame front. In contrast, Le<1 flames (such as that of rich hydrogen or lean hydrocarbon)
acquire an extra strong folding of the front and thereby accelerate even much faster. The later effect can be devoted
to the onset of the diffusional-thermal combustion instability.
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1. Introduction

Flame acceleration (FA) and deflagration-to-detonation transition (DDT) are usually considered
as the fire safety demands, but they are also expected to improve various advanced combustion
technologies such as pulse- and rotation-detonation engines [1] or micro-combustors [2]. Among
geometries associated with FA and DDT, obstructed pipes provide the fastest regime of burning
[3]. While flame propagation through obstacles is oftentimes associated with turbulence, shocks
[4], or hydraulic resistance [5], Bychkov et al. [6-9] identified a conceptually laminar, shockless
mechanism of ultrafast FA in semi-open channels or tubes equipped with a toothbrush-like array
of obstacles. This mechanism is illustrated in Fig. 1, and it is devoted to a powerful jet-flow
along the channel centerline, generated by a cumulative effect of delayed combustion in the
pockets between the obstacles. According to the analytical formulation [6], substantiated by the
computational simulations [6,7,9], a flame accelerates in a two-dimensional (2D) channel as
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where U, =dz. /dt is the flame tip velocity in the laboratory reference frame, S, the planar

tip tip
flame speed, ® = p, / p, the thermal expansion in the burning process, R the half-width of the

channel, a the blockage ratio, and 7 =S, t/R the scaled time. This FA is extremely powerful

indeed: say, for typical ®=8 and « =1/2, the scaled exponential acceleration rate of Eq. (1) is
o=(0-1)/1-a)=14" It is noted that o drastically depends on « ; it grows with ¢ and ©®,
thereby promoting FA, but it does not depend on R. To some extent, this makes the Bychkov
acceleration mechanism scale-invariant (Reynolds-independent) and, thereby, relevant to various
scales, including micro-combustors, industrial conduits as well as mining and subway tunnels.

The theory and modelling [6] adopted a number of simplifications, including the conventional
approach of equidiffusive combustion, when the Lewis number, defined as the thermal-to-mass
diffusivities ratio is unity, Le=1. However, Le #1 oftentimes in the practical reality, which
leads to the interplay between the internal and global flame structures such as the diffusional-
thermal instability. The impact of Le on FA has been found substantial in unobstructed channels
[10-12]. In particular, Bilgili et al. [12] has shown that FA in unobstructed channels is drastically
promoted in a Le <1 premixtures, due to enormous extra elongation (“channeling”) of the flame
front. In contrast, Le >1 combustion leads to a flame “thickening”, thereby moderating FA.

May we expect the same or similar impacts of Le in an obstructed channel? Answering this
question constitutes the focus of the present work. Initially, we anticipated a similar effect for
Le >1 flames, but not in the case of Le <1, because the obstacles were expected to prevent the
flame channeling and, thereby, drastic elongation of the flame surface area, accompanied by FA.
In contrast, we have found that the role of Le is significant in both cases, with moderation of
acceleration for Le >1 flames and strong promotion of FA in the case of Le <1 combustion. In
fact, the impact of the Lewis number is found to be as strong as that of the blockage ratio « .

Figure 1: An illustration of the Bychkov mechanism of flame acceleration in an obstructed channel.

2. Numerical Method
We performed the computational simulations of the following 2D, Cartesian set of equations:
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where Y is the mass fraction of the fuel mixture; £ =QY +C, T and h=QY +C,T the specific
internal energy and enthalpy, respectively; Q=C,T,(®-1) the energy release in the reaction,
with the specific heats at constant volume, C, , and pressure, Cp, the initial fuel temperature,
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T, =300K , pressure, P, =lbar, and density, p; =1.16kg/m®. The stress tensor y;; and the
energy diffusion vector g; read
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where ¢ = py is the dynamic viscosity, being ¢, =1.7x107°kg/(m-s) in the fuel mixture. Then
the thermal flame thickness can be defined, conventionally, as L, =¢, /Prp,S, =4.22x10°m.

As a result, Egs. (2) — (5) include fully-compressible hydrodynamics, transport properties (heat
conduction, diffusion and viscosity), and combustion imitated by a single irreversible Arrhenius
reaction of the first order, with the activation energy E, and the constant of time dimension .
More details of the numerical scheme and the solver can be found, for instance, in Refs. [6,7,9].
Similar to Fig. 1, the flame propagates in a long 2D channel of width 2R, where the fraction
2R« is blocked by the obstacles with spacing (the distance between two neighboring obstacles)
Az. The channel width is described by the Reynolds number associated with flame propagation,
Re=RS, /v=R/PrL; =R/L;. In the present work, we used Az/R = 1/4, Re = 24,36,48, and

a =1/3;1/2;2/3. The walls of the channel and obstacles are adiabatic, n-vT =0, and free-slip,
n-u=0, where n is the normal vector at the wall. The absorbing (non-reflecting) boundary
conditions are employed at the open end to prevent the reflection of the sound waves and weak
shocks. The left end of the free part of the channel is closed while the other end, on the right, is
open, with the boundary conditions p=p,, P=P,, u, =0 adopted. The initial flame structure is
imitated by the classical Zeldovich-Frank-Kamenetsky (ZFK) solution for a hemispherical flame
front [7], of initial radius 5.1L; , ignited at the centerline, and the closed end of the channel.

Both the fuel mixture and burnt matter are assumed to be ideal gases of constant molecular
weight, M =29 kg/kmol, such that the equation of state is P = pR,T /M, with the universal gas
constant R, =8.31kJ/(kmol - K). The chemical properties of the fuel mixture are chosen to model
methane-air burning with a Lewis number in the range 0.2 < Le < 2.0, thermal expansion ®=8,
and the planar flame speed S, =34.7cm/s. The initial speed of sound in this fuel mixture is 10°
times larger, ¢, =347 m/s, such that hydrodynamics is almost incompressible at the initial stage

of burning. In this respect, in addition to the standard scaling of Eq. (1), Uy, /S, , we also scaled

Uy, by the local, instantaneous speed of sound, c,, = \/(cp Ic,)x(R, /M )xT,, . Such a flame tip

iip (t) =Uyp / Cp appears a good measure of the current level of compressibility
as well as of the instantaneous stage of the DDT process, being My, <<1 at the initial, quasi-
isobaric stage of burning and approaching an order of unity by the time of detonation triggering.

Mach number M

3. Results and Discussion

We have performed extensive computational simulations of premixed FA in the configuration
described above, and for various Le, o and Re. Because of the limit of space, we present only a
single combination of color temperature snapshots, but, presumably, the most illustrative. Figure
2 (a-i) shows the flame shapes and positions attained at various Le, Le=0.2,1.0, 2.0, and o,

a=1/3;1/2;2/3 but at the same time instant, z =0.075, and for the same Re =24 in all nine
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simulation runs. The respective My, |,_o 075 are also depicted. The flames are represented by the
color temperature snapshots, from 300 K in the fuel (blue) till 2400 K in the burnt matter (red). It
is seen that the role of the Lewis number is paramount and as strong as that of the blockage ratio.
Indeed, when both the effect of large a and nonequidiffusivity (with Le < 1) work together, as in
Fig. 2c for o = 2/3 and Le = 0.2, then the flame front is drastically fold; it has propagated through
17R and is, presumably, about to trigger detonation as the flame tip Mach number is as high as
Mip = 0.6. Consequently, FA is enormous in this case. In contrast, a Le > 1 flame in a channel
with small blockage ratio accelerates very slow, as observed in Fig. 29 for a = 1/3 and Le = 2.0.

In other cases of Fig. 2, the effects of a and Le compete such that we observe almost equivalent
flames and My in the pairs 2d and 2h; 2a and 2e; an even 2b and 2i, respectively.
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Figure 2: Color temperature snapshots [from 300 K in the fuel (blue) till 2400 K in the burnt matter (red)] taken at
the same scaled time t = tS,/R = 0.075 for Re = 24 and various Le = 0.2, 1.0, 2.0 and o = 1/3; 1/2; 2/3.
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Figure 3: The scaled flame tip Uy;,/S. vs the scaled time t for Re = 24 and o= 1/3 (a), 1/2 (b), and 2/3 (c).
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Figure 4: The scaled flame tip velocity U;,/S, vs the scaled time t for o= 2/3 and Le = 0.2 (a), 1.0 (b), and 2.0 (c).
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Figure 5: The scaled flame tip velocity Uy;,/S, vs the scaled time t for Re = 24 and Le = 0.2 (a), 1.0 (b), and 2.0 (c).

To quantify the impact of Le, in Fig. 3 we present the time evolution of the scaled flame tip
velocity, Uy, /S, for several blockage ratios, a = 1/3 (3a), 1/2 (3b), and 2/3 (3c), with various

Le, Le = 0.2, 1.0, 2.0 in each plot. It is seen that the effect of Le is very strong, especially for the
Le < 1 flames. Indeed, in all three Figs. 3(a-c), Le = 0.2 promotes Uy, almost by an order of
magnitude as compared to the equidiffusive case, Le = 1. The effect of Le > 1 is substantially
weaker, but Le = 2.0, nevertheless, noticeably moderates FA as compared to the Le = 1 cases.

Figure 4 scrutinizes the role of the channel width for various Le and a. It is seen that the
impact of Re is minor as all the curves for Re = 24, 36 and 48 go very close in all three Figs. 4
(a-c). This actually supports the Bychkov formulation [6] predicting Re-independent FA, Eq. (1).
On the other hand, Fig. 4 shows a very intriguing result: even the Re-dependence is quite weak,
the impact of Le may change it, up to the opposite one. Indeed, FA weakens with Re for Le < 1
flames, Fig. 4(a, b), but it is promoted with Re in the Le > 1 case, Fig. 4c. In this light, we can
potentially look for a certain threshold Le that would correspond to the change of the trend and
thus provide the complete Re-independence.

Figure 5 shows the role of the blockage ratio . It is seen that a-dependence is significant and
much stronger than Re-dependence for all Le considered. At the same time, the impact of Le on
o-dependence is less than that on Re-dependence: a-dependence does not change sign due to Le,
but there is a noticeably quantitative effect such that a-dependence is stronger for Le < 1 flames.

Finally, we have studied all the acceleration trends observed, and when acceleration exhibited
an exponential trend, then the exponential acceleration rate was calculated. The result is plotted
versus Le in Fig. 6, for Re = 24, 36 and 48 in Figs. 6 (a-c), respectively, with a = 1/3, 1/2 and 2/3
in each figure. As expected, the acceleration rate o appears largest for non-equidiffusive cases of
Le < 1. More specifically, the exponential acceleration trend is seen for Le = 0.2 only for low a,
o. = 1/3, 1/2. The absence of this trend for a = 1/2 is attributed to a strong competition between
the Le and a effects in that scenario.
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Figure 6: The exponential acceleration rate ¢ vs the Lewis number Le for Re = 24 (a), 36 (b), and 48 (c),
with a = 1/3, 1/2, and 2/3 in each figrure.

4. Conclusions
In this work, a thorough investigation of non-equidiffusive FA in obstructed channels has been
performed, by means of computational simulations, and a profound impact of Le on FA has been
identified. This effect is compared to that of a and it has been found to be as strong. The non-
equidiffusive scenarios involve non-unity Le, such that in the case of Le < 1, promotion of flame
acceleration is discovered. It is found that Le influences a-dependence. In contrast, moderation
of FA has been observed for Le > 1 flames. In addition, a unique trend is noticed for the Le-
impact on Re. Indeed, the Lewis humber may change Re-dependence of FA to an opposite trend.
Finally, we aim to unify the analysis. Similar to Bychkov et al. [6], the combination 6Z; /OR
is plotted versus otS\/R in Fig. 7. Here, different colors represent different Lewis numbers (blue,
orange and grey for Le = 0.2, 1.0 and 2.0, respectively), with three blockage ratios for each case,
namely o = 1/3 (solid), 1/2 (dashed) and 1/3 (dotted). While Ref. [6] was limited to equidiffusive
flames, Le = 1, with all the data collapsing into a single curve; here we have various Le, and the
set of curves associated with different Le (i.e. different colors) differ. However, for each given
Le, the plots (of the same color) collapse into a single curve, thereby fitting the Bychkov model.
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Figure 7: Scaled flame tip position cZ; /@R vs the scaled time otS, /R for various Le = 0.2 (blue), 1.0 (orange) and
2.0 (grey), with three different a = 1/3 (solid), % (dashed) and 2/3 (dotted) for each given Le.
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