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Abstract: The Bychkov model of extremely fast flame acceleration in obstructed pipes [Combust.
Flame 157 (2010) 2012] employs a number of simplifying assumptions, including those of slip
and adiabatic surfaces of the obstacles and of the pipe wall. In the present work, the influence of
various mechanistic surface conditions on the flame dynamics in a cylindrical pipe of radius R,
involving an array of parallel, tightly-spaced obstacles of length aR, is scrutinized by means of the
computational simulations of the fully-compressible axisymmetric hydrodynamic and combustion
equations with Arrhenius chemistry. Specifically, nonslip and slip surfaces are compared for the
blockage ratio, a, and the spacing between the obstacles, Az, in the ranges 1/3 < a < 2/3 and 0.25
< Az/R < 2.0, respectively. It is shown that the impact of surface friction on flame acceleration is
minor, only 1.3~3.5%, being positive in a pipe with Az/R = 0.5 and negative for Az/R = 0.25. We
have also demonstrated a minor effect of the isothermal surfaces as compared to the adiabatic ones
[Phys. Fluids 28 (2016) 093602]. With the fact that the real boundary conditions are neither slip
nor nonslip; neither adiabatic nor isothermal, but in between these categories, the present work
thereby justifies the Bychkov model and makes its wider applicable to the practical reality. While
this result can be anticipated and explained by the fact that the flame dynamics is mainly driven by
its spreading in the unobstructed portion of an obstructed pipe (i.e. far from the wall), the situation
is, however, qualitatively different from that in the unobstructed pipes, where the mechanistic and
thermal wall conditions modify the flame dynamics conceptually.
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1. Introduction

Among the geometries associated with fast flame acceleration and the deflagration-to-detonation
transition (DDT) scenarios, obstructed cylindrical pipes provide fastest acceleration [1]. While
flame propagation through obstacles is oftentimes associated with turbulence/shocks [2], or
hydraulic resistance [3], Bychkov et al. [4-7] have identified a conceptually laminar, shockless
mechanism of ultrafast acceleration in semi-open channels or cylindrical tubes equipped with a
comb-shaped 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 [5],
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substantiated by the comprehensive computational simulations, a flame accelerates exponentially
as Uy, /S ~ @exp(or), where Uy, =dZy, /dt is the velocity of the flame tip in the laboratory

reference frame, S, the planar flame speed, ® = p, / p,, the thermal expansion ratio; 7 =tS, /R
the scaled time, R the pipe radius, and the scaled exponential acceleration rate o is given by [5]

a:a(@,a)zz@_l{u ! } (1)
1l-«a) 2(6-1)

where « is the blockage ratio. This acceleration is extremely powerful indeed. Say, for typical
®=8 and a=1/2, the quantity of o is as large as 30! Moreover, o grows with ¢ and O,
thereby promoting flame acceleration; it drastically depends on « ; but it does not depend on R,
which makes the Bychkov acceleration mechanism scale-invariant (Reynolds-independent) and,
thus, relevant to various scales, from micro-combustors to very large mining and subway tunnels.
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Figure 1: An illustration of the Bychkov mechanism of ultrafast flame acceleration in an obstructed pipe.

The theory and modelling [4-7] adopted a set of simplifications, such as adiabatic and freely-slip
walls. With a fact that the real boundary conditions are neither slip nor nonslip; neither adiabatic
nor isothermal, but in between these categories, the Bychkov model needed to be validated in
terms of its applicability to the practical reality. Indeed, it was shown that both mechanistic and
thermal (cold as well hot) wall boundary conditions play an enormous role in unobstructed pipes.
Will it be the case for obstructed ones? Here we are answering this question. While Ugarte et al.
[7] have recently shown a minor effect of the isothermal walls as compared to the adiabatic ones,
in this work we have compared adiabatic and isothermal walls and came to the same conclusion.

2. Numerical Methods

We performed the computational simulations of the hydrodynamic and combustion equations
including transport processes (thermal conduction, diffusion, and viscosity), full compressibility
and an Arrhenius chemical kinetics. The basic equations in the cylindrical geometry read
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where &= p(QY +¢pT)+ p(u’ +u?)/2 is the total energy per unit volume and Y the mass
fraction of the fuel mixture. The ideal gas model is used, such that P = pR,T/m, ¢, =5R,/2m,
Cp = 7R, /2m, with the adiabatic index y =cp/c, =1.4, the molar mass m = 2.9x107?kg/mol,

and the universal gas constant R, =8.31J/(mol-K) . The stress tensor ¢, is given by
40u, 20u, 2u, j
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and the energy diffusion vector q, takes the form
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where u = pv is the dynamic viscosity, being x; =1.7x10°kg/(m-s) in the fuel mixture. Then
the thermal flame thickness can be defined, conventionally, as L, = u; Prp,;S, =4.22x10°m.

A flame propagates in a long cylindrical pipe of radius R, with one end open, and with an
unobstructed central portion, of radius (1—«)R, while the rest is blocked by the obstacles with
the spacing (the distance between two neighboring obstacles) AZ , see Fig. 1. This geometry is
described by the flame propagation Reynolds number Re=RS, /v=R/PrL; =R/L;. In the

present work we used AZ/R=1/4, 1/2 and 2.0; Re = 12 and 24; and « =1/3;1/2;2/3. We

considered adiabatic (n-VT =0) and either free-slip (n-u=0) or non-slip (u=0) surfaces of
the obstacles and of the pipe wall, where n is a normal vector at a surface. 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 blocked, while the
other end, on the right, is open, with the boundary conditions p=p,;, P=pP,, u, =0 adopted.

The initial flame structure was imitated by the classical Zeldovich-Frank-Kamenetsky (ZFK)
solution for a hemispherical flame front [7] ignited at the centerline, at the closed end of the pipe.
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3. Results and Discussion

We have compared the cases of freely-slip and non-slip boundary conditions, quantitatively, by
the plots of Figs. 2-6, and qualitatively, by the snapshots of Figs. 7-8, for various R, AZ ,and« .
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Figure 2: The scaled flame position Z;/ R vs the
scaled time t for R = 24L;, o = 1/3 and AZ/R = 1/4.
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Figure 4: The scaled flame position Z;/ R vs the
scaled time t for R = 24L;, o = 2/3 and AZ/R = 1/4.
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Figure 3: The scaled flame position Z¢/ R vs the
scaled time T for R = 24L;, o = 1/2 and AZ/R = 1/4.
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Figure 5: The scaled flame position Z¢/ R vs the
scaled time 1 for R = 24L;, a = 2/3 and AZ/R = 1/2.
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Figure 6: The scaled flame position Z;/ R vs the scaled time t for R = 12L¢, a = 1/3 and AZ/R = 2.
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Specifically, the scaled flame tip position Z; /R versus the scaled time z=tS, /R is presented

in Figs. 2-6, with the free-slip and non-slip boundary conditions shown by the solid black and the
dashed red lines, respectively, in all the plots. It is seen that that the effect of mechanistic surface
boundary conditions is minor as long as the obstacles spacing is small, AZ <R/2, and this is
true for all o considered. Indeed, both the curves almost coincide in Figs. 2, 3 and 5, and the
difference between them is hardly seen and in Fig. 4. A reasonable way the measure a relative
deviation between the plots is the quantity (in %):

E=|(Z; 4,2 )1Z x100. (10)

The result (10) does not exceed 3.1~3.5 % for all the cases depicted in Figs. 2-5; friction slightly
moderates flame acceleration for AZ = R/4, and very slightly promotes it for AZ =R/2. This
result certifies a minor impact of the mechanistic boundary conditions and thereby justifies the
Bychkov model of flame acceleration in obstructed pipes, which employs the freely-slip
obstacles and walls. This result can be explained by the fact that the flow is mainly driven in the
axial direction such that the small obstacle spacing mitigates a potential effect of wall fiction (if
any). In fact, Ref. [7] recently suggested the same conclusion with the same explanation when
studying the thermal boundary conditions at the walls and obstacles in obstructed channels.
However, the situation differs noticeably for larger obstacles spacing as clearly seen in Fig. 6,
for AZ = 2R . Here, wall friction promotes flame acceleration, substantially, as compared to the
slip conditions. The deviation (10) is as large as 24% in that case. Such a discrepancy can be
devoted to the formation of vorticity (or even turbulence) in the pockets between the obstacles in
this configuration. Obviously, vorticity evolves differently with slip and non-slip walls, with a
stronger flow distortion in the latter case, leading thereby to faster flame acceleration. It is noted
that the Bychkov model does not consider vorticity, and hence it is probably not applicable here.
Moreover, the very approach of tightly-spaced obstacles, AZ << R, Fig. 1, is broken when AZ
exceeds R. In fact, an inapplicability of the Bychkov formulation for AZ > R was shown even in
the pilot study [5] and later in the detailed analysis [7]. Hence, our work agrees with Refs. [5,7].
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Figure 7: The flame evolution in tube of R = 24L; o =2/3 and AZ/R = 1/2: &) slip and b) noslip.

Qualitatively, we arrive to the same conclusions by means of the color snapshots in Figs.7-8.
Specifically, Fig. 7 compares the flame shape and position for AZ =R /2 taken at the same time
instant, 7 =0.15, for slip (a) and non-slip (b) cases. A resemblance between Figs. 7a and 7b is
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evident, with the flame positioned at Z; ~ 27R in both figures. Figure 8 is a counterpart of Fig.

7 for AZ =2R, 7=0.38. Unlike Fig. 7, the discrepancy between Figs. 8a and 8b is clearly seen.
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Figure 8: The flame evolution tube of R= 121y R=12L¢ a=1/3 and AZ/R = 2.0 a)slip b)No-slip walls
4. Conclusion
We have investigated flame propagation in obstructed cylindrical pipes. It is shown that an
impact of surface friction on flame acceleration is minor, 1.3~3.5%, being positive in a pipe with
AZ =R/2 and negative for AZ =R/4. We also demonstrated a minor effect of the isothermal
surfaces as compared to the adiabatic ones [7]. With the fact that the real boundary conditions
are neither slip nor nonslip; neither adiabatic nor isothermal, but in between these categories, the
present work thereby justifies the Bychkov model and makes its wider applicable to the practical
reality. While this result can be anticipated and explained by the fact that the flame dynamics if
mainly driven by its spreading in the unobstructed portion of an obstructed pipe (i.e. far from the
wall), the situation is, however, qualitatively different from that in the unobstructed pipes, where
the mechanistic and thermal wall conditions modify the flame dynamics conceptually.
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