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Experimental data on the interaction of detonation and shock waves with permeable barri-
ers in cylindrical channels in hydrogen—air mixtures are presented. The method of soot tracks
on semi-cylindrical smoked inserts made it possible to elucidate the mechanisms of initiation of
the detonation downstream of the barriers. The possibility of initiating explosive processes,
including detonation wave decay, is demonstrated. The numerical simulation of the detonation
initiation behind the permeable barrier represented by a perforated screen is performed. Analy-
sis of the experimental and calculation results demonstrated that in the near zone behind the
barrier, detonation is initiated upon collision (focusing) of hemispherical shock waves emerg-
ing from separate holes. In the far zone, the initiation mechanism is similar to that observed on

deflagration-to-detonation transition.

Key words: detonation, shock wave, initiation, permeable barrier, focusing, hydrogen.

Introduction

The possibility of formation of large amounts of hy-
drogen upon nuclear power station accidents as well as the
use of hydrogen as a promising fuel in engines and power
units bring about the interest in the explosive processes in
hydrogen-containing mixtures. The sensitivity to ignition
or detonation initiation by an external source is much
higher for these mixtures with air than for mixtures of
hydrocarbons (except for acetylene) with air. Therefore,
hydrogen-containing combustible systems are convenient
for experimental research and simulation, in particular,
for the cases where permeable barriers are arranged in
the propagation path of processes of explosive transition,
for example, flame arresters in the channel or barriers
or baffles in the room where accident processes arise
and develop.

Permeable barriers are modeled using various types of
plates mounted across the channel in which the explosive

* Based on the materials of the XXV Conference "Modern Chem-
ical Physics" (September 20—October 1, 2013, Tuapse).

process initiation and development are studied. The plate
permeability is provided either by holes, which are most
often round or slit-shaped, or by fabrication of the plates
from a porous gas-permeable material. If the holes in the
plate are round and circularly distributed at various circle
diameters, and used in a cylindrical channel, the parameter
describing their properties is usually the Nd2/D? ratio called
open area ratio (OAR), where N is the number of through-
holes of diameter d located inside a circle of diameter D. If
the holes are at the square corners and the distance be-
tween their centers is /, we get OAR = nd2/(4/%). The hole
size d is chosen in such a way that the condition d <A
holds, where A is the detonation cell width at the initial
conditions specified in the experiment.

In typical experimental and simulated setups, a reac-
tive gas mixture, in which some explosive processes can be
initiated, is located behind the plate. In this case, ignition
of the mixture is also an explosive process, because under
certain conditions, the flame can be accelerated, forming
destructive compression waves or shock wave (SW) in
front of itself. Ahead of the plate, there is a noncom-
bustible inert mixture in which the SW propagates, or
a reactive mixture in which the detonation wave propa-
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gates. The detonation initiation or SW formation ahead of
the plate are accomplished by standard methods.

The purpose of the work is to arrange systematically
the experimental data on the parameters and mechanisms
of initiation of explosive processes behind the perme-
able barrier and analysis of numerical models of the
phenomenon.

Experimental methods

The discrepancies between the experimental studies of
different authors are caused by the sort of the permeable
plate, the composition of the mixture ahead of and behind
the plate, and the type of impact on the plate (detonation
wave or SW). Experiments in tubes with internal diame-
ters of 54, 106, and 141 mm were performed.1=4 Apart
from the standard pressure sensors and ionization probes,
one of these setups? made use of the soot tracks on
semi-cylindrical smoked insets of 1 m length. Other re-
searchers used optical recording methods: single-frame
schlieren photography,’ streak recording,%’ and inerfero-
metric streak recording.8

Direct initiation of detonation

Figure 1 shows initiation of the detonation directly
behind the plate in a tube of diameter 141 mm with the
perforated area diameter of 110 mm as the evolution of the
overpressure AP profiles measured on the channel wall. In
the Figure, the detonation is approaching the plate from
the left. It can be seen that at a distance of less than the
tube diameter from the plate, the pressure profile is al-
ready restored and the velocity becomes equal to the ve-
locity ahead of the plate.

It was suggested3 for the first time that detonation be-
hind the plate can be initiated upon multi-locus volumet-
ric explosion of a doubly shocked compressed gas behind

0
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Fig. 1. Overpressure AP profiles for detonation and its recovery
behind the plate in a H,(30%)+air (70%) mixture at p, = 1 atm,
d = 4.8 mm, OAR = 0.57; the plate is located at L = 0; A4 is
detonation of 1990 m s~ 1.

the shock wave reflected from the plate. In these experi-
ments, detonation was first initiated ahead of the plate
and only after that, behind the plate. The mechanism of
detonation initiation behind the plate remained unclear.
From the experimental data,’ it was concluded that there
is spatial interaction of the compression waves with one
another and with the flame front downstream of the plate.
However, this process was considered to be the source of
turbulence, facilitating degflagration-to-denotation tran-
sition (DDT). The interaction of compression waves has
not been considered as the source of initiation centers, as
these waves were regarded to be weak for the "shock-wave
self-ignition" under the experimental conditions.

Consider the scheme of interaction of a shock or deto-
nation wave with a plate having evenly distributed identi-
cal holes. Immediately after the start of the reflection from
the plate, a SW is formed in each hole, being transformed
into a spherical wave after having passed the plate. The
interaction of waves that have emerged from neighboring
holes results in their 3D-focusing on the axis perpendicu-
lar to the plate between the holes. It was found? that upon
3D-focusing of SWs having relatively low intensity, a local
area functioning as a sort of detonation initiator may ap-
pear. If there is only one such area and the energy evolu-
tion in it is insufficient for initiation, the SWs propagating
from it would be attenuated. However, the presence of
aset of such areas in the case of a perforated plate facilitates
the detonation initiation. The cause is that, although the
energy evolution in each area is insufficient for initiation,
the SWs will be enhanced and, after a number of colli-
sions, this will result in initiation of detonation. A similar,
but a simpler situation occurs upon the interaction of waves
from two parallel slits!® where focusing is cylindrical, that
is, two-dimensional. The soot track of the direct initiation
of detonation* in a stoichiometric H,—air mixture at
po = 1atm, d=6 mm, and OAR = 0.46 is shown in Fig. 2.
The track was obtained using a smoked semi-cylindrical
inset. It can be seen that the cellular structure appears at
a distance equal to three to five hole diameters and that at
distances of 0.3—1.8 tube diameters from the plate, the
cell already reaches a size of ~10 mm.

A similar situation occurs when the same plate with
OAR = 0.46 and with a separating membrane is used.!!
This soot track is shown in Fig. 3. On the left of the plate
there is air at p, = 0.2 atm over which the plate is ap-
proached by an SW with the Mach number M =5.1. Behind
the plate, there is a H,(34%)+air (66%) mixture at the
initial pressure p, = 0.2 atm. After interaction with the plate
at a distance of two to four hole diameters, a cellular deto-
nation structure appears and rapidly reaches a steady state.

The performed experiments? can serve to establish the
domain of initial states and compositions of hydrogen—
air mixtures at which the direct detonation initiation is
possible. Figure 4 presents the dependence of the initial
pressure of the hydrogen—air mixture on the mixture com-
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Fig. 2. Soot track of direct detonation initiation in a stoichiometric H,—air mixture located on both sides of the plate; the plate is

located on the left; the detonation approaches from the left.

Fig. 3. Soot track of direct detonation initiation for air being present upstream (on the left) of the plate and a H,(34%)+air(66%)
mixture being present downstream of the plate; the plate is located on the left and is approached by the SW in air from the left.

position for which the detonation is initiated at a length of
up to 10 tube diameters. In all cases, the mixture on both
sides of the plate was the same and occurred at equal
pressures.

The point in Fig. 4 that corresponds to the mixture
composition and initial pressure used in the experiment
shown in Fig 2 is located deep inside the U-shaped area
(see Fig. 4). The dark points present at the boundary cor-
respond to detonation initiation at distances from the plate
scaled by the diameter of the tube in which the plate is
mounted rather than by the diameter of the hole in the
plate. The explosive processes corresponding to this con-
dition are described in the next section.

Measurements of the velocities of explosive processes
performed at various distances from the plate provide ad-
ditional information about the details of the phenomena
inside and at the boundary of the U-shaped region. These
data are shown in Fig. 5 for various hydrogen and air
mixtures in a tube of diameter 141 mm at the initial pres-
sure pg = | atm and OAR = 0.44. These points are located
inside the region enclosed by the corresponding curve in
Fig 4 and are not shown in Fig. 5.

As can be seen in Fig. 5, only within the initiation
limits, i.e., within the U-shaped area, the measured veloc-
ities are equal to or lower than the calculated ones. This is
due to the fact that the calculation gives thermodynami-
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Fig. 4. Regions of existence of explosive regimes in the plane
initial pressure—hydrogen content in the mixture for various
barrier permeability: OAR = 0.46 (1), 0.44 (2), and 0.42 (3); the
light dots correspond to the detonation initiation at a distance
of <1 m after the plate. The dark dots correspond to the detona-
tion initiation at any distance from the plate. The dots located in
the regions enveloped by the U-shaped curves are not shown;
Do is the initial pressure of the reactive mixture upstream and
downstream of the plate. The mixture is the same in all cases.
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Fig. 5. Rate of the explosive process (u#) at various hydrogen
concentrations measured at distances from the plate x/Dy = 2.2
(I) and 10.5 (2) in a tube of diameter 141 mm; D_j and Cc_;
are the calculated values for the Chapman—Jouguet detonation
rate and the speed of sound in the combustion products, respec-
tively; AC are the detonation initiation limits at OAR = 0.44.

cally maximum velocities without taking account for the
losses. In the vicinity of the inner boundaries and especial-
ly outside this region, the velocity is higher near the plate
than far from the plate and the difference between them

steadily tends to increase, indicating the SW decay. A high
velocity near the plate inside the U-shaped region may be
indicative of a nonstationary transition process near the
boundary of the detonation initiation region, e.g., degfla-
gration-to-denotation transition.

The initiation model proposed in our studies is also
supported by the fact that no effect of the mixture compo-
sition ahead of the plate on the possibility of detonation
initiation behind the plate was found.!? It was shown that
the crucial role is played by the detonation wave intensity
ahead of the plate, i.e., the intensity of the SWs that pene-
trate through the plate.

Degflagration-to-denotation transition

The energy release upon SW focusing near the obstacle
may be insufficient to initiate the detonation directly in
this region, which may be caused by both too low intensity
of incident SW and low reactivity of the mixture. In these
cases, a region arises enclosed by the leading shock front
surface on one side and by the surface of the reaction spots
(burning front) on the other side. Under appropriate con-
ditions, detonation starts in this region. This regime is
called degflagration-to-denotation transition. The experi-
ments performed by the authors reveal the whole sequence
of explosion transition regimes downstream of the perme-
able plate depending on the properties of the mixture and
the initial conditions. Figure 6, a shows a track obtained
in an experiment similar to that presented in Fig. 2 but at
lower initial pressure of the mixture: p, = 0.42 atm.

As compared with the experiment at p, = 1 atm, here
one can note a considerable decrease in the number of
initiation centers from which the cellular detonation struc-
ture starts to develop. Further pressure decrease, i.e., de-
crease in the mixture sensitivity, leads to a qualitative
change of the track and sharp (up to several channel di-
ameters) increase in the distance from the plate at which
detonation is initiated. An example of such process is pre-
sented in Fig. 6, b. Further decrease in the initial pressure
to 0.17 atm results in impossibility of detonation initiation
at a distance of less than 1 m from the plate.

When an SW propagating in air hits the plate behind
which there is a hydrogen—air mixture, the same trends
can be seen. It is sufficient to merely compare the appear-
ance of the track in Fig. 3 with the track (Fig. 7, a) ob-
tained for the initial pressure of the mixture increased to
0.6 atm, i.e., at lower intensity of the SW having penetrat-
ed through the plate.

Nevertheless, the wave attenuation is still insufficient
and the detonation is initiated near the plate, although in
a fewer number of points. Further decrease in the intensity
of spherical SWs leads to a sharp (up to six channel diam-
eters) increase in the distance to the plate and a qualitative
change in the track type. This track for an initial pressure
of 1 atm is shown in Fig. 7, b.
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Fig. 6. Stoichiometric H,—air mixture on both sides of the plate at p, = 0.42 (a) and 0.2 atm (b), d = 6 mm and OAR = 0.46; the plate
is located on the left and is approached by detonation from the left.

Fig. 7. Track obtained under the following conditions: on the left of the plate, air is present at p, = 0.2 atm; over the air, the SW with the
Mach number M = 5.1 approaches the plate; behind the plate is the H,(34%)+air(66%) mixture at the initial pressure p, = 0.6 (a) or
1 atm (b); the plate is located on the left. The distance from the plate to the "dark" region in Fig. 7, b is 6.7 cm.
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Fig. 8. Pre-detonation length (L) vs. the Mach number (M) of
the SW behind the plate. The rhombi correspond to the SW
approaching the plate in air with the Mach number M = 5.1 for
the variable Mach number in a H,(34%)+air(66%) mixture be-
hind the plate as a result of variation of the initial pressure of the
mixture. The circles correspond to a constant initial pressure of
the hydrogen—air mixture of 0.4 atm (the Mach number of the
SW penetrating changes as a result of change in the Mach num-
ber of the SW approaching the plate in air).

The dependence of the distance from the plate at which
the detonation is initiated (L4.) on the Mach number M
of the shock wave behind the plate is illustrated in Fig. 8.
In both cases presented in Fig. 8, one can see a sharp
increase in Ly, upon decrease in the wave intensity in the
reactive mixture.

Some publications5:¢ dealing with the interaction of the
detonation wave with the plate also noted the deflagration-
to-detonation transition regimes. To explain the deflagration-
to-detonation transition, it was suggested>-® that a one-
dimensional turbulent interface between the combustion
products and the fresh mixture is formed after the leading
SW downstream of the plate. Correspondingly, detonation
is initiated by a gradient mechanism!3 upon the turbulent
mixing of the fresh mixture with the combustion products.
Presented below are the results of author’s calculations
demonstrating that the initiation of detonation is possible
without resorting to the turbulent mixing concept.

Quasi-stationary complexes and damping
Apart from the above-considered cases of direct initia-

tion and deflagration-to-detonation transition, it may hap-
pen that the detonation wave decays on the plate, and SW

and a flame front lagging behind it propagate down-
stream.2-3:14 The propagation velocities range over broad
limits from 1070 m s~! for the SW and 840 m s~! for the
flame (Fig. 9, a) to twice lower values observed for the
case shown in 9, b. In addition, in the latter case, the SW
and reaction front (flame) velocities are approximately
equal. Hence, the load on the channel walls, as indicated
by the pressure profiles shown in 9, a, b, can differ several-
fold in amplitude.

Thus, apart from the regimes resulting in progressing
decay and divergence of the SW and flame front, there are
regimes resulting in the formation of a quasi-stationary
complex consisting of the SW front and the flame front
that follows it. As shown in the L—# diagrams (Fig. 10), for
a perforated plate mounted in a tube of diameter 141 mm
with holes located within a circle of diameter 20 mm, the
velocity of this complex is ~700 m s~1.

In the general case, a complex comprising the SW and
the succeeding reaction/flame front is hydrodynamically
unstable and may accelerate, which may induce deflagra-
tion-to-detonation transition.® That is why this complex

AP/atm

1000 , /mm

Fig. 9. Overpressure AP profiles for detonation ahead of the
plate and after detonation decay behind the plate into the SW
and the flame front; the plate is located at L = H,(30%) +
+air(70%), py = 1 atm; (@) d= 3.6 mm, OAR =0.43, D= 110 mm;
A is detonation (1980 m s~!), Bis SW (1070 m s !), C is flame
(1840 ms~!); (b) d=3 mm, OAR =0.5, D= 20 mm; A is detona-
tion (2020 mm s~1), Bis SW (650 m s~!), Cis flame (520 m s 1).
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Fig. 10. L—r diagram of the interaction of a detonation wave in
a Hy(30%)+air(70%) mixture at the initial pressure p, = 1 atm
with various perforated plates. Continuous lines (/—J3) are shock
front paths, dashed lines (27, 3”) are reaction front (flame) paths:
d=3.3mm, OAR =0.58 (1); d = 3.6 mm, OAR =0.43 (2, 2°);
d= 3.0 mm, OAR = 0.5 (3, 37); A is detonation upstream of the
plate, B is perforated plate, C are SW+flame complexes, D is
detonation. Diameter of the perforated area is in all cases 110 mm
at a tube diameter of 141 mm.

is referred to as quasi-stationary. Unlike the cases report-
ed in the literature, we detected the presence of such com-
plex also downstream of the plate comprising a porous
block. Figure 11 shows the L—¢ diagrams of explosive
regimes resulting from interaction of the detonation wave
in a H, (30%) + air (70%) mixture with various porous
materials in a tube of 141 mm diameter at p, = 1 atm. As
these materials, a number of grids, metal wool, and metal
rubber were used. The thickness of the porous layer was
16 mm in all cases. The metal wool density was 0.2 gcm™3,
and the metal rubber density was 2 g cm™3.

As can be seen from Fig, 11, the lowest flame propaga-
tion velocities are achieved with metal rubber and metal
wool plates. In particular, in these cases, the SW velocity
decreases to 570—600 m s~! at a flame velocity of up to
200—300 m s~!. The distance between the SW and the
flame front increases as they move away from the plate up
to 0.2—0.3 m for a perforated plate and up to 1.2—1.4 m
for the porous metallic materials. Thus, the possibility of
increasing the distance between the SW and the flame
front to a value of about ten channel diameters was dem-
onstrated. In addition, when a set of aluminum grids is
used, as in the case of perforated plate, a quasi-stationary
complex is formed at a distance of about four channel
diameters from the plate.

The pressure profiles recorded after the plate can be
used to compare the ability of various permeable barriers

¢/0.5 ms division™!
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Fig. 11. L—¢ diagram of the interaction of a detonation wave in
a Hy(30%)+air(70%) mixture at the initial pressure p, = 1 atm
with various permeable barriers. Continuous lines (/—4) are
shock front paths, dashed lines (/"—4") are reaction front (flame)
paths; d = 3.3 mm, OAR = 0.58, plate diameter 20 mm(/, /");
a set of aluminum grids, barrier diameter 110 mm (2,2 "); metal
rubber, barrier diameter 110 mm (3,37); metal wool, barrier dia-
meter 110 mm (4,47); A is detonation upstream of the plate, B is
porous or perforated plate, C are SW+flame complexes.

to decrease the intensity of the SW impact on the channel
walls. Figure 12 shows these profiles recorded at a dis-
tance of 0.2 m after the perforated plate or layers of vari-
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Fig. 12. Pressure profiles recorded on the wall of the tube of
diameter 141 mm downstream of various barriers approached by
detonation of the H,(30%)+air(70%) mixture at the initial pres-
sure of 1 atm: perforated plate, d = 3.3 mm, OAR = 0.36 (]); set
of aluminum grids (2); metal rubber (3); metal wool (4). In the
last three cases, the barrier is 16 mm thick.
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ous porous materials. It can be seen that blocks of porous
materials can decrease the pressure measured at the chan-
nel wall ~10-fold. This value is in good agreement with
the value found for detonation of a stoichiometric ethyl-
ene—air mixture under atmospheric pressure using a stan-
dard flame arrester.!> However, in this case, the flame
arrester length was greater than the tube diameter, where-
as in our experiment, the plate thickness was related to the
tube diameter as ~0.1.

Formulation of the numerical simulation problem

Experimental elucidation of the details of the detona-
tion initiation process upon the interaction of a detona-
tion or shock wave with a permeable barrier, for example,
by the shadow method, is hampered because flowing of
the gas out of the barrier holes gives rise to numerous
interacting small-scale shock-wave perturbations. There-
fore, to study the process details, numerical simulation of
regeneration and detonation suppression by the perforated
barrier was carried out. 16 The calculations were done using
the GasDynamicsTool (GDT) software package!” in the
3D version for a stoichiometric hydrogen—air mixture.!8
It was found that the detonation initiation just behind the
barrier is related to self-ignition in the site of elevated
temperature, which arises in the zone of interaction (fo-
cusing of the) SW formed during non-stationary jet flow
of the detonation products through the barrier perfora-
tions.18 It follows from analysis of the calculation results
that the shock-wave mechanism can be applied to de-
scription of the detonation initiation and suppression in
the near zone downstream of the perforated barrier.

If the combustible mixture fills the space not only be-
hind but also ahead of the barrier, high-temperature reac-
tion products flow through the perforations. A situation is
possible that the combustion products are superimposed
on self-ignition sites.1® As a consequence, elucidation of
the local conditions resulting in the detonation initiation
is hampered. The background effect of the combustion
products is eliminated by carrying out calculations for the
case in which the plate is hit by the SW propagating in
inert gas.1® In this case, upon SW reflection, inert gas jets
move through perforations and form the corresponding
hemispherical SW in the reaction medium. The results
of numerical simulation!® confirmed the conclusion that
the detonation initiation in the near zone behind the bar-
rier is determined by the self-ignition at high temperature:
T=1300—1400 K. Meanwhile, it follows from analysis of
experimental data that detonation can also be initiated at
considerable distances from the barrier during propagation
of the SW—flame front complex. The mechanism of this
phenomenon is apparently close to DDT and the charac-
teristic temperatures of the reacting gas are ~1100—1200 K.
Thus, in the numerical simulation of the experimentally
observed effects, primary attention should be given to the

selection of kinetic parameters of ignition in the tempera-
ture range 7'= 1100—1500 K. The calculation results that
allow one to elucidate the mechanism of detonation initi-
ation both in the near and in the far zone, after the SW has
passed though the perforated plate, upon the variation of
the kinetic parameters of chemical reaction are present-
ed below.

The calculations were carried out on 3D version by the
solution procedure for the Navier—Stokes equation devel-
oped in the GDT package and representing modification
of the method of coarse particles. It was assumed that the
gas is viscous and heat-conductive with the specific heat
capacity ratio y = 1.35. The chemical reaction rate (one-
step mechanism) was described by an Arrhenius type tem-
perature dependence:

k = A[F]"[O]"exp(—T,/T), (¢))

where [F] and [O] are the relative mass concentrations of
the fuel and the oxidant (oxygen). As the model reaction
system, a stoichiometric hydrogen—carbon oxide (syn-
thesis gas)—air mixture was considered at the volume ra-
tio Hy: CO = 1:3. The values n = 1, m = 0.74 and the
heat release of the mixture Q = 8.9+ 10° J kg~! were con-
stant. The parameter 7T, (activation energy) and the factor
at the exponent 4 were varied.

The calculations were carried out for rectangular and
non-adaptive grids. One of the perforated barriers used in
experiments (thickness # = 15 mm, hole diameter d = 6 mm)
was simulated. The OAR permeability was 0.42. The cal-
culated cell dimension was 0.1 mm. Due to the symmetry
condition, the cross-section of the calculation domain was
confined by the segment with the dimensions //2x1/2; for
the chosen parameters, this corresponded to 4.1x4.1 mm?
(i.e., 1/4 of the hole cross-section was considered, as shown
below in the 3D drawings illustrating the calculation re-
sults). The length of the calculation domain was up to
420 mm, the maximum number of cells was 7 000 000 at
atime step of 10 ns. On the left boundary of the calculation
domain, the condition of inert gas inflow with parameters
ensuring stepwise pressure and temperature profiles in the
incident SW was set.

Discussion of the numerical simulation results

The procedure of determination of adequate kinetic
parameters for simulation of ignition by one-step mecha-
nism requires special consideration. One of the ways is
selection of the T, and A values by comparison with the
delay of self-ignition T;,, calculated in terms of the de-
tailed reaction mechanism. The desired T, value can be
estimated from the relation20

T 1 d(lnrign) 5
a =T Tt ()
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For hydrogen-containing mixtures, the temperature
dependence of tj,,(7) at p > 0.1 MPa and 7> 1100 K has
several specific features and cannot be described by a single
Arrhenius type equation.2® Calculations according to the
detailed reaction mechanism?! for the chosen synthesis
gas—air mixture demonstrated that for the DDT condi-
tions at p = 1 MPa and 7= 1100—1500 K, the effective
activation energy values calculated from Eq. (2) vary over
a relatively broad range T, = 8000—34000 K. For this
reason, further verification of the calculation model was
performed resorting to experimental data on the initia-
tion of various regimes of explosive transformation with
SW focusing in a synthesis gas—air mixture filling a coni-
cal deflector mounted at the end of the laboratory shock
tube.?>22 The activation energy values were set to be
T, = 19000, 15000, and 11000 K, while the pre-exponen-
tial factor was varied. As a result, pairs of parameters were
selected, each pair adequately describing the regions of
detonation initiation in the synthesis gas with SW focus-
ing: 7,= 19000 K and A =2.2-10'%s~!; T, = 15000 K and

a
t/us t/us

20 =

4

A=27-10°s"1; T, = 11000 K and 4 = 2.3-108 s~!
Below, each pair is designated only by the T}, value.

The main series of calculations on the detonation ini-
tiation downstream of the perforated barrier was carried
out at the invariable Mach number M = 5.1 of the incident
SW that propagates in air at an initial pressure of 0.2 atm.
It was assumed that the barrier is equipped with a mem-
brane that is instantly broken as the SW passes. This made
it possible to vary the initial pressure p, of the combustible
mixture downstream of the plate and thus to change the
intensity of the SW passed.

The simulated 3D-shots of detonation initiation near
the barrier at p, = 0.454 atm for the case of 7, = 19000 K
are shown in Fig. 13, a. Visualization corresponds to the
calculation domain located on the right of the plate. The
plate shaped like a segment with dimensions //2x//2 oc-
curs in the left part of the shot. The face located closer to
the observer is a symmetry plane between adjacent holes,
the upper face is the symmetry plane that passes along the
hole axis. The time in microseconds indicated in each

40 200 300

behind the barrier at 7, = 19000 K, p, =

(c) detonation initiation in the far zone behind the barrier at 7, =11000 K, p, =

320

0.454 atm; (b) initiation of the SW—reaction front complex at 7, =

340 400

360

Fig. 13. Explosive processes downstream of the perforated barrier at different conditions: (a) detonation initiation in the near zone

380 x/mm

19000 K, py = 0.455 atm;

0.71 atm. For explanations, see the text.
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shot is counted from the onset of propagation of the inci-
dent SW. The scale of distances has the origin in the left-
hand plane of the calculation domain. For the sake of
clarity, pressure isolines are presented (every 0.2 atm) with
superimposed domains of the dark-gray reaction products.

As can be seen from Fig 13, a, the mixture ignites in
local spots upon collisions (focusing) of the SWs propa-
gating from adjacent holes. The major self-ignition spot is
located on the axis between four neighboring holes (the
lower generatrix of each shot). The detonation is initiated
upon fast burning-out of the fresh mixture in a lateral
pressure wave directly behind the front of the leading SW
(shots 58 and 60) at a ~70 mm distance from the barri-
er. An increase in the initial pressure by only 0.2% to
Do = 0.455 atm sharply changes the flow pattern: detona-
tion is not initiated even at a 400 mm distance from the
plate. As can be seen in Fig. 13, b, which illustrates this
case, the complex consisting of the leading SW and slow-
ing down reaction front is propagating downstream of the
plate. In the calculations using 7, = 15000 and 11000 K,
an increase in the initial pressure does not bring about
such a critical phenomenon, i.e., transition to detonation
occurs over the whole range of distances upstream of the
barrier. An example of detonation initiation in the region
at a ~350 mm from the barrier for 7, = 11000 K is shown
in Fig. 13, c. In the considered case, SW is detached in an
initial stage from the domain of combustion products. Af-
ter a certain period of time, the reaction front starts accel-
erated movement and generates an SW with increasing
pressure by the mechanism described previously.2? In
a compressed, nonuniformly heated mixture, a nonsta-

Ldet/ mm
400

300 |

200

100

po/atm
Fig. 14. Detonation initiation distance (Lge) vs. initial pressure:
T, =19000 K, A = 2.2-101% (]); T, =15000, A = 2.7-10° (2);
T,= 11000, A=2.3-108 (3).

0.2 0.3 0.4 0.5 0.6

tionary explosive wave is generated and overtakes the front
of the leading SW (shot 305), thus transforming it into
a detonation wave, which propagates further over the quies-
cent combustible gas at the pressure p,. The elucidated
trends are summarized in Fig. 14, which shows the de-
pendences of the detonation initiation distance on the ini-
tial pressure.

As can be seen from Figs 13 and 14, two characteristic
domains of the detonation initiation parameters can be
distinguished. At low initial pressures (p, < 0.454 atm),
detonation is initiated at a distance of up to 70—90 mm
from the barrier by the shock-wave self-ignition mecha-
nism upon the collisions of SWs propagating from adja-
cent holes of the plate. As the initial pressure increases
(o = 0.455 atm), the SW intensity downstream of the
barrier is insufficient for direct initiation of the detonation
and the SW—reaction front complex is formed. During
the propagation of this complex, the reaction front is ac-
celerated and transition to detonation occurs by a mecha-
nism similar to DDT.23 An important issue is that the
behavior of the Ly,—p, diagrams is determined by the
kinetic parameters of the reaction. A decrease in the acti-
vation energy extends the range of self-acceleration of the
reaction front, which is not observed at all for 7, = 19000 K.
A probable cause is the high sensitivity of systems with low
activation energy to hydrodynamic flow perturbations.

Thus, analysis of the results of numerical simulation
sheds light on the mechanism of detonation initiation upon
the interaction of shock (detonation) wave with a perme-
able (perforated) barrier. The characteristic features found
in the calculations are in agreement with experimental
data and can be used to validate the selection of adequate
kinetic parameters of the processes being modeled by com-
parison with experimental results, in particular, on the
distance of the detonation initiation.
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sian Foundation for Basic Research (Project No. 12-03-
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