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Abstract

We study the transient dynamics of three-dimensional detonation cells when the detonation front is
subjected to weak expansion due to the diffraction from a straight channel to an diverging channel. We
focus on the effect of the cross-sectional shape, namely square or round, using diverging channels with
the same initial cross-sectional area of 16 cm 2 as the straight channels and the same expansion rate.
The reactive mixture is 2 Hy + Og + 2 Ar at the initial pressure of 20 kPa and temperature of 294 K,
and we use the sooted-foil technique to record the cellular dynamics. The mean cell widths first increase
from different initial values, which depend on the cross-sectional shape and then decrease to stabilize
at the same value independent of the shape but larger than the initial values. We use a relation of
detonation dynamics between the velocity, total curvature and acceleration of the average detonation
front to interpret successfully, albeit qualitatively, all the experimental trends. This sensitivity thus makes
these experimental data a reliable basis for high-resolution numerical simulations capable of handling
three-dimensionality and detailed chemical kinetics mechanisms. Defining a significative mean width of
detonation cells requires constant cross-section tubes of size and length sufficiently large. Inductively,
representing three-dimensional cells requires more statistical descriptors than a single mean width.

1 Introduction

The reaction zone of detonation in gases has a
cellular structure, which is now considered to be
an intrinsically 3D phenomenon. For example, we
have recently shown that the cross-sectional shape
of a straight channel can significantly modify the
cellular patterns on detonation fronts when there
are not enough cells per unit area on the front of a
self-sustained detonation [1]. In the present analy-
sis, we address the case of diverging channels with a
round (R) or square (Q) cross-section, focusing on

the transient effects on the cell patterns when the
detonation front enters the diverging channel from
a straight channel. The configuration combines sev-
eral problems in reactive compressible fluids, from
the local scale of the reaction zone to the global
scale of the overall curvature and acceleration of
the detonation front.

Analysis of the cellular structure still poses
experimental, numerical and theoretical problems.
Classically, experimental analyses rest on record-
ings on soot-coated foils placed against the tube



walls (parietal foils) or perpendicular to the tube
axis (frontal foils). On parietal foils, the moving
intersections of the transverse and incident shocks,
which form a detonation cell, erode the soot and
draw more or less regular diamonds [2]. On frontal
foils, the head-on impact of the detonation on
the foil produces polygonal patterns whose edges
represent the positions of the transverse waves at
the instant of impact [1,3-5]. OH PLIF imaging
techniques are also becoming a mature tool for
investigating the short time- and length-scale phe-
nomena that can participate in the global dynamics
of a single cell, e.g. turbulent diffusion and non-
relaxed degrees of freedom of radicals, depending
on chemical kinetics [6-19]. From a phenomenolog-
ical point of view, the higher the initial pressure,
the larger the number of cells per unit area of the
detonation front, given the mixture composition
and initial temperature [4,6,20,21].

In channels with constant cross-sectional area,
the frontal recordings show irregular patterns if the
area or, equivalently, the initial pressure is suffi-
ciently large, regardless of the mixture composition
and the cross-sectional shape. However, the parietal
recordings may show regular diamonds, depending
on the mixture composition [22]. At lower initial
pressures or in channels with too small a cross-
sectional area, i.e. if there are not enough cells per
unit area of the front, the frontal recordings show
that the cell patterns depend strongly on the shape
of the cross-section. Thus, parietal recordings alone
may not fully characterize the cellular structure,
and the cell dynamics at the walls of a channel may
not represent that of the entire detonation front.
Analysis of a sufficiently large number of cells on
a parietal recording defines a cell mean width .
However, a mean width may not be a relevant
characteristic length if the cells are too irregular,
i.e. if the statistical dispersion of their widths is too
large, and may not be physically intrinsic if there
are too few cells on the front, i.e. not determined
solely by the combustion processes. Whether a
mean width is intrinsic and statistically significant
depends on the initial pressure, temperature and
composition of the mixture, and the transverse
dimensions of the channel [1]. When relevant, X is
a fundamental parameter of detonation dynamics
useful in defining criteria of relative detonability.
For example, for the self-sustaining propagation,

i.e. at velocities close to the theoretical Chapman-
Jouguet (CJ) upper limit, there should be at least
O(100) cells on the detonation front surface, i.e.
O(10) on the smaller transverse dimension of the
channel. Under these conditions, the determination
of cell widths is useful for presizing applied devices
such as mitigation systems or detonation-based
power generators and propulsive devices, e.g. rotat-
ing detonation engines [23-26].

Previous analysis of the cell dynamics dur-
ing and after the transmission of a detonation
from a donor straight channel to a wider receptor
channel has classified the transient phenomena of
the diffraction processes into three cases, namely
supercritical, critical and subcritical. Their com-
mon feature is a disturbance propagating inwards
from the donor channel locus where the diffraction
starts [27]. The diffraction is then supercritical or
critical for large enough or not too narrow donor
channels, i.e. the cellular structure of the front par-
tially or completely disappears before reinitiation
and relaxation to the CJ regime. The subcritical
case is that of too narrow donor channels, for which
no reinitiation [28] is observed.

Transmission can be abrupt or smooth, depend-
ing on whether the transverse dimension of the
receptor channel is immediately wider than or
increases gradually from the transverse dimension
of the donor channel. Most analyses, e.g. [29-33],
have dealt with the abrupt transmission. The main
result, e.g. [34], is that, in channels with a round
cross-section, subcriticality is observed if the donor
diameter is less than ~ O(10)), depending on the
mixture. These limiting values define the critical
diameter for detonation transmission, which should
not be confused with the much smaller values of
those for detonation propagation, i.e. typically
~ O()). For the smooth transmission, i.e. small
or moderate expansion angles of the receptor
channel, the underlying physics takes place in the
reaction zone of the curved part of the diffracted
decelerating detonation, which is closer to the wall
of the wider channel, in the form of a competi-
tion between the rate of loss due to the adiabatic
cooling in the transverse expansion and the rate
of production due to the adiabatic energy release
in the reaction zone. Regardless of whether the
expansion angle is large or small, the transverse
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Fig. 1: Schematic of the round or square cross-section setup. I: ignition, S: Shchelkin spiral, P: pressure transducers.

dimension of the donor channel still determines the
outcome of the diffraction process, with the mean
cell width in the donor channel being the measure
of this transverse dimension. In essence, the larger
the transverse dimension of the donor channel -
the smaller the cell mean width - the easier the
transmission, regardless of the expansion angle, i.e.
the same expansion angle may or may not result in
detonation transmission depending on whether the
transverse dimension is large enough or too small.

The analyses for diverging channels with a
smoothly increasing round cross-sectional area,
e.g. [35-44], have focused on the effects of the initial
pressure pg and composition of the mixture and the
cone half-angle ap. They show that increasing pg or
decreasing ap favors the continuity of the cellular
structure. Conversely, decreasing pg or increasing
ap favors inward-propagating quenching of the
chemical reactions and hence disappearance of the
cellular structure. Typically, if « > 60°, the detona-
tion behaves as if the area change were abrupt [40].

To our knowledge, there is no data on the effect
of the cross-sectional shape for the case of the
smooth transmission, which we investigate experi-
mentally in this work, using square and round cross
sections. The study extends our previous analysis
in straight channels [1, 5] with the stoichiomet-
ric mixture 2Hy + Oo + 2Ar. We had observed
that the parietal recordings showed regular dia-
monds for all initial pressures (pg) and cross-section
shapes considered. However, the frontal recordings
showed irregular patterns except for sufficiently low
po in the square tube. In that situation, the frontal
recordings showed two subsets of transverse waves

perpendicular to each other due to their reflection
at the channel walls. We consider here this case of
low pg, i.e. with frontal patterns that depend on the
cross-sectional shapes, and parietal views that show
regular diamonds in constant cross-section channels.
We collect data on the three-dimensional transient
behaviors of the cellular front during its transmis-
sion and propagation in the diverging channels.
The observations are based on frontal and parietal
cell recordings on soot-coated foils. We interpret
the results based on a relation of detonation-shock
dynamics between the total curvature and the nor-
mal velocity and acceleration of the detonation
leading shock [45-47].

Section 2 describes the experimental methodol-
ogy and the setup. Section 3 describes the record-
ings, and Section 4 analyses the results and con-
cludes the work.

2 Experimental methodology
and setup

We used two experimental setups with the same
two-part assembly, i.e. a straight tube and an
diverging channel with the same cross-sectional
shape, either round or square (Fig. 1). The det-
onation was initiated at one end of the straight
channel, and the diverging channel was positioned
at the other. A spark plug or an exploding wire (I)
generated a deflagration, and a Shchelkin spiral (S)
ensured its transition to detonation at the typical
position 1 m relative to the ignition. The straight
tubes and the diverging channels were 4.33 m and
300 mm long, respectively, regardless of their cross-
sectional shape.



The straight tubes had the same cross-sectional
area Ag =16 cm? + 4%, regardless of their shapes.
The entry area of the diverging channels was the
same as that of the straight tubes. The rate of area
increase d(A/Ap)/dx was the same constant for the
round and square diverging channels. This ensures
the same area A(x) at the same abscissa x relative
to the enlarging section entries, but implies differ-
ent half-angles, ap, with constant values 9.8° and
8.7° in the round and square sections, respectively.
In our conditions, this choice of small values always
ensures the supercritical case of transmission, i.e.
continuity of the cellular structure (Sect. 1), which
better evidences the high sensitivity of the cell
dynamics on the cross-section shape (Sects. 3 and
4).

Parietal and front views of the cellular structure
were recorded on soot-coated foils. The parietal
foils were positioned along the walls of the straight
and diverging channels. The frontal foils were
positioned perpendicular to the direction of prop-
agation, at the end of the straight section and at
successive abscissas z in the enlarging sections.
Thus, one experiment was required for each posi-
tion z of the frontal foils.

We positioned three piezoelectric pressure sen-
sors (Kistler 603B pressure sensors and 5018A
electrostatic charge amplifiers) on the walls of the
straight channels before the parietal soot foil and,
thus, before the entry of the diverging channels.
They were used to obtain an average wave velocity
and thus check its steadiness. We also checked
steadiness based on the criterion that the cells
should have about constant geometric properties
before the diverging channels. However, this cannot
provide the continuous measurements necessary to
obtain a more accurate wave velocity, which would
have required, for example, a high-speed camera
and transparent channels.

The mixture 2Hy + O3 + 2 Ar was prepared in
a separate tank using the partial-pressure method
and then injected at the desired initial pressure pg
after vacuuming the tubes. The initial pressure pg
was 20 kPa, and the initial temperature was 294 +3
K for all experiments.

3 Description of the results

Figure 2 compares the soot recordings in the round
and square diverging channels as a function of the
dimensionless cross-sectional area A(z)/Ag (Sect.
2). In the square diverging channel, from A/Ay =1
to 2, there is no significant effect of the area increase,
although the front views show that some of the ini-
tially squared patterns are deformed. The initial
regularity, i.e. at position = 0, where A/Ay = 1,
of the front-view patterns essentially persists, and
the cell number remains identical to its value at the
channel entry (Sect. 1). The two subsets of trans-
verse waves initially perpendicular to each other, as
determined by their reflection at the channel walls,
are still present, albeit slightly deformed. From
A/Ay = 2, the domains with deformed patterns
increases in number, with a stochastic distribu-
tion. From A/Ay = 4.7, all patterns on a front
view have irregular shapes, i.e. are bounded by
transverse waves moving in random directions, i.e.
independent of the wall orientation(s). In the round
diverging channel, the front views show irregular
cells right from the entry of the diverging chan-
nel. These trends are qualitatively the same as it
would be observed in straight channels with cross
sectional area increasing from one experiment to
the other at the same initial pressure, or in the
same straight channel with initial pressure increas-
ing from one experiment to the other. Qualitatively,
the irregularity of the patterns on the front views
increases with the cell number, i.e. with increasing
cross-sectional area.

Figure 2 shows that the cells are thinner at the
beginning of the expansion in the diverging chan-
nel with a square cross-section than in the diverging
channel with a round cross-section. This difference
disappears as the number of cells increases. In a
straight channel, given a cross-sectional area with
a value lower than the limit above which the shape
of the cross-section has no effect, the detonation
cells in a square cross-section appear to be thin-
ner than those in a round cross-section [1,5]. The
reason is probably a shorter travel time of per-
turbations between opposite walls in the square
cross-section than between opposite points in the
round cross-section. This effect of the cross-sectional
shape disappears in large cross-sections because the
cell beat time is then much smaller than the per-
turbation travel time so that the cell dimensions
are independent of the cross-sectional shape. In this



work, the cross-sectional area of the straight chan-
nel — from which the diverging channel originates —
has a smaller value than the limit described above.

However, given the shape of the cross sections,
figure 3 clearly shows that the rate of increase in cell
number in an diverging channel is lower than the
rate deduced from experiments in straight channels,
whose cross sectional area increases from one exper-
iment to the next. Put otherwise, given the cross
sectional area and shape, the cell number is lower in
the diverging channel than in the straight channel.
The cell number at the same cross-sectional area
depends on both the shape and the expansion angle
of the channel.

Figure 4 shows the planar development of two
adjacent, i.e. perpendicular, parietal recordings in
the square diverging channel (the right parietal
recording in Fig. 4 is that in Fig. 2). The red dot-
ted lines emphasizes the successive positions of the
two subsets of transverse waves originating from the
channel entry. The recordings provide an alternate
view of the disappearance of these subsets as the
detonation progresses. They also indicate that these
subsets have a phase shift, i.e. a variation in the
longitudinal positions where their respective front
impacts their wall [1].

Figure 5 compares cell widths A measured in
the square (blue symbols) and round (red sym-
bols) diverging channels, and in square and round
straight channels (green symbols) with cross-
sectional areas 25 and 71 cm?, respectively. The
shape of the symbols represents that of the chan-
nel. The cell widths A are plotted against the
dimensionless area A(x)/Ag. The higher the color
intensity, the larger the number of cells with a
given width. The black symbols give the mean cell
widths A in the diverging channels. The blue and
red solid lines are the boundaries of the domains
where the cell width deviation from the mean value
is lower or equal to the standard deviation.

The cell mean widths A are calculated over
abscissa intervals Az = 30 mm. This value is large
enough to include enough cells so that a mean width
is significative, and small enough to capture the evo-
lution of this mean width over the channel length.
Thus, the characteristic displacement time of the
wave front between the positions x where A/Ag
and the cell number are measured is larger than
the characteristic beat time of the cells, and the

axial or transverse variations of the cell number
with increasing « or A/Ap result in non ambigu-
ous changes of the cell width. The non-dimensional
areas used for positioning A on the plot are mean
values A(z) over the abscissa intervals Az defined
by

x+Ax
Aw)=5. [ A 1)

and the notation A from now designates A.

Regardless of the cross-sectional shape, X
increases with increasing A/Ag, before decreasing
from A/Ay ~ 3 to stabilize at the same value
A ~ 11 £ 0.5 mm, which is higher than the value of
~ 9 mm obtained for the largest straight tube (71
cm?) where the influence of the section shape would
be negligible [1].

The values of \ are larger, and the position
of their maximum is lower, in the round diverg-
ing channel. The largest values of A are ~ 15
and ~ 12.5 mm, and their positions correspond
to the dimensionless areas A/Ag of 2.5 and 3, in
the round and square channels, respectively. The
mean cell width becomes independent of the cross-
section shape from the abscissa © where A/Aq ~ 6,
consistent with the observation from Figure 2 that
irregular patterns then cover the entire front sur-
face. These trends are essentially the same as for a
straight tube, i.e. the larger the area, the lower the
effect of the shape on \.

Figure 6 shows the number of cells as a func-
tion of the dimensionless area A/Aq. This number
is approximately constant from the entry of the
diverging channels to the abscissa x, where A/Ag ~
3, consistent with their increasing values (Fig. 5).
Although the increase is monotonic, the comparison
of Figures 6 and 5 shows no obvious relationship
between the number and width of the cells. In fact,
the cell number for the smaller areas A/Ay — or
abscissa x — is smaller for the round section than for
the square section, but larger for the larger A/A,.
In contrast, Figure 5 shows that the cell width is
always larger in the round section, regardless of
A/Ap, and only asymptotically the same for the
larger A/Ao.



Fig. 2: Parietal and frontal recordings of detonation cellular structures in the round tube (left) and in the square tube
(right). The cross-sectional areas have the same initial value A9 = 16 em? and the same rate of increase. Mixture:
2H2 + O2 + 2 Ar. Initial pressure: pg=20 kPa. Initial temperature: Tp=294 K.

4 Discussion and conclusion

Gubin and Kogarko [37] had conducted a series
of experiments in a round cross-sectional diverg-
ing channel attached to a 32 mm diameter straight



tube, and with an expansion half-angle of 60° or 45°.
They reported supercritical transmissions (Section
1) with non-monotonic evolution of the front per-
turbations (presumably ~ A) similar to those shown
in Figure 5, with the detonation velocity D first
decreasing and then increasing. They indicated
these effects were all the smaller the higher the
initial pressure was.

The present results show that, at constant ini-
tial pressure, using different cross-sectional shapes
produces similar effects on X. They also bring out
the long relaxation time of \ after the shape effect
has vanished. The analysis below offers a plausible
interpretation based on the relation of Detonation
Shock Dynamics (DSD) [45-47].

0D
= VAW - n), )

which includes the effects of the normal velocity D,
normal acceleration 6D/t and total curvature k of
the front. Relation (2) is valid only for self-sustained
detonations, i.e. with a sonic locus far enough away
from the average leading shock of the detonation
so that the extent of chemical evolution is large
enough. This means that it can describe only global
dynamics of wave fronts subjected to small changes
of the boundary conditions during the propagation
of the detonation. That is the case here since the
half-angles of the diverging channels are small (Sect.
2). The terms V2 and W are strictly positive with
dimensions of a square velocity and a reciprocal of
a length, respectively. Relation (2) has a hyperbolic

Fig. 3: Frontal recordings of detonation cellular structures at cross-sectional area of 50 x 50 mm?. Left: straight
channel, i.e. constant area. Right: diverging channel, i.e. increasing area, here at the position A/Ay = 1.5 in Figure
2. Mixture: 2Ha + Og2 + 2 Ar. Initial pressure: pg=20 kPa. Initial temperature: Tp=294 K.

structure (a telegrapher-like second-order differen-
tial equation for the front surface), so V represents
the velocity of a perturbation propagating on the
front surface, and V/D is the tangent of the local
half-angle ayp of its Mach cone. The term W relates
to chemical kinetics. Relation (2) embeds the clas-
sical D — & relation, e.g. [48-50], which is valid only
for very weakly curved waves, i.e. with a very large
radius of curvature compared to the characteris-
tic chemical length (the distance from the shock to
the sonic locus), so that the acceleration effect is
negligible.

There are several versions of this relation, but
with different expressions for V' and W, which,
however, have the same qualitative behaviors. The
simplest are obtained in the limit of high activa-
tion energies of the chemical process and in the
approximation of a constant ratio v of the specific
heats [47],

22 "
492+~ -3

2 2
WD) = T ((%) —1) “<ap @

where ¢(D) is the induction length behind a pla-
nar shock with constant velocity D, a decreasing
function with increasing D. The large activation
energy assumption provides qualitatively correct
wave dynamics but cannot produce quantitative
reliable information. Therefore, our DSD analysis

V(D) = D (3)




Fig. 4: Parietal recordings at two adjacent walls in the square diverging channel. The red dashed lines show the
increasing irregularity of the transverse wave impacts with increasing area.

is not quantitative and focuses on the qualitative
interpretation of the soot recordings.

Typical values of v ranging between 1.1 and 1.3
give local Mach angles aypy that are not more than a
few degrees different from ~ 40°. This value is much
larger than the channel expansion angles ap ~ 10°
Section 2, which, mathematically, ensures that the
analysis of the wave front dynamics based on Rela-
tion (2) is a well-posed problem, i.e., physically, that
the perturbations from the walls act on the wave
front dynamics (Fig. 7).

The identity 6D/6t = R™'0D/S6R, with k =
j/R, and j = 0,1 or 2 for planar, cylindrical or
spherical wave fronts, gives the 15*-order differential

equation
5D _V3(D) ;
sp DR === (W(D) - j/R), (5

whose integral curves are relations between the
wave velocity D and its position R (or its total
curvature k), and the initial conditions a constraint
between given values of D and R.

Figure 8 shows a scheme with an integral curve
starting from the D — R initial condition represented
by point S. The arrows indicate the increasing
times, since the wave expands (dR > 0,dx < 0).
The dashed curve is the D — k relation without
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the acceleration effect, which separates waves that
decelerate (on its right) from those that accelerate
(on its left).

Before diffraction, because of our choice that the
cellular detonations in the straight channels have
a cell dynamics depending on the cross-sectional
shapes, the average shape of the detonation front
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Fig. 7: Scheme of the diffraction process. Red lines:
average detonation front before (1) and during (2) the
diffraction. Thin black lines: characteristic (Mach) lines
(shown as straight lines for simplification).
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Fig. 8: Diffracting detonation dynamics in the Velocity
D - Curvature « plane. Full line: integral curve from the
initial condition at point S. Dashed line: O-acceleration
curve.

close to the wall should be considered as only quasi-
planar (x 2 0) and therefore its normal velocity
close to the CJ value (D < Dcjy). Immediately after
diffraction, the sudden transverse expansion of the
flow, necessary for its adaptation to the diverging
wall(s) forces this curved part of the front to deceler-
ate, hence the initial condition represented by point
S. Thus, the initial effect of curvature is necessarily
greater than that of energy production, i.e kK > W,
so dD/ot «x éD/SR < 0 from (2) or (5). As the
wave expands, although the velocity decreases, the
curvature of the wave also decreases, and its effect
eventually becomes less than that of the chemi-
cal production term W after the integral curve has
reached the 0O-acceleration D — k curve. The front

10

then accelerates up to the CJ point, i.e. kK < W, so
0D /6t x 6D /SR > 0. Since the mean cell width A is
all the greater the smaller the velocity of the average
detonation front, this explains the non-monotonic
behaviors in Figure 5.

Relations (2) or (5) also suggest a plausible
explanation for why the cell mean widths are larger
in the round cross-section at the beginning of the
diffraction process and why this difference vanishes
as the wave progresses. In fact, simple geometry
indicates that the curvatures of the diffracted fronts
are necessarily greater in a round cross-section
than in a square cross-section. For example, the
total curvature of a spherical wave is twice that of
a cylinder of the same radius. Therefore, here, the
deceleration is greater in the round tube, resulting
in locally lower velocities and hence larger chemical
lengths and cells. Equivalently, the rate of increase
in cell width is greater in the round diverging
channel. As the cell widths are initially larger in
the round channel under our conditions, the mean
width values will increase faster and have larger
values than in the square section. As the wave pro-
gresses, the deceleration effect disappears, and the
only remaining effect is that of the vanishing small
expansion. That explains both why the cell widths
tend to be asymptotically the same at large values
of A/Ay and why this asymptotic value is larger
than in the straight entry channels. Indeed, Figure
5 shows that for the cross section A/Ay ~ 4.5
(A = 71 cm?), the cell widths in the square and
round diverging channels, i.e. ~ 11 and ~ 13 mm,
are larger than the width ~ 9 mm measured in
the constant cross-section channel with the same
cross-sectional area A (round green symbol). The
effect of the wave front curvature seems to have a
very long characteristic time of disappearance, so
that much longer channels are certainly necessary
to reach the intrinsic cell width corresponding to
the CJ detonation, i.e. the planar wave.

Based on the cell width variation in the enlarg-
ing section, the velocity variations are certainly very
small. This can be observed from the approximation
A x E/RT where X is the cell width, E is the acti-
vation energy, R is the gas constant, and T is the
shock temperature. With T oc D? (D the average
front velocity), this gives AXN/\ = 2(FE/RT)AD/D,
that is, AD/D ~ (AA/))/20 using a typical value
E/RT = O(10). In our experiments, we measured



variations AA/A ~ O(0.1), suggesting values of
AD/D less than 1%.

Experiments in a narrow diverging channel with
a nonlinearly enlarging rectangular cross-section
and a high expansion rate are described in [51,52]
and analyzed with a D(x) DSD modeling, i.e.,
without acceleration effect. Our experiments show
non-monotonic variations of the cell width at the
wave entries in the enlarging channels (Figs. 5 and
6), which requires a modeling that includes this
effect. In addition, our diverging channels have
square or round cross-sectional shapes, i.e., with-
out a narrowest dimension that would constrain
the cell dynamics. Finally, we emphasize that our
expansion rate is low (Sect.2).

In conclusion, this experimental work and
its detonation-shock-dynamics interpretation show
that the transient dynamics of three-dimensional
detonation cells is very sensitive to small changes
in the boundary conditions and that, in particu-
lar, it takes a long time for the cellular dynamics
to become independent of the geometry of diverg-
ing channels. This sensitivity also makes the data
collected in this work a relevant experimental basis
for high-resolution numerical simulations capable of
handling three-dimensionality and detailed chemi-
cal kinetics mechanisms. It emphasizes that the con-
ditions for measuring detonation cell widths require
constant cross-section tubes of sufficient size and
length. Inductively, representing three-dimensional
cells requires more statistical descriptors than a
single mean width.
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