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a b s t r a c t
Self-organized generation of transverse waves associated with the transverse wave instabilities at a
diverging cylindrical detonation front was numerically studied by solving two-dimensional Euler equations implemented with an improved two-step chemical kinetic model. After solution validation, four
mechanisms of the transverse wave generation were identiﬁed from numerical simulations, and referred
to as the concave front focusing, the kinked front evolution, the wrinkled front evolution and the transverse wave merging, respectively. The propagation of the cylindrical detonation is maintained by the
growth of the transverse waves that match the rate of increase in surface area of the detonation front
to asymptotically approach a constant average number of transverse waves per unit length along the circumference of the detonation front. This cell bifurcation phenomenon of cellular detonations is discussed
in detail to gain better understanding on detonation physics.
Ó 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction
In unconﬁned cylindrical and spherical geometries, the surface
area of the detonation front continuously increases with radius
as a diverging detonation wave expands. The propagation mechanism of a diverging detonation wave remains a subject of research
in the detonation theory. Theoretical studies of diverging cylindrical and spherical detonation and its steady solution originate in the
pioneer works of Jouguet [1], Courant and Friedrich [2], Taylor [3],
Manson and Ferrie [4], and Lee et al. [5]. Assuming a steady C–J
detonation where the product ﬂow is isentropic if no further chemical reactions, frictions and heat losses are considered, the basic
isentropic equations can be expressed by
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where j = 1 or 2 denotes cylindrical or spherical symmetry, respectively. Assuming central ignition at r = 0 without any length scales,
the solution is self-similar in the variable n = r/Dt where D is the
steady C–J detonation speed. Upon non-dimensionalizing the
dependant variables by /(n) = u/D and b(n) = c/D in Eqs. (1) and
(2), one obtains
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At the detonation front where n = 1, the C–J criterion requires
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For cylindrical or spherical detonation waves for which j – 0, the
singularity at the front is apparent in Eqs. (3) and (4), and the question on the existence of the diverging C–J detonation arises. Strictly
speaking, such an inﬁnite expansion gradient behind the wave front
will make expansion waves penetrate into the reaction zone and
attenuate detonation waves rapidly. Thus, a rigorous steady solution of diverging cylindrical or spherical detonation under point initiation does not exist. Taylor [3] argued that the error is likely to be
of the order of the ratio of the thickness of the reaction zone to the
radius of the detonation front and diminishes as the detonation
wave expands. Lee [5] stated that high initiation energy must be
used and overdrives the initial detonation to overcome the initially
large diverging expansion rate.
The curvature of the detonation front essentially has a destabilizing effect on detonation. Therefore, the diverging cylindrical or
spherical detonation may no longer be a C–J steady detonation.
The smaller the propagation radius is, the larger the front curvature and hence more unstable the detonation is. In order to take
into account the inﬂuence of diverging detonation front curvature,
a ‘‘generalized C–J condition”, originating in the work of Wood and
Kirkwood [6] and Zeldovich [7], may be considered to replace the
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classic C–J condition. This leads to a quasi-steady solution asymptotically approaching the C–J steady detonation in the far-ﬁeld. The
quasi-steady solution appears to agree with the mean value of the
asymptotic solution of one-dimensional unsteady numerical simulations of directly initiated (initially overdriven) diverging detonations [8–12]. A decrease in direct initiation energy results in an
increase in initial unstable detonation behavior (e.g., amplitude
and growth rate of the detonation oscillation). Watt and Sharpe
further showed that it is feasible to initiate a diverging detonation
wave using a quasi-steady solution domain, where the initial detonation behavior becomes more unstable with a decrease in initial
quasi-steady solution domain. Preliminary two-dimensional
numerical studies of detonation instabilities have also been conducted for diverging cylindrical detonation waves [13]. The splitting and merging of the cells in cylindrical detonation have been
primarily investigated by Han et al. [14].
Experimentally, Soloukhin [15,16] reported a clean open-shuttle photograph of a diverging cylindrical detonation as shown in
Fig. 1. The detonation was initiated in a circular tube and radially
expanded in an adjoining cylindrical disk. Soloukhin [16] stated:
‘‘A series of luminous points, corresponding to two systems of
acoustic waves traveling in opposite directions, move transversely
through the radialy expanding detonation front. The trajectories of
these luminous points are imprinted on the ﬁxed ﬁlm. The transverse fronts are generated in such a way that the average distance
between adjacent perturbations hardly varies, except during the
initial stage of the process”. In this statement he highlighted that
the detonation propagation mechanism is likely controlled by the
transverse wave instabilities, and that there appears a detonation
front structure with transverse wave spacing asymptotically towards a constant size while the front surface increases continuously. But he simpliﬁed transverse wave instabilities into two
acoustic wave trajectory systems in logarithmic spirals that cannot
explain the nearly constant transverse wave spacing observed as
the circumference of the detonation front increases with the
expanding detonation. Diverging spherical detonation experiments
can also be found in the literature [17,18]. These experiments were
mainly concerned with the critical energy required for initiating
detonation and the obtained detonation velocity asymptotically
approaches a constant. However, there was no conclusion for the
propagation mechanism due to the limited information obtained.
The main purpose of this paper is to study transverse wave
instabilities in which the propagation mechanism of the diverging

Fig. 1. Open-shuttle photograph of a diverging cylindrical detonation in C2H2–O2
mixture at initial pressure of 60 mmHg [16].

cylindrical or spherical detonation could reside. As the diverging
detonation wave expands, there must be new transverse waves
inherently generated on the enlarging detonation front to form
new cells asymptotically towards a constant cell size pattern. The
origin and the mechanism of this self-organized generation of
transverse waves will be investigated using two-dimensional unsteady numerical simulations to gain sufﬁcient mesh resolution.
The conclusion may be helpful to understand three-dimensional
spherically-diverging detonation since a similar nature of detonation diverging exists between the spherical and cylindrical
detonations.
2. Physical description and computational domain
A simple physical domain for the diverging cylindrical detonation is schematically shown in Fig. 2a, where R is the radius of
the physical domain ﬁlled with a detonable gaseous mixture at a
given initial temperature T0, pressure p0 and ﬂow velocity v0. The
central ignition source is taken to be a hot spot of burned gas
(p = 5.0 MPa and T = 3000 K within a circle layer of 2 times the half
reaction zone) for a direct initiation of cylindrical detonation with
the minimum initial overdriven effect.
In numerical experiments, a stoichiometric hydrogen–oxygen
mixture is ﬁlled into the physical domain at the initial state of
p0 = 1.0 atm and T0 = 293.0 K. By assuming ﬂow symmetry, the
computational domain is simpliﬁed as a 30° annular region, as
shown in Fig. 1b, with an outer radius of 15.5 cm and an inner radius of 0.5 cm to avoid the singularity problem. In the computational domain, the orthogonal mesh system in the cylindrical
coordinates is applied; 3000 grid points are uniformly distributed
in the radial direction and 1000 grid points in the circumferential
direction. Mesh resolution tests were conducted up to 30 grid
points per half reaction zone, and about 15 grid points per half
reaction zone is ﬁnally chosen for the calculations, and more details can be found in the following section for the validation of

Fig. 2. (a) Problem speciﬁcations and the physical domain for a diverging
cylindrical detonation; (b) the 30-degree angular computational domain with an
orthogonal grid mesh in cylindrical coordinate.
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numerical methods and code. Although an ultimate solution for the
detonation instabilities requires much ﬁner mesh resolution, the
grid chosen is possible to qualitatively elucidate the inﬂuence of
the instability and generation of transverse waves on the maintenance of diverging detonation propagation.
3. Governing equations and chemical kinetic model
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In order to capture shock waves efﬁciently, the NND scheme is
adopted to discrete two-dimensional governing equations [21],
and the obtained semi-discreted ﬁnite difference equations are
written as
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Assuming that the effect of viscosity on the dynamic process of
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is of cylindrical symmetry, the governing equations for detonations
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where the variable E stands for the total energy per speciﬁc volume
and p is the sum of the partial pressure for each species according to
Dalton’s law with the ideal gas equation of state. Variables a and b
specify the degree of chemical induction and heat release reaction
of an improved two-step kinetics model proposed by Sichel et al.
[19]. In this model, the change of chemical components during reactions is included in the calculation of thermodynamic parameters
and the reaction rates of the two-step chemical processes are expressed by
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where a = 1.2  108, b = 8.0  108, c = 0 and the unit of pressure P is
atm. For chemical reactions, all species are assumed to be thermally
perfect gases; the speciﬁc heats at constant pressure cpi and the speciﬁc enthalpies hi for each species are calculated with the ﬁtting
functions expressed as [20]
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For a steady planar ZND detonation, the length ratio of induction
zone to heat release reaction zone is about 0.1–0.3 according to
Eq. (8). The mesh resolution (15 point within the half reaction zone
length) is referred to the sum of the induction and heat release
zones of the steady ZND detonation following this two-step model.
Upon a general coordinate transformation, the governing equations in computational space are written as
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e  denote the ﬂux vector splitting according to Stewhere e
F  and G
ger and Warming’s method [22], and the time-marching integration
was performed using a second-order accurate Runge–Kutta integration. As to the NND scheme, it was proved to satisfy the dispersion
conditions derived by Jiang et al. [23] considering the role of dispersion terms in the modiﬁed equation of Warming and Hyett. The
conditions require that shock-capturing schemes must have different phrase errors (leading or lagging) on each side of a shock wave
in computation to avoid non-physical oscillations near shock waves.
Non-oscillatory solutions can be achieved with the scheme without
any needs for additional artiﬁcial viscosity and free parameters [24].
This characteristic is important to capture ﬁne shock wave structures, which may, otherwise, be smeared with the artiﬁcial
viscosity.
4. Validation of numerical methods and codes
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In order to explore the ﬂow physics with numerical CFD technology, the solution validation has to be carried out to demonstrate
the reliability of numerical results. Two special cases were chosen
because the detailed experimental data is not available for the
present study. The ﬁrst case is a planar CJ detonation propagating
in a straight tube to check the detonation model and its ignition
simliﬁcation. The second is the two-dimensional cellular detonation reﬂecting with a 20° wedge to check cellular detonation features. Furthermore, the effect of solution resolution was also
evaluated with three different mesh sizes.
In the ﬁrst case, the planar detonation propagation was simulated at initial conditions of p0 = 1.0 atm and T0 = 293.0 K with
Dx = 0.05 mm that is about 12–15 grids in a half reaction length.
The predicted pressure distributions at several instants were plotted in Fig. 3. The pressure spikes experience sharp variations at the
beginning of the propagation due to the ignition effect, and reach
to a roughly constant level at a distance about 2.0 cm, The statistics
of the numerical data showed that the detonation speed is
2836.32 m/s, and the pressure at the CJ point is 18.47 atm. The corresponding data calculated with the detailed chemical reaction
mechanism are 2845.16 m/s for the detonation speed and
18.45 atm for the CJ pressure, respectively. The discrepancies fall
in 0.31%, hence, the reliability of the present chemical reaction
model was well demonstrated.
The second case is the detonation reﬂection and a plenty of
experimental results are available for the qualitative validation.
In this case, the detonation front consists of two parts, that is,
the incident detonation and the Mach stem detonation, which
are of different strength, propagate at different speeds and result
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Table 1
Numerical test conditions for mesh resolution evaluation.
No.

Computational
domain

Grids in
total

Grids in reaction
zone

Grids in a
detonation cell

1

Rin = 0.5 cm,
Rout = 15.5 cm
Rin = 0.5 cm,
Rout = 15.5 cm
Rin = 0.5 cm,
Rout = 8.0 cm

1500  500

15–20

50  50

3000  1000

30–40

100  100

3000  1000

60–100

200  100

2
3

Fig. 3. Pressure distribution at different instants showing planar detonation
propagation.

in different cellular cell patterns. The numerical cellular detonation
cell pattern and a smoked foil record are presented together in
Fig. 4 for comparison. Due to the factors such as turbulence perturbations, ﬂow instability, three-dimensional effects and so on, the
experimental cells are more irregular than numerical results. However, it is observable that the wave front near the wedge is overdriven due to the shock reﬂection, the so-called Mach stem
detonation leads to smaller detonation cells behind it, and the
quite similar characteristics exists both in the numerical results
in Fig. 4a and the smoked foil image in Fig. 4b. Therefore, the reliability of the simulated solution of cellular detonations was also
demonstrated.
Mesh resolution tests were carried out by using three different
mesh systems as shown in Table 1. There are about 15–20 grid
points in the reaction zone and 50  50 grid points in a cell for
the ﬁrst test, about 30–40 grid points in the reaction zone and
100  100 grid points in a cell for the second test, and about 60–
100 grid points in the reaction zone, and 200  100 grid points in
a cell for the third test. These numerical tests showed that the det-

Fig. 4. Detonation reﬂection from a 20° wedge with a mixture of 2H2 + O2 at
T0 = 293.0 K: (a) Numerical results of detonation cells; (b) Experimental smoke foil
photograph [25].

onation solutions in the second test demonstrated more similar
characteristics with experiments, and the numerical results in
the third test presented more detonation instabilities and required
much more computational time. Therefore, the grid system in the
second case was chosen for the further simulation of the transverse
wave generation of diverging detonation propagation.
5. Results and discussions
The further numerical simulation was carried out and the detonation cell pattern is shown in Fig. 5. The diverging cylindrical cellular detonation is initiated upon rapture of the central hot spot of
burnt gas. At the center, the initiation energy manifests itself as a
blast wave initiating a slightly overdriven detonation wave, whose
overdriven effect quickly vanishes as the wave expands within one
detonation cell length. A detonation cell is formed from the trajectory of the frontal triple-shock point where a transverse wave
propagates circumferentially. Thus, the detonation cell width deﬁnes transverse wave spacing. As the detonation further expands
radially, the circumference of the detonation front continuously increases with an increase in detonation cell number. New transverse wave is generated within the scale of a detonation cell as it
grows and becomes sufﬁciently large. Beyond a transition regime
of about 4–5 cm, the average dimension of the detonation cell appears to approach a rough constant size. In other words, the average number of transverse waves per unit length along the
circumference of the detonation front becomes constant. This
means, the growth rate of transverse waves must match the rate
of increase in surface area of the detonation front.
The generation of new transverse waves must originate in the
instabilities of the detonation front. Carefully examining the cellular pattern shown in Fig. 5, at least four primary modes of the selforganized generation of transverse waves can be identiﬁed; these
are marked with a cycle in the relevant cellular pattern and numbered as I, II, III and IV, respectively. In the following discussions,
theses modes are referred to as the concave front focusing, the

Fig. 5. The numerical cellular pattern of diverging cylindrical detonation with the
four modes of the self-organized transverse wave generation, as marked with a
cycle, and labeled with I, II, III and IV.
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kinked front evolution, the wrinkled front evolution and the transverse wave merging, respectively.
5.1. Concave front focusing
Fig. 6 displays the enlarged cellular pattern showing the region
labeled as Mode I in Fig. 5 for the generation of transverse waves

Fig. 6. Enlarged cellular pattern of concave front focusing showing the region
labeled as Mode I in Fig. 5.
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induced by concave front focusing. In the central area of the ﬁgure,
a big detonation cell is bifurcated into two smaller cells, caused by
generation of a pair of new transverse waves at the detonation
front associated with the big cell.
The bifurcation process is more clearly illustrated in the density
gradient contours in Fig. 7 and a combination of the reaction degree (b) distribution in color and the density contour shown in
Fig. 8 during the concave front focusing. As the cylindrical detonation expands, a rapid increase in surface area of the detonation
front results in a strong ﬂow expansion to weaken the curved wave
front. The detonation front decays, the locally-decoupling appears
between the chemical reaction and the shock at the weakest wave
front location, where the shock becomes slower than its adjacent
front and therefore concavely curved (see Fig. 7a). In the concave
part of the detonation front, the sparser density contours shown
in Fig. 8a indicates the weaker the leading shock, and the reaction
zone indicated by the non-red color of b distribution becomes
wider than the other part of the detonation front. As the concave
wave front develops, the local focusing occurs in the unburned
ﬂow region between the reaction zone and the leading shock and
competes with the effect of ﬂow expansion. The focusing induces
a positive feedback loop between the chemical reaction and the
shock, leading to a local explosion of the unburned mixture pocket
in the originally decoupling zone to turn the concave front into
convex (see Fig. 7b and c). Fig. 8c and d shows that the local explosion results in a much denser density distribution and narrower

Fig. 7. Detonation front density gradient contours at four successive time instants during the concave front focusing shown in Fig. 6. (a) t = 14.0 ls, (b) t = 14.5 ls, (c)
t = 15.0 ls, (d) t = 15.5 ls.

Fig. 8. b distribution in color and density contours at four successive time instants during the concave front focusing shown in Fig. 6. (a) t = 14.3 ls, (b) t = 14.5 ls, (c)
t = 14.7 ls, (d) t = 14.8 ls.

1658

Z. Jiang et al. / Combustion and Flame 156 (2009) 1653–1661

reaction zone than the other part of the detonation front; the local
thermodynamic state at the convex region of the detonation front
is overdriven. The explosion pushes the leading shock locally outwards, and a new pair of transverse waves are generated and propagate in the opposite directions along the circumference of the
detonation front (see Fig. 7d), causing the detonation cell
bifurcation.
Fig. 9 schematically shows the underlying mechanism for the
concave front focusing and detonation cell bifurcation process. As
the ﬂow expands behind the leading shock with diverging detonation front, the middle Mach stem part of the detonation front becomes the weakest and begins to be concave after the Mach
stem stretches above a critical length. Within the concave wave
front region, both ﬂame front and leading shock act to converge
and focus the unburned mixture ﬂow between them (see Fig. 9b
in the leading shock coordinate frame). It is these focusing events
that lead to the local explosion of the unburned mixture behind
the middle of the Mach stem, resulting in the generation of two
transverse waves and the bifurcation of original detonation cell
when it reaches to its maximum width. The mode of the concave
front focusing is mostly observed in the earlier stage of the diverging cylindrical detonation with large front expansion rates, but also
appears in the later stage (e.g., location after the marked red circle
in Fig. 10).
5.2. Kinked front evolution
The second mode is referred to as the kinked front evolution
and Fig. 10 displays an enlarged cellular pattern for the region
marked as Mode II in Fig. 5. As shown in the marked ellipse of

Fig. 10. Enlarged cellular pattern of kinked front evolution showing the region
labeled as Mode II in Fig. 5.

Fig. 10, a new triple-point trajectory is generated near the original
one; it does not look obvious at its beginning and gets more and
more intensiﬁed later. This indicates that the transverse wave is
born weakly, but gradually ampliﬁes during the propagation. In
fact, similar phenomena of transverse wave instability can also
be identiﬁed in the ﬁne structure corresponding to an overdriven
detonation in the vicinity of the triple points near the large bifurcating detonation cell shown in Fig. 6. For the conﬁned marginal
or spinning detonation in tubes or channels, a number of experiments in the literature show that these ﬁne-structured transverse
waves manifest themselves as the sub-diamond pattern in a band
associated with the main triple-point trajectory. Under unconﬁned
cylindrical or spherical geometries, these ﬁne-structured transverse waves may amplify to form source of new transverse waves
as the diverging detonation expands and becomes marginal.
In order to elucidate the underlying mechanism for transverse
wave generation in this mode, the density gradient contours and
a combination of the reaction degree distribution and density contour are plotted in Figs. 11 and 12, respectively, during the process
of kinked front evolution. As the diverging detonation expands, the
ﬂow instabilities in the transverse direction are developed between the decoupling ﬂame front and leading shock. This leads
the detonation front to be deformed and kinked behind a clockwise-traveling transverse wave, as shown in Figs. 11 and 12a
where the kinked front location is pointed with an arrow. The contact interface instability developed in the kinked front mixes the
burned and unburned mixture and the subsequent combustion,
in turn, ampliﬁes the kinking of the front as illustrated in Figs.
11b and 12b and c. This cycle progressively repeats, leading to formation of a transverse shock wave that propagates in the unburned mixture in the counter-clockwise direction (see Figs. 12d
and 11c and d) and ignites the reaction of the unburned mixture.
5.3. Wrinkled front evolution

Fig. 9. Schematic of the mechanism for transverse wave generation resulting from
concave wave front focusing. (a) concave wave front structure, (b) details of the
circle in (a).

The Wrinkled front evolution is essentially the weak wrinkled
transverse instabilities and often appears at multiple locations on
the detonation front within a cell scale. An example is shown in
Fig. 13 as an enlarged cellular pattern for the region marked as
Mode III in Fig. 5. Fig. 13 shows at least two weak triple-point trajectories identiﬁed in the marked circle. The corresponding transverse waves generated are weak at the beginning and are
gradually intensiﬁed later, leading to the development of three
cells from the original cell.

Z. Jiang et al. / Combustion and Flame 156 (2009) 1653–1661
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Fig. 11. Detonation front density gradient contours at four successive time instants during the kinked front evolution shown in Fig. 10. (a) t = 20.5 ls, (b) t = 21.0 ls, (c)
t = 21.5 ls, (d) t = 22.0 ls.

Fig. 12. b distribution in color and density contours at four successive time instants during the kinked front evolution shown in Fig. 10. (a) t = 20.6 ls, (b) t = 20.9 ls, (c)
t = 21.0 ls, (d) t = 21.3 ls.

tions behind the shock front. Three weakly wrinkled instabilities
are developed in the subsequent times as shown in Fig. 14b and
c at the local detonation front between two opposite-propagating
transverse waves. This makes this part of the detonation front to
appear wrinkled geometry, from which new transverse waves are
developed. The evolution of the weak instabilities of the detonation front indicates the sensitivity of the chemical reaction at a critical sate to ﬂow or wave disturbances. Acceleration loop of the
nonlinear chemical reaction coherent with the leading shock can
lead to a signiﬁcant growth of the front instability.
5.4. Transverse wave merging

Fig. 13. Enlarged cellular pattern of wrinkled front evolution showing the region
labeled as Mode III in Fig. 5.

This kind of transverse wave instability development is more
clearly illustrated in the reaction degree distribution in color and
density contour, as shown in Fig. 14. As the cylindrical detonation
expands, the detonation front becomes unstable due to the sensitivity of the chemical reaction to the ﬂow expansion and perturba-

Fig. 15 provides the enlarged cellular pattern showing the region labeled as Mode IV in Fig. 5 for the merging of transverse
waves. Initially, three triple-point trajectories associated with
three transverse waves are identiﬁed as S1, S2 and S3 where S3 closely follows S2. Collision of S1 and S2 results in two reﬂected transverse waves associated with triple points S01 and S02 . Upon
interacting with the strong reﬂected transverse wave associated
with S02 , the transverse wave associated with S3 becomes weaker
and ﬁnally diminishes. In other words, the transverse wave associated with S3 is engulfed in the rear ﬂow of the reﬂected transverse
shock associated with S02 and the two original cells merge into one.
Fig. 16 further illustrates the physical process of the self-merging of transverse waves using the density distributions at successive time instants. In Fig. 16a and b, two transverse waves,
marked with A and B, move towards each other, while a third
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Fig. 14. b distribution in color and density contours at four successive time instants during the development of weak wrinkled front instabilities shown in Fig. 13. (a)
t = 28.2 ls, (b) t = 28.5 ls, (c) t = 28.9 ls, (d) t = 29.1 ls.

it encounters the coming transverse wave C (shown in Fig. 16c).
Upon their interaction, the transmitted wave propagates into the
0
burned gas left behind transverse wave B and therefore gains little
chemical energy release to sustain itself. Thus, the transmitted
wave becomes weaker and ﬁnally diminishes as shown in
Fig. 16d. At the end of this merging process, only a pairs of trans0
verse waves A and B00 exist.
6. Conclusion

Fig. 15. Cellular cell pattern, referred to as the self-merging of cellular cells, with an
enlarged view showing the region marked with a circle and labeled as Mode IV in
Fig. 5.

transverse wave referred to as C follows transverse wave B in the
same direction. After collision of two transverse waves A and B,
0
the initially reﬂected transverse wave B is strongly overdriven as

In unconﬁned cylindrical and spherical geometries, the propagation mechanism of a diverging detonation wave is likely controlled by the transverse wave instabilities. As the detonation
expands with radius, the surface area of the detonation front continuously increases with an increase in number of cells. New transverse waves must be generated at the detonation front to maintain
the propagation of the detonation with a transverse wave spacing
asymptotically towards a constant size (an inherent length scale of
the chemically reactive system) while the surface area of the detonation front continuously increases. Thus, the growth rate of
transverse waves must match the rate of increase in surface area
of the detonation front. In this paper, the origin and mechanisms
for the growth of transverse waves at the detonation front have
been studied for the diverging cylindrical detonation, using twodimensional unsteady Euler equations for numerical simulations.
Several underlying mechanisms for the self-organized generation of transverse waves have been identiﬁed and referred to as:
the concave front focusing, the kinked front evolution and the

Fig. 16. Density distributions showing the cellular cell self-merging at four successive time instants. (a) t = 39.3 ls, (b) t = 39.6 ls, (c) t = 39.8 ls, (d) t = 40.0 ls.
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wrinkled front evolution, respectively. In the mechanism of concave front focusing, the weakest part of the Mach stem in the detonation front becomes concaved due to the expansion decoupling
of the reaction with the Mach stem shock as the cylindrical detonation expands and the circumference of the detonation front increases. The locally concaved geometry of the detonation front
leads to the wave focusing and explosion in the unburned pocket
of the mixture between the ﬂame front and the leading shock,
resulting in a pair of new transverse waves at the front. The concave front focusing usually takes place where a large rate of increase in front surface area occurs. In the mechanism of kinked
front evolution, the local ﬂow instabilities in the transverse direction of the detonation front are developed between the decoupling
ﬂame front and leading shock, leading to kinking deformation of
the detonation front. The contact interface instability developed
in the kinked front mixes the burned and unburned mixture and
the subsequent combustion ampliﬁes the front kinking progressively to form a transverse shock wave propagating in the unburned mixture. The wrinkled front evolution is essentially the
weak kinked transverse instabilities at multiple locations on the
detonation front within a detonation cell scale. The evolution of
the weak instabilities of the detonation front indicates the sensitivity of the chemical reaction at a critical sate to ﬂow or wave disturbances. While the above mechanisms generate new transverse
waves, self-adjustment in eliminating extra weak transverse waves
to maintain the constant transverse wave spacing on the enlarging
detonation front also occurs by the interaction of the two transverse waves. After the interaction, the weaker transverse wave
propagates in the combustion products and diminishes due to a
lack of further energy release support.
Thus, under the sufﬁcient initiation energy, the transverse wave
instabilities, intrinsic to the chemical reactive mixture, compete
with the rate of increase in surface area of the diverging detonation
front and lead to a growth of transverse waves to maintain a constant transverse wave spacing at the expanding detonation front.
Due to the limitation of the mesh resolution, this study provides
a qualitative description and other types of transverse wave generation are not excluded. More investigation using higher mesh resolution would also be required in establishing quantitative
dependence of various mechanisms of transverse wave generation
on the rate of increase in surface area of the diverging detonation
front.
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