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Abstract. A numerical study of a two-dimensional model for premixed gas combustion in
a narrow, semi-infinite channel with no-slip boundary condition is performed. The work
is motivated by recent theoretical advances revealing the major role of hydraulic resistance
in deflagration-to-detonation transition, one of the central yet still inadequately understood
phenomena of gaseous combustion. The work is a continuation and extension of recently re-
ported results over non-isothermal boundary conditions, wider channels, and lower incipient
flame velocities, closer to those of real life explosives.
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1. Introduction

Spontaneous transition from deflagrative to detonative combustion, since its discovery more
than a century ago by Bertholet and Vieille [1] and Mallard and LeChatelier [2], remains
one of the central issues of premixed gas combustion, whose theoretical interpretation is
still a matter of controversy. Turbulent combustion, experimentally observed and often
considered to play a significant role in the transition, cannot be a pivotal cause because
turbulent burning velocities are still a factor of 10 or more too small to generate pressure
waves strong enough for triggering detonation. Recent theoretical findings based on the one-
dimensional ZND-Fanno model [3] suggest that the transition is presumably triggered by the
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flow deceleration in the boundary layer, irrespective of whether the bulk flow is turbulent
or not. Later numerical simulations in narrow channels [4-6], and experimental studies with
capillaries [7] provide solid evidence that the transition may indeed take place in laminar
flows.

The first numerical simulation of the transition in narrow channels was conducted under
adiabatic conditions [4]. The impact of walls was accounted for through no-slip boundary
conditions inducing resistance to the gas flow. The hydraulic resistance (friction) causes
a gradual precompression and, hence, preheating of the fresh mixture adjacent to the ad-
vancing deflagration. After some induction period, this development leads to autoignition
triggering an abrupt transition from deflagrative to detonative propagation. The detonation
first develops in the boundary layer, where the impact of hydraulic resistance is stronger,
and thereupon spreads over the channel’s interior. The subsequent study of the problem [§]
was aimed at elucidation of the impact of heat losses invariably present in realistic confined
systems. The hydraulic resistance and heat losses exert opposite effects on the transition.
The resistance raises the local temperature (through adiabatic compression) and thereby
promotes autoignition. The heat loss tends to reverse this trend by reducing the temper-
ature. In smooth channels, both mechanisms are of comparable influence. Therefore, one
cannot be certain about the final outcome of the above competition. However, transition
from deflagration to detonation is often observed experimentally.

As has been shown in [8], with the channel walls maintained at the ambient temperature,
and the reaction kinetics assumed monomolecular, the transition does not occur, at least
within the parameter range explored. However, for the bimolecular kinetics (other conditions
as in the monomolecular case), the transition proves readily feasible, with the predetonation
distance somewhat above that of the adiabatic limit. Higher molecularity implies higher
sensitivity of the explosive mixture to the pressure change, which is quite significant in these
problems.

The present study offers an extension of the previous one [8] over wider channels (100
flame-widths) and lower incipient flame velocities closer to those of real life explosives.

2. Formulation

To visualize the spatial picture of the transition, a wave of premixed gas combustion spread-
ing from the closed to open end of the rectangular channel is studied by direct numerical
simulations of the two dimensional Navier-Stokes equations for a compressible reactive flow.

The reaction rate is modeled by a single step Arrhenius kinetics. The latter is assumed
to be of the first order with respect to the deficient reactant and of the 2-nd order with
respect to the density, to account for the binary nature of chemical reaction taking place in
real combustion systems.

In suitably chosen units the set of governing equations reads,

41



L. Kagan

DDT in narrow channels

continuity and state:

0p Opu  Opi .

~ - P =T 2.1
of T ar Ty TV P (2.1)
momentum:
_(0u  ou 0w\  10P
p(aﬁ“a:z ”ay) Sor (22)
P, 2(3% gl aa+a@ 20 8a+a@
022 9y \ 9y 9z 303 \9%  oy)|’
ov  _0b 00 10P
| — + 1 b = 2.
p(at+“a@+”ag>+yag (23)
P, 202@ 0 aa+a@ 20 aa+a@
072 ' 9 \ oy = 0% 309 \oz 09/’
heat:
1 (o oT oT 1\ ~ /04 00
ol A b 1——|P = 2.4
7p<8t “af”a@)*( )7 (5 %) 24
0*T 92T R .
€ (% 3Q2> +(y—=1)eProé+ (1 - Op)W,
where o0\ 2 oo\? (o0 0a\? on  0v\>
. i D o Ou 2 (0t O
b =2 ) _Z 2.
(a@) - (ay> * (af a@) 3 (8@*8.@) ’ (25)
concentration:
oC aC oC e [(0*C 9°C R
[ — + D = — — 2.
p(at”a@”ayf) Le<8i2+8yf2> W, (26)
chemical kinetics:
W = Z*Cexp (Np(1 - T—l)) (2.7)

Here P = P/P, is the scaled pressure in units of the initial pressure, Pp; C =cC /Co,
scaled concentration of the deficient reactant in units of its initial value, Cp; 7' = T/T,,
scaled temperature in units of T, = Ty + QCy/c,, adiabatic temperature of burned gas
under constant pressure, Fy; Ty is the initial temperature of unburned gas; (), heat release;

op, = T0/Ty; v = ¢p/Cv; Cp, Cp, specific heats; € =
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uy, velocity of the free-space (1sobar1(3 deflagration relative to the burned gas is regarded
as a prescribed parameter; a, = \/7v(c, — ¢,)Tp, a0 = \/7(c, — ¢,) T, velocities of sound at
T =T, and T = Ty, respectively; (@, 0) = (u,v)/a,, scaled flow velocity; N, = E/RT,, scaled
activation energy; p = p/ Pp, Where p, = Py /(¢, — ¢,)T},, density of the combustion products
in free-space deflagration; ¢ = t/t,, (#,9) = (z, y)/xp, T, = apt,, where t, = A~ Zexp (N,)
is the reference time; Z = 5Le 'N2(1 — 0,,)? is the normalizing factor to ensure that at
N, >> 1 and adiabatic free-space conditions the scaled deflagration velocity relative to the
burned gas is close to 1/€; A, pre-exponential factor; Pr, Le - are the Prandtl and Lewis
numbers, respectively. In the adopted formulation the molecular transport coefficients as
well as specific heats are assumed to be constant.

As may be readily shown, z, = a,t, = ly,/\/€, where ly, = DY /ug is the flame width,
DY, thermal diffusivity at T = Ty and ug = o,u,, velocity of the free-space deflagration
relative to the fresh mixture.

Eqs (2.1)-(2.7) are considered in the strip 0 < & < o0, 0 < § < d/2, corresponding
to the upper half of a semi-infinite channel, and under the following boundary and initial
conditions:
closed end of the channel:

far end of the channel:

T(+Ooa Z)?E) = Op; é(+OO, @77?) = 17 ’[L(+00, ga tA) = 07 (29)
@(—FOO,@, ) - O IO<+OO ya ) - 1/0P‘

heat conducting wall:

T (#,d/2,1)/0) = —Bi(T — o), 0C(&,d/2,1)/05 =0, (&, d/2,8) =0, 0z, d/2,{) =0,

(2.10)
where B1 is the Biot number,
symmetry plane:
aT(#,0,1)/05 =0, oC(#,0,1)/05 =0, du(z,0,1)/05 =0, 0(&,0,8) =0, (2.11)
initial conditions:
T(&,9,0) = 0, + (1 — 0,) exp(—2/1), C(&,§,0) =1, (2.12)

P(i,9,0) =1, a(2,4,0) =0, 9(z,7,0) =0,

Here [ is the scaled width of the initiation hot spot.
To elucidate the impact of heat losses the simulations were conducted for adiabatic (Bi =
0), as well as non-adiabatic (Bi > 0) boundary conditions.
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3. Numerical simulations

To avoid too large a disparity between the spatio-temporal scales involved, the numerical
simulations are conducted for somewhat reduced value of the inverse Mach number a,/u,,
compared to that typical of real-life explosives. Specifically, we set:

N, =4; a,/u,=10; 0,=0.2; Le=1,; (3.1)

Pr=1; v=13; [=0.25 d=2,10.

For the chosen parameter set the channel widths specified as 20l and 100l;,; the flame
burning velocity ug is /€, = 0.045 -times the velocity of sound ay.

The computational method used and its validation are described in [4]. The resolution
tests are presented in [8] and the Appendix.

Figure 1 depicts the reaction front profiles at several consecutive instants of the time.
The configurations shown correspond to isothermal (Bi = o0) (a)(c) and adiabatic (Bi = 0)
(b)(d) boundary conditions, with channel widths d = 10 (a)(b) and d = 2 (¢)(d). Similarly
to the results reported in [8], shortly after the ignition but when details of the initiation
are already forgotten the flame assumes a U- shape convex towards the fresh mixture and
flattened near the center. Thereupon the flame generally develops two bulges near the
channel walls (Fig.1(a)(b)(d)). The mechanism responsible for the bulging is discussed in
[9]. The bulges grow and eventually merge at the centerline of wide channels. The merging
induces secondary shocks and velocity spikes clearly seen on Figs. 2,3 and 4,5.

The latter effect has not been observed in our previous study [8] where the transition
occurred prior to the merging. In narrow cold-walled channels the bulges do not form, due
to the shortage of space for their development (Fig. 1(c)) Figures 2-7 show a sequence of
tonal images of gradient norms |VP|. The conditions employed are identical to those of
Fig. 1. Here one can readily identify the evolving flame, leading shock, secondary shocks,
emergence of the detonation and retonation waves, as well as transverse shocks induced by
the shock-wall interaction. In all cases considered, both adiabatic and non-adiabatic, the
incipient detonation emerges at the most advanced parts of the flame front — simultaneously
at two points for the flame front with two maxima (Figs 2,3 and 7) and at the channel
centerline for the front with a single maximum (Fig. 6). 2 The explosion takes place directly
on the flame front, triggering detonation and retonation waves.

Prior to its settling into the Chapman-Jouguet regime, the detonation passes through
the fresh mixture precompressed and preheated by the precursor shock, which results in
the propagation velocity overshoot (Figs 6,7). Note the islands of unburned gas formed
near the wall immediately after the autoignition event (Fig. 1). Figure 8 plots the temporal
evolution of the reaction wave velocity along the channel’s axis calculated for several channel
widths (d) at isothermal boundary conditions. As one would anticipate, the predetonation
distance is longer for wider channels. The transition fails in sufficiently narrow channels

2This picture differs from that of the monomolecular kinetics where in the adiabatic case the detonation
is conceived directly on the channel’s wall at the trailing part of the flame [4].
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Figure 2: Pressure gradient norm at several consecutive instants of time (marked on the
right). Stronger shading corresponds to higher pressure gradient. Parameters are identical
to those of Fig. la.
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Figure 3: Pressure gradient norm at several consecutive instants of time (marked on the

right). Stronger shading corresponds to higher pressure gradient. Parameters are identical
to those of Fig. 1b.
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Figure 4: Reaction wave velocity V' (scaled) versus time t (scaled). Vi, corresponds to
the Chapman-Jouget detonation; a,, a, - velocities of sound in the unburned and burned
mixture, respectively. The bold/thin line correspond to y = 4.5/1, respectively. Parameters
are identical to those of Fig. la
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Figure 5: Reaction wave velocity V' (scaled) versus time ¢ (scaled). Vi, corresponds to
the Chapman-Jouget detonation; a,, a, - velocities of sound in the unburned and burned
mixture, respectively. The bold/thin line correspond to y = 4.5/1, respectively. Parameters
are identical to those of Fig. 1b
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Figure 6: Pressure gradient norm at several consecutive instants of time (marked on the
right). Stronger shading corresponds to higher pressure gradient. Parameters are identical
to those of Fig. 1c.

(d < de = 0.6) resulting in total extinction rather than settling into the deflagrative mode.
A similar observation has been reported in the recent experimental study of the transition
in capillaries [7].

Note that d.. = 0.6 is actually not a detonability limit. For the chosen parameter set
one may well generate a steady self-sustained detonation at d > 0.35, provided the initial
hot spot is wide enough (direct initiation). Yet, under the no-slip boundary conditions the
steady deflagration does not seem feasible, at least in the parameter space explored.

The above simulations deal with two extreme cases of Bi = 0 and Bi = oo. Figure 9 shows
the temporal evolution of the combustion wave speed calculated for several intermediate Biot
numbers at d = 0.4. As one would anticipate, the increasing of the Biot number results in
longer predetonation times and distances. Moreover, there is a critical Biot number above
which the transition fails altogether. Similarly to the isothermal case the failure of the
transition does not result in a deflagrative propagation but rather in the total extinction.

4. Concluding remarks

The results obtained are qualitatively similar to those of [8] for faster flames, reinforcing the
argument in favor of the friction based concept of the transition. The inability to induce
a self-sustained deflagration may be attributed to the particular form and parameters of
the reaction rate adopted. The numerous data on detonability vs. flammability limits in
narrow tubes provide solid evidence that the long-lived deflagrative propagation is indeed
feasible. The flammability limits are generally wider than the detonability limits. However
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Figure 7: Pressure gradient norm at several consecutive instants of time (marked on the
right). Stronger shading corresponds to higher pressure gradient. Parameters are identical
to those of Fig. 10.
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Figure 8: Reaction wave velocity V' (scaled) versus time t (scaled) for several channel widths,
d, at isothermal boundary conditions.
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Figure 9: Reaction wave velocity V' (scaled) versus time ¢ (scaled) for several Biot numbers,
Bi;d=0.4 .

at relatively low activation energies the situation may reverse [10], and this seems to be
the case in the present study. More research on this fundamental and intriguing question is
needed.

For bimolecular kinetics and adiabatic boundary conditions the hot spot triggering the
transition emerges at a certain distance from the channel’s wall rather than at the wall
itself, as occurs for monomolecular kinetics [4]. It would be interesting to see what happens
in wider channels — whether the initiation hot spot stays close to the wall, in accordance
with experimental observations [11], or moves deeper into the channel’s interior.

Finally, we would like to report on a recently found alternative mechanism of the transi-
tion, unrelated to the friction [6]. It transpires that in wide enough channels where, due to
the Darrieus-Landau instability, the flame interface becomes wrinkled, the transition may be
triggered by autoignition of the fresh mixture trapped within one of the flame folds. Under
normal conditions this effect should be feasible in fast burning systems such as acetylene-
fluorine mixtures where the normal flame-speed may rise as high as 20m/s. Yet, for many
conventional explosives this would require an appropriate preconditioning (preheating, pre-
compression) to make the flame-induced autoignition possible. The difficulty in reaching
the autoignition in moderately fast burning mixtures perhaps explains why the transition
is reluctant to occur in unconfined system dealing with outward propagating ‘free-space’
flames.
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Appendix. Resolution tests

The above formulated problem is solved numerically by employing an explicit finite-
difference technique with the ‘upwind’ approximation for convective terms and the cen-
tral differences for the other spatial derivatives [12]. The boundary conditions are im-
plemented by the method of ‘ghost’ points [13]. Resolution tests are similar to those
conducted in [8] for twice higher flame velocity.
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Figure 10: Reaction wave velocity V' (scaled) versus time ¢ (scaled) for several resolutions
at isothermal boundary conditions (d = 10).
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Figure 11: Front configurations for several consecutive instants of times at different resolu-
tions. (Table 1, 1-3). Note the disparity between the transversed and longitudinal scales and
reduction of the time intervals above the transition point.

Figures 10, 11 and Table 1 show results of the test calculated for a wide channel (d =
10) with isothermal boundary conditions (Bi = oc). The dynamical picture of the
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Az Ay tppr  Atppr lppr Alppr
1] 0.0148 0.0148 184 51.6
2| 0.0111 0.0111 220 36 67.4 158
3 10.00833 0.00833 265 45 81.6  14.2
4 1 0.00555 0.00555 342 7 94.1 12.5
Table 1: Data on resolution tests for d = 10. Az,Ay are the spatial steps;

topr, lppr, Atppr, Alppr are the predetonation times and distances, and their increments.

DDT event may be divided into three zones: pre-DDT, proper DDT, and past-DDT.
As is readily seen, there is a fairly good convergence of the V(¢) curves (Fig. 10) in
the pre-DDT and post-DDT zones, that is prior to the bulge merging and upon the
transition where the detonation settles into the Chapman-Jouguet regime. There is
however no convergence in the intermediate, proper DDT, zone (Table 1). Unfortunately,
employment of finer grids leads to prohibitively long time runs. In spite of the lack of
convergence in the DDT zone there is a qualitative similarity between the numerical
solutions, which leads one to believe that the latter are not computational artifacts but
a truthful, albeit qualitative, reflection of the principal features of the original system.

According to Table 1 the relative increments corresponding to the most resolved simu-
lations are,

At Al
PPT _ 995% —2PL —133% (3.2)
tppr DDT
That is, the calculated predetonation times and distances are still far from their true
values.
3 T
\Y 5
25 2 3| 4 i
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Figure 12: Reaction wave velocity V' (scaled) versus time ¢ (scaled) at different resolutions
(Table 2, 1-5)
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Az Ay topr Atppr lppr Alppr
0.0125 0.0222 101 31.1
0.00625 0.0111 125 24 40.3 11.2
0.00313 0.0055 145 20 46.6 6.3
0.00156 0.00275 159.5 14.5 52.2 5.6
0.00078 0.00138 165.8 6.3 53.2 1.0

Uk~ W N+~

Table 2: Data on resolution tests for d = 2. See also the legend for Table 1.

Figure 12 and Table 2 show results of the resolution tests conducted f or a narrow
(d = 2) adiabatic channel (Bi = 0). In this case the convergence does take place.

The relative increments corresponding to the most resolved simulations are,

At A
DDT _ g 707 Blopr _ 1.9%, (3.3)

tppT Ippr

indicating a clear tendency towards convergence.

95



