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Abstract—Numerical simulation of three-dimensional structures of gas detonation in circular section
channels that emerge due to the instability when the one-dimensional flow is initiated by energy sup-
ply at the closed end of the channel is performed. It is found that in channels with a large diameter, an
irregular three-dimensional cellular detonation structure is formed. Furthermore, it is found that in
channels with a small diameter circular section, the initially plane detonation wave is spontaneously
transformed into a spinning detonation wave, while passing through four phases. A critical value of the
channel diameter that divides the regimes with the three-dimensional cellular detonation and spinning
detonation is determined. The stability of the spinning detonation wave under perturbations occurring
when the wave passes into a channel with a greater (a smaller) diameter is investigated. It is found that
the spin is preserved if the diameter of the next channel (into which the wave passes) is smaller (respec-
tively, greater) than a certain critical value. The computations were performed on the Lomonosov
supercomputer using from 0.1 to 10 billions of computational cells. All the computations of the cellular
and spinning detonation were performed in the whole long three-dimensional channel (up to 1 m
long) rather than only in its part containing the detonation wave; this made it possible to adequately
simulate and investigate the features of the transformation of the detonation structure in the process
of its propagation.

Keywords: spinning detonation, cellular detonation, three-dimensional channel, numerical simula-
tion, program package, supercomputer, numerical solution, Euler system of equations.
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1. INTRODUCTION

The study of detonation waves in gases is mainly stimulated by the desire to use them for practical pur-
poses in impulse facilities and special energy systems designed for rockets and other flying vehicles. Large
magnitudes of the gas dynamics parameters and the complex flow pattern behind the detonation wave
front significantly complicate both the experimental and theoretical study of detonation. The main source
of information about detonation waves is the experimental study. Among the experimenters, a special
place is held by Soloukhin (see [ 1—6]). His works became handbooks for generations of researchers. A sig-
nificant contribution to the study of detonation was made by his colleagues, disciples, and students. As
experimental data were accumulated, theoretical detonation models were improved as well. For example,
the two-stage model, which takes into account the ignition delay and a finite time of the subsequent heat
emission, makes it possible to describe the nonstationary nonlinear wave structure of detonation (see [7]).
In the framework of the infinitely thin detonation wave, the asymptotic nature of the transition of the
plane wave to the Chapman-Jouguet regime was established; in the framework of the cylindrical and
spherical model, it was found that this transition occurs at a finite distance from the point of the detona-
tion wave formation (see [8, 9]). Within the two-stage model, the initial phase of the flow initiated by a
point explosion was analytically investigated, and the effect of the detonation wave splitting was discovered
(see [10]). Numerically, using the model and real-life kinetics, the mechanism of the formation and prop-
agation of the self-sustaining detonation wave as a result of explosion was established; in particular, it was
shown that such a wave is always nonstationary, and the parameters on its leading front vary periodically
under the influence of the shock waves that occur in the induction zone ahead of the accelerating flame
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front (see [11—15]). The self-oscillation process develops only in the case when the explosion energy mag-
nitude exceeds a critical value. Otherwise, the detonation wave decays and disintegrates into a shock wave
and a slow combustion wave. The critical values of energy in the cases when the detonation is initiated by
a piston, electric discharge, exploding wire, or TNT charge were found, its dependence on the parameters
of the combustible mixture and time—space characteristics of the energy sources was determined, and an
explanation of the anomalous experimental dependence of the critical energy on the duration of the elec-
tric discharge was given (see [15—20]). The problem of reducing the critical initiation energy was consid-
ered, and novel mechanisms of excitation of detonation were investigated. In particular, it was discovered
that the detonation can be initiated without supplying energy from outside (see [21—27]). In the frame-
work of investigations of the non-one-dimensional detonation structure (initially using the two-stage
kinetics), the development of the plane wave disturbance resulting in the formation of a cellular detona-
tion structure was considered, the existence of the minimum and maximum size of cells was discovered,
and the determining role of transverse waves in the initiation and propagation of detonation (in particular,
when the wave passes into a divergent channel) was revealed (see [28]). The two-dimensional spin model,
which is used by many researchers, was formulated, and the structure of the double-head spinning deto-
nation wave was calculated (see [14]). The wave processes occurring in the detonation of hydrogen—air
mixture in plane channels of complex shape with account for real kinetics were studied (see [29—33]). The
initiation of detonation in the supersonic stream of hydrogen—air mixture by an electric charge with spa-
tially homogeneous and inhomogeneous energy release was investigated (see [34, 35]).

In the recent decade, special attention has been paid to the problems of initiation and stabilization of
detonation in the bounded combustion chamber of energy generating facilities that use high-rate burn of
fuel. In this respect, a special role is acquired by mathematical modeling methods, which due to the rapid
development of high-performance computers open almost unlimited possibilities for the study of various
phenomena in science and engineering with account for complex high-rate physical and chemical pro-
cesses. Note that a close collaboration of theoreticians and experimenters is needed for this purpose.
Recent results on the initiation of detonation show that numerical experiments make it possible to find
new flow patterns that guarantee the formation of self-sustaining detonation burn that make use of the
mechanical energy of the combustible mixture. Important results concerning the cellular detonation
structure that make a significant contribution to the solution of fundamental problems of detonation have
been obtained.

The use of high-performance computers made it possible to study multi-dimensional flows related to
the detonation due to the energy of the combustible mixture motion and its interaction with moving
boundaries (see [36—46]). New regimes of the propagation of chemical reaction waves, including the gal-
loping layered detonation, were discovered.

We especially note that an indispensible attribute of gas detonation is the presence of nonstationary
compression shocks behind the leading shock front. The self-sustaining detonation wave can propagate
only due to the interaction between those and their interaction the leading compression shock. When the
detonation is simulated in the one-dimensional approximation with account for the finite duration of
chemical reactions, longitudinal compression shocks that periodically form ahead of the self-accelerating
heat release front are observed; in experiments and in computations using two- and three-dimensional
approximation, these are transverse waves behind the leading shock.

2. THE MATHEMATICAL MODEL AND NUMERICAL METHOD

To describe gas-dynamic three-dimensional nonstationary flows, we use the Euler system of equations
for the perfect multicomponent reacting mixture in a fixed Cartesian coordinate system, which in conser-
vative form is

ap; n I(Pu) " dp,v) " W) = o,
ot 0x Jdy 0z

Apw) , p+pu’)  Apuv)  dpuw) _
ot dx oy 9z ’

Apv) , Apuv)  Ap+pv?)  dpvw) _
ot ox dy 0z

b
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Apw) | Apuw)  Apvw)  dp+pw) _ o

ot o0x dy 0z
O(H = p) , Hw)  AHV) , I(HW) _
ot 0x dy 0z ’

c wview c
H = Zpihi + sz p= Zpi'
i=1 i=l
Here p and p are the pressure and density of the mixture; u, v, and w are the velocity components along
the axes x, y, and z, respectively; N is the number of the mixture components, p; and 4; are the density and
enthalpy of the ith component; w; is the rate of change of p; under chemical reactions; and H is the total
enthalpy.

The equations of state of the mixture have the form

N
=Y. (P/MIRT, h=coy+c,T, i=1..,N,
i=l

where T is the mixture temperature, y; are the molar masses of the components, R, is the gas constant,
and ¢, ¢, are constant coefficients obtained by approximating the tabular values (see [47]).

To describe the chemical reactions in a combustible hydrocarbon—air mixture, one-stage Kinetics
(see [48]) with one irreversible reaction is used. We study the flows of the propane—air mixture in which
the reaction proceeds according to the stoichiometric equation

C,H; + 50, + 20N, — 4H,0 + 3CO, + 20N,;

here N =35, and the reaction rate determines all w; by the formulas

E a b
Oc,H, _ Mo, __ My,0 __ ®co, :ATﬁe_ﬁ(PQng (&] ’
Hen, Mo, 4y, 3Wco, Uen, ) \Mo,

(DNZ = 0,

where the indices / are replaced with the symbols of the mixture components, and A4, E, a, b, and (3 are
constants.

In the problems considered below, the air is assumed to be a mixture of oxygen and nitrogen in the
molar proportion vy, : vy, = 1:4, and the propane—air mixture is given by the proportion v i : Vo, :
Vn, = 1:5:20.

On the walls, the impermeability condition is set.

The investigation is performed using the modified Godunov method (see [49]) of the first-order with
respect to space and time. It is implemented in a program novel package designed for solving a wide class
of one- two-, and three-dimensional problems of nonstationary dynamics for gaseous combustible mix-
tures. To calculate the flows of reacting gas mixtures, high spatial resolution under which each reaction
zone includes a large number of cells is required. For this reason, high-performance multiprocessor com-
puters are needed for numerical simulations. The program package developed and used in the present
study has a graphical interface with visualization functions (Fig. 1). The computational algorithm is par-
allelized using MPI. It makes it possible to solve problems using grids with billions of cells. In this paper,
we present the results obtained on the Lomonosov supercomputer using grids with 0.1—10 billions of com-
putational cells.

3. STATEMENT OF THE PROBLEM FOR THE THREE-DIMENSIONAL DETONATION
STRUCTURE IN CIRCULAR SECTION CHANNELS

The developed program package was used for the detailed simulation of the detonation structure in
three-dimensional circular section channels. It was assumed that in such channels, due to the smooth lat-
eral surface, there are benign conditions for the formation of the spinning detonation regime under which
the transverse wave propagates on a spiral simultaneously along the main front and along the channel sur-
face.
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Fig. 1. Examples of data visualization for the numerically simulated spinning detonation.

Channels 1 m long of various diameters D varying in a wide range were considered. In all the cases, a
special computational grid not condensing in the vicinity of the symmetry axis was used. The linear size
of the cells did not exceed 0.1 mm. All the computations were performed for the entire channel rather than
for its part containing the detonation wave, which made it possible to adequately simulate and investigate
the features of the transformation of the detonation structure in the process of its propagation.

Detonation in the fixed stoichiometric propane—air mixture at the pressure of 1 atm and temperature
of 20°C was investigated. It was assumed that the detonation is initiated by the instantaneous supply of
energy in the three-centimeter zone near the closed end of the channel. Due to the problem statement,
the flow is one-dimensional in the initial phase, and its parameters depend only on the longitudinal coor-
dinate z. However, the instability of combustion behind the leading detonation wave front causes the
increase of disturbances whose source is the roundoff errors at the machine precision level. As a result,
the one-dimensional detonation wave gradually becomes three-dimensional. In the computations, the
three-dimensional numerical trace pattern was composed using local pressure maximums. The values of
the pressure maximums on the lateral channel surface that together form two-dimensional numerical
trace patterns similar to the trace patterns of triple points registered in experiments, were also a subject of
the study and were visualized.

In channels in which the section is sufficiently large for the propagation of a large number of transverse
waves, spontaneous formation of an irregular three-dimensional cellular detonation structure with trans-
verse waves propagating in the cross-section plane and interacting with each other and with the lateral
channel surface was observed. The traces on the channel surface are distinct from diamond-shaped, and
the trace pattern is chaotic even though it resembles the two-dimensional periodic structure observed in
plane channels. The computations show that the irregularity of the three-dimensional cellular detonation
is directly related to the existence of the additional (compared with the two-dimensional case) spatial
degree of freedom. At the same time, the decrease in the transverse channel size results in the decrease of
the number of transverse waves up to their complete suppression. From the general considerations, it is
clear that when the channel width is less than a certain critical value, the detonation will always propagate
in the mode close to the one-dimensional one. In addition, it is reasonable to expect that, in the presence
of only one transverse wave, the flow pattern will not be irregular any more. The experimental results sug-
gest that the detonation propagates in the spinning mode in this case.

The purpose of this paper is to numerically simulate the process of formation of spinning detonation
caused by the instability of the one-dimensional flow, determination of the range of the channel diameter
values in which the spinning detonation regime is realized, and to investigate the stability of the detona-
tion, in particular, its transformation when the size of the channel’s cross section varies. To investigate the
stability of the spinning detonation, the following dependence of the section diameter D on the longitudi-
nal coordinate z was used: D= D, for0<z< L, D= D, + (z— L)(D,— D) for L< z<|D,— D,|,and D= D,
for z > L. This corresponds to the channels consisting of two cylindrical sections connected by a conical
section with the half-angle of 45°. For D, > D,, we have a diverging channel and for D, < D, a converging
channel.
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4. NUMERICAL RESULTS FOR THE SPINNING DETONATION IN CYLINDRICAL
CIRCULAR SECTION CHANNELS

Due to the statement of the problem, the mixture between the wall z = 0 and the plane z = 3 cm is
ignited and burns down almost instantly. As a result of the arbitrary discontinuity breakdown, a one-
dimensional plane detonation wave propagates through the mixture along the axis z in the positive direc-
tion. It was earlier shown by the authors of this paper that, in the case of a sufficiently large channel diam-
eter, the motion of the one-dimensional detonation wave is accompanied, due to its instability, by the
increase in small perturbations, which always occur in numerical computations. As a result, the one-
dimensional detonation acquires an irregular three-dimensional cellular structure with time. In this
paper, computations for various values of the channel diameter D are described, and the ranges of this
parameter corresponding to different flow regimes are determined. The numerical results show that the
detonation remains practically one-dimensional for D < 2 mm. For 2 mm < D < 4.5 mm, weak transverse
waves occur in due time, but their intensity is insufficient for forming a clear flow pattern and no spinning
detonation is formed even at the distance of 1 m from the end wall. The computations show that, in the
case D > 9 mm, the detonation turns into the irregular three-dimensional cellular structure, which is
observed from the time of its formation to the time when it moves off to the distance of 1 m from the end
wall. For 4.5 mm < D < 9 mm, the one-dimensional detonation gradually transforms into the spinning
detonation.

The computations show that the transformation of the one-dimensional detonation into the spinning
detonation passes through four phases: (1) propagation of a one-dimensional detonation wave with
increasing perturbations occurring due to the limited precision of arithmetic operations; (2) detonation
with a chaotic three-dimensional structure caused by intensive transverse waves; (3) gradual transforma-
tion of transverse waves into a rotating transverse detonation wave; (4) spinning detonation under which
its front uniformly rotates about the symmetry axis and moves along it.

In a typical computation of detonation in the channel with D = 6 mm, the irregular three-dimensional
cellular detonation was observed approximately in the range 23 cm < z < 37 cm. It is convenient to track
the propagation of transverse waves by plane transverse cutoffs of the volume numerical trace pattern. Six
such cutoffs between z = 34 cm and z = 35 cm with the step 0.2 cm are shown in Fig. 2. It is seen that one
or two transverse waves propagate in the section plane while periodically reflecting from the walls and
undergoing cumulation at different points of the section. No strict repetition and structure are observed
in the transverse wave pattern. Gradually, through numerous oscillations, the transverse waves start to
rotate as a whole, and then turn into one rotating spinning detonation wave. Figure 3 illustrates the devel-
oped spinning detonation phase under which the maximum pressure fields only rotate from cross section
to cross section. Note that the pressure maximum is attained inside the channel rather than on its surface.
This is due to the flow structure in the case of spinning detonation (see Fig. 4).

The computations showed that the spinning detonation is characterized by the presence of two main
waves—the leading and the transverse ones, which have a common line AB. Both endpoints of this line
move on a spiral. The endpoint 4 is on the channel surface, while the other endpoint B moves inside the
channel. The leading front has a kink on the line AB, and the intensity of cumulation near the point B is
even greater than at the point A due to a special shape of the leading front and complex interaction between
the waves. At the point A, there are three almost plane interacting waves, while at the point B a plane wave
interacts with an almost conical wave. As a result, the pressure near the leading front inside the channel
behind the point B is greater than behind the point A.

Note that both the irregular cellular detonation and the spinning detonation have a certain “stability
margin,” which lets them exist under small disturbances. Note that spinning detonation can occur not
only spontaneously but also as a result of a special initial distribution of gas dynamics parameters in the
vicinity of the initiation zone that contains, e.g., a spiral higher temperature region. From this viewpoint,
the boundaries of the spinning detonation range presented above are approximate, and they can be inter-
preted as corresponding to the spontaneous formation of spinning detonation from the one-dimensional
detonation under small disturbances.

Note that the solution of two problems with the same initial distribution of parameters but slightly dif-
ferent (at the machine precision level) coordinates of grid nodes or different (at the machine precision
level) sequences of time steps results in different small perturbations and, as a consequence, in slightly dif-
ferent flow patterns. However, our computations showed that the sequence of transition of the detonation
from one regime to the other one is generally the same, and the transitions occur approximately at the
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Fig. 2. Cutoffs of the numerical trace pattern for z = 34, 34.2, 34.4, 34.6, 34.8, and 35 cm corresponding to the irregular
detonation phase preceding the spinning detonation phase.
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Fig. 3. Cutoffs of the numerical trace pattern for z= 59.1 and 59.2 cm corresponding to the developed spinning detonation.

same time. As could be expected from the problem statement, the direction of the spinning detonation
rotation is completely undefined and depends on “quasi-random” perturbations and differences of quan-
tities within the machine precision.
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Fig. 4. The schematic of the spinning detonation propagation: F'is the leading front, AB is the line of interaction between
the leading front and the transverse wave, the point A4 is on the channel surface and describes a spiral.

5. RESULTS OF THE COMPUTATIONS OF THE SPINNING DETONATION TRANSITION
TO THE CHANNEL OF A GREATER OR SMALLER SECTION

The numerically calculated process of the spontaneous formation of the developed spinning detona-
tion posed the question of its stability under various disturbances. In this section, we discuss the results of
the numerical simulation of flows for the case when the spinning detonation passes from a 6 mm channel
to a channel with a greater or smaller diameter D through a short conical segment. A complete description
of the geometry of such channels was given above. The length of the 6 mm channel was set as L = 60 cm,
which guaranteed the formation of the developed spinning detonation before the conical section. D is a
parameter that significantly affects the flow pattern formed after the wave passes through the conical
channel section.

The computations were performed beginning from the time corresponding to the initiation of one-
dimensional detonation. This enabled us to obtain and compare the patterns of the formation of spinning
detonation in the same channel of 60 cm long and 6 mm in diameter under small various perturbations
with the amplitude at the machine precision level. The differences in the perturbations were mainly due
to the different sequence of time steps caused by differences in the computational grids.

To analyze the numerically simulated flow patterns, we visualized the developments of the channel lat-
eral surface with numerical trace patterns marked on them. They clearly show the traces of the transverse
waves left on the channel surface. The developed spinning detonation can be identified by the character-
istic periodically repeating slanted strips.

The typical patterns of the detonation transformation obtained in the computations are shown in
Figs. 5—12. For the convenience of perception, the developments of the lateral surface are divided into
nonoverlapping fragments of 15 cm long. These fragments are arranged in ascending order of z from top
to bottom.

In the case D > 6 mm, the computations showed the existence of a critical value of the channel
diameter D,, = 8.5 mm such that the spinning detonation is restored when 6 mm < D < D, and disappears

for D > D, . Figure 5 illustrates the process of the detonation propagation for the case D = 8 mm. It is seen

that, for 3 cm < z < 22 cm, small perturbations that result in the irregular three-dimensional cellular det-
onation regime observed in the range 22 cm < z < 37 cm are increasing. Then, the transition to the spin-
ning detonation occurs, which becomes developed when it approaches the section z = 60 cm. After the
channel becomes wider due to the short conical part in the range 60 cm < z < 60.1 cm, the spinning det-
onation partially loses its structure. The weakening of detonation can be observed by lower values of the
mean maximum of the pressure (a darker color in the lateral surface development in Fig. 5). In addition,
signs of double-headed spin, in which two transverse waves propagate in the same direction, are observed
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Fig. 5. Development of the lateral surface with the numerical trace pattern obtained for the channel composed of the cyl-
inders with the diameters 6 mm and 8 mm.

in the range 63 cm < z < 69 cm. This is also confirmed by the left panel of Fig. 6, where the numerical
cutoff of the trace pattern for z = 66.5 cm with two dark spots is shown. However, the spinning detonation
is completely restored on the last segment z > 69 cm as is seen from the corresponding parts of the lateral
surface development. The right panel of Fig. 6 shows the transverse cutoff of the numerical trace pattern
for z = 88.4 cm, which is typical for the developed spinning detonation.

For D = 10 mm, there is no spinning detonation after the channel becomes wider. This is illustrated in
Fig. 7, where no trace pattern is observed beyond z = 63 cm and the maximum pressure becomes lower.
Figure 8 illustrates the structure of the transverse waves almost immediately after the spinning detonation
leaves the channel with the smaller diameter; it is also seen that there are no transverse waves at large dis-
tances from the point, where the channel becomes narrow.

For the channels with D < 6 mm, the computations also showed the existence of a critical value of the
channel diameter D,, = 4 mm such that the spinning detonation is restored after the narrowing when

D, < D <6 mm and the spin disappears when D < D,. Figure 9 illustrates the process of detonation prop-

agation for the case when the spin is restored at D =5 mm. It is also seen from this figure that the formation
of the spinning detonation proceeds similarly to the cases described above. However, the effect of the ran-
dom perturbations at the machine precision level in this case is that the direction of the spinning detona-
tion rotation is reversed. For the statement of the problem considered in this paper, the direction of the
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Fig. 6. Cutoffs of the numerical trace pattern for z = 66.5 cm and 88.4 cm.
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Fig. 7. Development of the lateral surface with the numerical trace pattern obtained for the channel composed of the cyl-
inders with the diameters 6 mm and 10 mm.
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Fig. 8. Cutoffs of the numerical trace pattern for z = 60.8 cm and 74.5 cm.
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Fig. 9. Development of the lateral surface with the numerical trace pattern obtained for the channel composed of the cyl-
inders with the diameters 6 mm and 5 mm.

COMPUTATIONAL MATHEMATICS AND MATHEMATICAL PHYSICS Vol.56 No.6 2016



1112

LEVIN et al.
20 40 60 80 100120 140 160 20 40 60 80 100 120 140 160 180 200
[ [ [ [
= 62.1 cm I I I I z= 8|9.7 cm I I I I
- 42 - 42
- 41 - 11
L 1o &€ L 1g E
0 g 0 g
= =
- 1-1 L 1-1
- +4-2 - 412
-2 -1 0 1 2 -2 -1 0 1 2
X, mm X, mm

Fig. 10. Cutoffs of the numerical trace pattern for z = 62.1 cm and 89.7 cm.
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Fig. 11. Development of the lateral surface with the numerical trace pattern obtained for the channel composed of the
cylinders with the diameters 6 mm and 4 mm.
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Fig. 12. Cutoffs of the numerical trace pattern for z=62.7 cm and 78.3 cm.
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Fig. 13. A fragment of the numerical trace pattern in the case of spinning detonation passing from the channel of the diam-
eter of 6 mm to the 4 mm channel.
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Fig. 14. A fragment of the numerical trace pattern in the case of spinning detonation passing from the channel of the diam-
eter of 6 mm to the 5 mm channel.

spinning detonation rotation can be arbitrary because the distribution of the initial parameters is symmet-
ric and the small perturbations are not specified and are practically random.

The computations for D = 5 mm show that the spinning detonation is somewhat transformed, which
is seen from the irregular slanted line in the range 60 cm < z < 70 cm in Fig. 9 and by the transverse cutoff
of the numerical trace pattern in the left panel of Fig. 10. Farther along the channel, as in the case of the
small channel expansion, the disturbances gradually decay and the transition to the developed spinning
detonation occurs (the right panel of Fig. 10).

The value D =4 mm is a boundary one for the regimes with the suppression and restoration of spinning
detonation. The numerical results for this value of D are illustrated in Figs. 11 and 12. In this case, the same
direction of rotation of the spinning detonation as in Fig. 9 was observed (the seeming correspondence
between the change in the channel diameter and the direction of rotation is a coincidence). Already in the
region 60 cm < z < 65 cm, the mode with two transverse waves without apparent rotation (the left panel
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Fig. 15. A fragment of the numerical trace pattern in the case of spinning detonation passing from the channel of the diam-
eter of 6 mm to the 8 mm channel.
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Fig. 16. A fragment of the numerical trace pattern in the case of spinning detonation passing from the channel of the diam-
eter of 6 mm to the 10 mm channel.

in Fig. 12) is observed. Then, the structure of the flow is transformed such that the rotation opposite to
the initial one prevails, which is seen from the pattern of motion of the transverse waves and from the
approximate slope of light regions in Fig. 11. However, by and large this rotational regime of detonation
cannot be called the spinning detonation because it is similar to the irregular cellular detonation regime.

The computations of the developed spinning detonation performed for channels of various diameters
show that the period of rotation of the leading front is proportional to the channel diameter. This follows
from the identical slope of the lines characterizing the spinning detonation in Figs. 5, 7, 9, and 11 for all
channels. It is of interest that this feature is also known from the experiments with the spinning detonation.

We also note once more that, due to different small perturbations at the machine precision level, there
are differences in the field of gas dynamic parameters as the wave propagates up to the section z = 60 cm.
To verify this fact, one can compare the first four fragments shown in Figs. 5, 7, 9, and 11. However, by
and large the initial phases of the detonation propagation illustrated in these figures are identical.

For comparison, Figs. 13—16 show in a three-dimensional form fragments of numerical trace patterns
for the spinning detonation that passes from a 6 mm channel to the channels with the diameters of 4, 5, 8,
and 10 mm.

6. CONCLUSIONS

Using the Lomonosov supercomputer, the three-dimensional gas detonation structures in circular sec-
tion channels was numerically investigated. Computations show that the structures are formed sponta-
neously due to the instability when initiated by plane one-dimensional shock wave caused be energy sup-
ply at the closed channel end. In channels with a sufficiently large diameter, irregular three-dimensional
cellular structure is obtained. It is found that, in circular section channels of a sufficiently small diameter,
the initially plane detonation wave spontaneously transforms into a spinning detonation wave while pass-
ing through four phases: (1) propagation of a one-dimensional detonation wave with increasing perturba-
tions occurring due to the limited precision of arithmetic operations; (2) detonation with a chaotic three-
dimensional structure caused by intensive transverse waves; (3) gradual transformation of transverse waves
into a rotating transverse detonation wave; (4) spinning detonation under which its front uniformly rotates
about the symmetry axis and moves along it. The critical values of the channel diameter separating the
regimes with the three-dimensional cellular spinning detonation, and detonation close to the one-dimen-
sional one are found. It is shown that the direction of spin rotation in the statement considered in this
paper is determined by random factors and the rotation period of the leading front is always proportional
to the channel diameter.

The stability of the spinning detonation wave under disturbances due to its transition to the channel of
a greater (smaller) diameter is investigated. It is found that the spin is preserved if the channel diameter is

smaller (or, respectively, greater) than a certain critical value D, (D,).
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All the computations of the cellular and spinning detonation were performed for a long three-dimen-
sional channel (up to 1 m long) as a whole rather than only in its part containing the detonation wave; this
made it possible to adequately simulate and investigate the features of the transformation of the detonation
structure in the process of its propagation.

The computations were performed using grids with 0.1—10 billions of computational cells. In order to
analyze the flow pattern, a numerical trace pattern was constructed based on the pressure maximums, and
its cross sections and the development of the channel lateral surface with trace markings, which illustrate
the behavior of the transverse waves, was visualized.
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