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Abstract:

This article presents the results of numerical modeling of detonation waves in a
gas suspension with a transverse layer of inhomogeneous monopropellant
particles in pipes with abrupt expansion. The calculations were performed using
the coarse particle method. The objective of the study is to analyze the influence
of pipeline geometric parameters and the transverse inhomogeneous distribution
of particle concentration on the dynamics of detonation propagation. It was
found that the dimensions of the narrow and wide sections of the pipeline, as
well as the height of the transverse inhomogeneity, significantly affect both the
structure of the detonation wave and the stability of its propagation. The
modeling revealed three characteristic regimes: stable wave propagation,
complete detonation attenuation, and partial disruption with subsequent
recovery. It is shown that the critical height of the transverse spatial
inhomogeneity monotonically decreases with increasing relative mass content
of solid particles in the gas suspension. The obtained data can be used in the
design of passive detonation protection systems and in the development of
explosion localization devices in pipelines.
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1. Introduction

Detonation waves in gas suspensions pose a serious hazard in various
technological processes involving the handling of powdered fuels and aerosol
mixtures. One effective approach to controlling and suppressing the propagation
of such waves is to utilize the geometric features of the channels and the
targeted formation of heterogeneities in the mixture. In particular, the sudden
expansion of the pipeline combined with a transverse layer of heterogeneous
particles of monopropellant fuel can significantly affect the dynamics and
stability of detonation. This paper examines the mechanisms of detonation wave
suppression under such conditions and 1dentifies the key parameters
determining the effectiveness of suppression.

In [1], the influence of the oxidizer injector channel expansion angle (30° and
90°) in a rotating detonation engine (RDE) on the detonation wave and pressure
increase is investigated. It is shown that the angle has little effect on thrust, but
at 90° the wave speed and Mach number are approximately 5% higher. No
differences in the efficiency of the pressure generator (PG) were found. In [2],
the influence of the fuel-air mixture heterogeneity in a rotating detonation
combustion chamber (RDE) on the detonation wave is numerically studied. It is
found that with increasing heterogeneity, the wave speed, detonation efficiency
and pressure increase decrease, up to the separation of the reaction zone from
the shock wave. In [3], the stability of detonation waves in channels to two-
dimensional and three-dimensional disturbances is analyzed. Based on the
dominant mode, the detonation wave structure, cell size and number, minimum
channel dimensions, and conditions for their abrupt change were predicted. The
results are consistent with experiments and modeling. In [4], detonation
propagation in annular curved channels was studied. Three regimes were
identified: stable, unstable, and damped. It was found that the regime depends
on the channel width, cell size, and radius ratio. A regime map was constructed,
confirmed by experiments and modeling. In [5], stationary detonation in circular
arcs was numerically investigated under various conditions on the outer surface;
it was found that the limiting angular velocity is the same for both types of
limiters.
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In [6], detonation propagation in an acetylene-air mixture in a narrow channel
was experimentally studied. Four regimes were identified depending on the
excess fuel. The conditions and characteristics of detonation reinitiation were
determined. In [7], an analytical model of detonation suppression during a sharp
expansion of the channel was presented. By combining the geometric dynamics
of shock waves according to Witham and the equations of shock evolution by
Radulescu, a critical value of the channel width at which detonation transfer is
possible was obtained. The calculated data are in good agreement with
experiments and numerical modeling for a H,/O,/Ar mixture. In [8], detonation
diffraction from a cylindrical tube through various geometries was studied
numerically and experimentally. Critical conditions for transfer to the receiving
chamber were identified, including the influence of the d/A ratio (d is the inner
diameter, A is the size of the detonation cell) and the presence of obstacles. It is
shown that the configuration with double reflection is effective even at d/A=2.2.
In [9-10], the exit of a detonation wave from a flat channel into a region with
linear expansion is investigated. Numerical results are presented for different
expansion angles. Three regimes of detonation propagation are distinguished:
supercritical, critical and subcritical. In [11], one-dimensional unsteady
propagation of detonation in an inhomogeneous H,—O, medium is numerically
studied taking into account detailed chemistry. It is found that the amplitude and
frequency of inhomogeneities affect the transition from regular to chaotic
pulsations, and small inhomogeneities are capable of stabilizing detonation. In
[12], methane-oxygen detonation in tubes of different diameters is studied.
Galloping regimes (=0.7DCJ and DCJ) are revealed. It is found that a decrease
in pressure enhances low velocity, and the tube diameter and the stability of the
mixture affect its manifestation.

In [13], the limits of detonation propagation in CH4—O, mixtures in macro- and
microchannels were investigated. It was shown that in macrochannels, the A =
nD criterion is valid for unstable mixtures, while in microchannels, wall losses
and boundary conditions play an important role, indicating a difference in the
mechanisms of detonation breakdown. In [14], the formation of an
overcompressed detonation wave in methane-oxygen mixtures in a channel of
variable cross section was experimentally studied. The dependences of the front
velocity and pressure on the mixture composition were determined. In [15], the
influence of the geometry of expanding tubes and the longitudinal
inhomogeneity of particles on detonation in a gas suspension was numerically
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investigated. Three regimes were identified, the greatest suppression being
achieved with a linearly decreasing particle concentration. In [16], the problem
of detonation diffraction and the determination of the critical diameter at which
the wave is either transmitted or attenuated were considered. Analytical and
semi-analytical models based on wavefront curvature, decay rate, and energy
criteria were constructed, which are consistent with experimental data. The one-
dimensional model based on wavefront curvature proved to be the most
accurate and computationally efficient.

2. Formulation of the problem

We consider a pipeline consisting of two sections: a narrow section and a wide
section. The narrow section is completely filled with a homogeneous gas
suspension of monotary propellant, while the wide section exhibits transverse
non-uniform particle distribution. Initially, a triangular shock wave is generated
near the left end of the pipe (zone 0), initiating combustion in zone 1-the
narrow section of the pipeline. The objective of the problem is to numerically
simulate the formation of a stationary heterogeneous detonation wave in the
narrow section and its subsequent propagation to the wide section (zone 2).
Particular attention is given to analyzing the influence of transverse non-
uniformity of the monotary propellant concentration on the stability and
behavior of the detonation wave.

Do, Lo /A, Ly

Fig. 1. Schematic representation of the problem
3. Statement of the problem

The system of equations for the two-dimensional plane unsteady motion of gas
and particles of a unitary fuel has the form [17, 18, 19, 20]:

mass conservation equations
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In equations (1) — (6), p,,p;,0,,V,,e,E, respectively denotes the average and
true densities, volumetric content, mass velocity, specific internal and total
energies of the i-th phase (i=1 — gas, i=2 — particles); p,,, p,, and pf,l, piz —are
the average and true densities of the gas phase components; v,, and v, — are
the velocity components of v; n, and d, — are the number and diameter of
particles; p — is the pressure of the gas mixture; F,, and F, — are the
components of the interphase friction force; O — is the heat exchange in the gas
suspension; J,, — is the intensity of interphase mass transfer; n — is the

Heaviside function.

Closing relations, initial and boundary conditions are specified similarly to [21,
22].

The numerical solution of the problem was carried out using the large particle
method [23].

All calculations were performed for an initiating shock wave length of z, =0.4

m. In the main series of calculations, it was assumed that the shock wave Mach
number was M, = 9. The lengths Lo, L and L, were assumed to be 0.4, 25, and

50 m.

In the calculations, the stepwise distribution of the concentration of
monopropellant particles along the pipeline radius was used in the form [15].

e(z,r,A)=1 (0<r<r, rp=(1-4r, 0<AL]) (7)
The parameter o denotes the distance from the axis of symmetry (+=0) to the
upper boundary of the particle layer (r=r).
4. Calculation results

Figure 2 shows the envelopes of the maximum pressures arising behind the
combustion wave front, along the symmetry axis (+=0) and on the wall of the
wide section of the pipeline (7=R;). The following parameters were used in the
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calculations: the particle diameter of the unitary fuel d,,=3 pm, the initial
relative mass content of particles in the mixture m,, =2, the parameter of the

transverse non-uniformity of the particle distribution 4=0.4. The radii of the
narrow and wide sections of the pipeline are equal, respectively, to R =0,1 m

and R =0,3 m. Parameter A characterizes the degree of transverse

heterogeneity in the distribution of monotary propellant particles: for A<I,
particles are concentrated closer to the axis of symmetry, while their
concentration approaches zero near the walls. This leads to the intensity of
chemical reactions and, consequently, the energy release near the pipeline walls
being significantly lower than in the central part of the flow. Analysis of the
graphs shows that the maximum pressure behind the detonation wave is
observed along the axis of symmetry (in the central part of the flow). This is
explained by the fact that the majority of monotary propellant particles, actively
involved in combustion and the detonation process, are concentrated in this
region. Conversely, the pressure near the pipeline walls is significantly lower,
since the particle concentration there is low, meaning the energy released during
combustion is also lower.

P/p,
60 ] 1
40 -
20 - —— :
0 . . ‘
z,
24 32 40

Fig. 2. Envelopes of maximum pressures behind combustion waves on the axis
of symmetry (1) and the wall in the wide part of the pipeline: d,, =3 pm;

my,=2;A4=0.4; R =0,1 m, R, =0,3 m.

The influence of transverse spatial non-uniformity of the particle distribution of
a unitary fuel on the propagation of detonation waves in a pipeline with an
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expanding cross-section filled with a non-uniform gas suspension is considered.
Fig. 3 shows the envelope of maximum pressures behind the combustion front
along the symmetry axis of the wide section of the pipeline. The following
parameters were used in the calculations: d,,=15 pym, m,,=2, R =0,2 m,

R,=0,5 m. Three variants of the degree of non-uniformity of the particle

distribution were considered, characterized by the parameter A4, which
determines the width of the layer within which the bulk of the solid phase is
concentrated: curve 1 — 4=0.4, curve 2 — A4=0.2, curve 3 — A=0 (uniform
distribution). Analysis of the obtained results shows that the degree of
transverse non-uniformity has a noticeable effect on the structure of the pressure
distribution behind the detonation wave. At lower values of A4 (more
pronounced heterogeneity), particles are concentrated in the central part of the
channel, with virtually no particles near the walls. This leads to intense
combustion developing primarily near the axis of symmetry, where the solid
fuel concentration is higher, while in the peripheral zones, the energy released
during combustion is significantly lower. This results in an uneven pressure
distribution across the pipeline cross-section, with the maximum pressure
occurring near the axis. Conversely, as 4 increases, when the particles are
distributed more evenly along the radius, the pressure becomes more uniform,
which favorably impacts the stability and symmetry of the detonation wave
front.

p/Py

80 A

60 -

40 - !

20 ~

0 . .
24 32 40

Z,1

Fig. 3. The influence of parameter A on the distribution of the maximum
pressure behind the combustion front along the axis of symmetry: d,, =15 pm;

my,=2; R =0,2m, R, =0,5 m; 4=0.4 (1), 4=0.2 (2), 4=0 (3)
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In order to determine the detonation mode in a wide section of a pipeline, a
numerical study was conducted to examine the effect of the particle diameter
d,, of a monolithic fuel at a fixed height of transverse spatial non-uniformity in

the solid phase distribution. The following radii were used in the calculations:
R =0,2 m, R =0,5 m. The graphs show the results for three variants: Curves

1 correspond to the particle diameter d,, =30 pm, curves 2 to d,, =15 pm, and
curves 3 to d,, =3 um. Two cases of transverse non-uniformity are considered

separately: Fig. 4(a) considers the case 4 = 0.4, while Fig. 4(b) considers 4 =
0.2. Analysis of the obtained results shows that the particle diameter of the
monolithic fuel has a significant effect on the structure and stability of the
detonation wave. With increasing particle diameter (for example, to 30 um), a
decrease in combustion intensity is observed, which is associated with increased
particle inertia and deterioration of heat and mass transfer between the phases.
This, in turn, leads to a weakening of the detonation wave and its possible
attenuation. Conversely, with a decrease in particle diameter to 3 um, the
interaction of particles with the gas phase improves, accelerating the heating
and ignition of the solid fuel, which contributes to the formation of a more
stable and powerful detonation wave. A comparison of Fig. 4(a) and 4(b) also
shows that with a more uniform particle distribution (higher 4 value), the
detonation wave front forms faster and more uniformly than with pronounced
transverse inhomogeneity. This is due to the fact that with a more uniform
distribution of solid fuel, its mass involved in combustion is higher in the near-
surface zones, which contributes to the stabilization of the wave across the
entire cross-section of the channel.
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Fig. 4. The influence of the particle diameter d»y on the distribution of the
maximum pressure behind the combustion front along the symmetry axis:
d,, =30 pm (1), d,, =15 um (2), d,, =3 um (3); 4=0.4 (a), A=0.2 (b); m,, =2;

R =0,2m, R,=0,5m

According to the data presented in Fig. 5, for fixed initial particle diameters of
monotary fuel d,,=5 pm and d,,=15 um, as well as radii of the narrow

section of the pipeline R =0,1 m and the wide section R, =0,3 m, it was

established that the critical height of transverse spatial heterogeneity decreases
monotonically with increasing relative particle mass fraction in the suspension.
Physically, this effect is associated with the fact that an increase in the
concentration of the dispersed phase leads to more intense absorption of heat
and mechanical energy by the shock wave front due to heat transfer to the
particles and their inertial drag. At the same time, the total mass of the system
increases, and the rate of chemical reaction in the gas phase decreases due to
heat removal for heating the solid phase. As a result, the energy support of the
detonation front decreases, making it more sensitive to transverse heterogeneity
in the particle distribution. The decrease in the critical height of inhomogeneity
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with increasing mass content of particles means that even a relatively small
transverse non-uniformity in the distribution of the dispersed phase can lead to
the interruption of the detonation wave at a high concentration of suspended
matter.

0.8 -
0.6 A1 2
0.4 -

0.2 A1

0 . . .
0.4 0.8 1.2 1.6

m,,

Fig. 5. Dependence of the critical pipeline height ratio on the relative content of
monolithic fuel particles. 1 - d,, =5 um, 2 - d,, =15 pm.

5. Conclusion

Numerical modeling has shown that the transverse heterogeneity of the particle
distribution of monopropellant fuel is a key factor determining the stability and
efficiency of heterogeneous detonation propagation in pipelines with sudden
expansion. It has been established that decreasing the heterogeneity height
enhances combustion localization and axial pressure, but reduces the
completeness of particle involvement in the reaction. Particle diameter and the
degree of their transverse distribution are critical for creating stable detonation
conditions. Numerical calculations have confirmed that both particle diameter
and the degree of their transverse distribution are critical for the stable
propagation of heterogeneous detonation in pipelines with variable cross-
sections. This is important to consider when developing systems that utilize
detonation in gas suspensions as a combustion mechanism or explosion
protection. Integral dependences of the critical heterogeneity height on the
relative solids content are determined. The results confirm the possibility of
controlled detonation suppression by introducing controlled transverse
heterogeneity. The identified patterns can be used in the design of power plants
and explosion protection systems based on gas suspensions.
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