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Introduction

The dust explosion prevention in mines and dusted industries has been an important issue
for years. During this time, many experimental and theoretical investigations have been carried
out. Nevertheless, up to now nobody can declare that all the mechanisms are clear and the com-
prehensive mathematical model is constructed taking into account all the details of this compli-
cated process.

The gas-dust mixture formation behind a shock wave travelling along the dust layer was in-
vestigated experimentally by A.A. Borisov et al [1]. In this work, the dust lifting was related to an
action of the compression and expansion wave system formed by multiple sequential reflections
of the leading shock from rigid wall and contact surface. The simple linear mechanistic model was
proposed [2] to explain the experiments that given consistent results. The similar wave picture was
obtained in numerical simulations by A.L. Kuhl et al [3, 4] and H. Sakakita [5].

The present paper focuses on numerical simulation of wave processes observed in near-
wall fluidized layer under action of normal shock wave. The unsteady process of interaction is
described for various shock wave intensities and layer densities. It is shown that shock wave in-
tensity increases significantly in the dense layer, and the gain factor does not depend on the
shock wave Mach number and defined only by the density ratio. Two different schemes (regular
and Mach) of shock reflections are observed in computations that lead to a principally distin-
guished scenarios of instability development in a dusty layer.

Problem statement, mathematical model and method of computation

The computation setup is shown in Fig. 1. The planar shock wave, normal to the plate sur-
face, is travelling in still air (1p=0, pp=1.177 kg/m’, Tp=288 K) from right to left with a veloc-
ity D=Mg-cy (M; is the shock wave Mach number and ¢ is a speed of sound before the

shock). The us, p» and T values are calculated using the ideal gas-dynamic relations for normal
shock. In the moving coordinate system adjusted to the shock, the shock is in rest but the air be-
fore the shock has a velocity —D, so does the whole plate.

At x<°0 the dense layer of the width % is disposed along the wall. The increased density of

the layer p=mpy+myp,y is related to the presence of dispersed phase of density ppo with

volume concentration (particle loading ratio) m»>0 and m=1-m> is gas volume concentration.

The density of the layer can be characterized by the dimensionless value A= (p-po)/( p + po).

In the present study, the gas-dust mixture is assumed to be viscous heat-conductive
pseudo-gas described in a frame of one-temperature, one-velocity model of heterogencous
media [6] which is valid for a case of very fine particles. This model includes the conservation
laws for the intrinsic mixture parameters that are the non-stationary 2-D Navier-Stokes
equations closed by the equation for particle volume concentration m;
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SW and the equation of state
&ip
P2, Pa, T, p=RT1_m :
po, To, Po, ug= -D u, -D 2 '
Here R stands for the universal gas
constant, T and p are the mixture tem-

_— perature and density, &, & are the air

p, To, Po, up=-D $h \ and particle specific mass concentra-
S~ o~ ~ o~ >

tions, consequently, &; = Pi_ w,
p
p11=pp and ppp are the air and particle
specific densities. In the present compu-
tations the values py=1.177 kg/m’ for

Fig. 1. 2-D problem computation setup in a
coordinate system adjusted to shock wave

air and pp = 1470 kg/m’ for coal were
used.

For the most of 2-D computations the third-order TVD-upwind method based of Flux
Vector Splitting by Van Leer for inviscid terms and the second-order-centered difference
scheme for viscous part were used. The description of computation method can be found in [7]
where some application of this method for computing the gas-dynamic problems are also
provided. For simplified 1-D problem, so-called Cubic Interpolation Propagation (CIP) method
[8] was also applied that proved to be useful for problems with strong contact discontinuities.

One-dimensional problem

To clarify the wave picture and to test the method of computation, the problem was at first
solved in a simplified 1-D setup. Figure 2 shows the initial conditions (a) and a qualitative flow
scheme (b). The impinging shock wave is denoted by SW; and the contact surface separated
pure and dusted gas is denoted as CS;. At the moment 11 SW comes to the contact surface and
partially reflects from it as SW» and go through to the dense layer as SW3. Under action of
shock wave, contact surface moves toward the wall and the dense layer became thinner.
Further, at the moment ¢, the shock reflected from the wall, then comes to the contact surface.
As a result of the interaction with the contact surface, the shock partly refracts and goes outside
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Fig. 2. Test 1-D problem setup (a) and the qualitative flow scheme in the x-¢ plane (b)
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Fig. 3. Distributions of particle volume concentration m; at different time moments (a) and pressure
distribution along the wall for various initial particle concentrations for Mg=1.6 (b)

the layer as SW4 and partly reflects as an expansion fan and falls on the wall. After multiple
reflections of compression and rarefaction waves from contact surface and rigid wall the wave
intensity weakens, pressure distribution becomes constant and the layer is placed near the wall.
However, as result action of internal waves, layer thickness may change.

The computation results presented below has been obtained with the help of CIP method,
that, together with standard TVD-method, has been used for these computations and
demonstrated a good ability in resolving of all the flow peculiarities.

The distributions of particle volume concentration mj at different time moments are
shown in Fig. 3, a. For this situation at =0 dust volume concentration is constant at 9<x<10,

mz:IO’3 , that corresponds to A=0.384. At the moment =1 shock wave still has not come to the
contact surface. At =3 the contact surface are moving toward the wall that causes a significant
rise in level of volume concentration in a external part of the layer. Further, at r=3.8 and /=4 the
layer is concentrated near wall, and compression and internal expansion waves bring about the
changes in my distributions, but, as Fig. 3, a shows, the whole layer remains near the wall and
only slight variations in layer thickness can be observed. Figure 3, b demonstrates pressure
distribution along the wall for various initial particle concentrations for Mg=1.6. This figure
confirms that inside the layer the intensity of the shock wave increases and there are exists a
system of the compression and expansion waves.

2-D problem results and discussions

The computations were carried out for /=5 mm, Mg=1.6, 2, 2.5, 3; A=1/5, 1/3,3/7, 12 n
2/3. On the basis of numerical simulations, the wave picture in shock wave vicinity was analyzed.

In Fig. 4, 5 the fields of static pressure and density are shown for M = 2, 4=1/3 at t=12
and 36 ms, respectively. At the moment /=0 the shock wave (SW) denoted by / reaches the
edge of rectangular layer and reflects from it partly by a compression wave (2) that propagates
from left to right and soon leaves the computational domain. At the same time, the leading
shock penetrates into the dense layer. In the moving coordinate system this process is similar to
the near-wall dense jet spreading into pure gas. The SW intensity gains in a dense layer and the
shock front becomes curved. The oblique shock reflects from wall as a compression wave (3)
that reaches the contact surface dividing the pure and dusted gas. This contact surface is the
edge of near wall dense jet spreading into a pure gas after the SW and can be seen in Fig. 5
(curve 4). Since the compression wave is going from dense layer into a pure gas, it reflects from
contact surface by an expansion fan (5) that falls to the wall and reflect from it. Further, the
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Fig. 4. Static pressure field at =12 (a) and 36 ms (b)
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Fig. 5. Density fields at =12 (a) and 36 ms (b)

situation repeats, and multiple sequential reflections of compression and expansion wave are
formed inside the layer. The intensities of internal waves attenuate with a distance from the
leading SW since at every interaction of a wave with the contact surface some part of wave
energy is going out of the dense layer and the other is transferred to the reflected wave.

As it was mentioned above, at initial stage of interaction the SW intensity increases and
the front of shock wave becomes curved. The gain factor Py,x/P2 (a) and the angle between the
SW and the plate « are shown in Fig. 6 for various M. Figure 6 shows that, with elevation of A,
the gain factor increases and « decreases, and they do not depend on M;.

The oblique SW is reflected from the plate, and depending on Mg and A, both regular and
Mach reflection can be realized. Since at low A the SW inclination angle is large, here we have
the Mach reflection, and at high A the conditions for regular reflection take place. Figure 7

—E—M=30
0 T T
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Fig. 6. SW gain factor (a) and angle between SW and plate (b) depending on A4 for various M,
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Fig.7. Wave schemes in vicinity of SW interacting with a dense layer for regular (a)
and Mach (b) SW reflection

presents the flow schemes for regular (a) and Mach (b) reflections. Here SW denotes the front
of leading shock wave, EF is the expansion fan and CS is the contact surface separating pure
and dusted gas. At a regular reflection, the wave scheme inside a dense layer is similar to those
proposed in [1,2] and was describe above. In this situation the regions of high density are
observed on the wall in the places where the compression wave are coming. But for Mach
reflection, an additional contact surface CS, is originated from a triple-point of A-configuration
formed by incident and reflected SW and Mach stem. The presence of contact surface CS,
inside the layer changes the wave picture drastically since there is an additional line where
internal waves are refracting and reflecting. Downstream from leading SW this contact surface
transforms into a jet forming the dense core of the layer. The action of internal wave leads to a
formation of spots with high particle concentration inside the layer.

In Fig. 8 the pressure distribution along the wall is shown for M=2. Two cases are
presented: A=1/3 that corresponds to a typically Mach reflections and A=3/5 where the regular
reflection takes place. To compare, the situation without dusty layer (A=0) is also shown.
The picture demonstrates the development of the internal waves for these two cases. For Mach
reflection (A=1/3) the period of internal wave is shorter and their intensity drops very quickly
and after x/h>10 there are no clear evidences of these waves on the pressure plot. For the
regular reflection (4=3/5) the internal waves has been observed till x/4=40, but then the regular
structures are distracted.

Both for regular and Mach reflection some other disturbances come to the plate after the
distraction of internal waves.
These disturbances are related to  pjp,
the instability of contact surface 44 ‘ ‘
divided pure and dusted gas. The
development of this instability
can be seen in Fig. 9, where den-
sity fields are shown for M=2,
A=1/3. The picture is similar to 8
those observed for near-wall 6
dense jet spreading from left to 4
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Fig. 9. Density fields at various time moments for M=2, A=1/3

leads to a growth of the dusty layer width that can be interpreted as a fine particle lifting under
the action of shock wave.

Conclusions

The numerical simulation of the SW interaction with a dusty layer has been carried out in
a frame of simplified one-velocity one-temperature mathematical model of heterogeneous
media. Two principally different wave pictures in a dense layer were obtained distinguishing by
the scenario of shock wave reflection from a rigid wall. For the regular reflection taking place
for the high initial layer loading, the wave picture was shown to be similar to those proposed by
A.A. Borisov et al. Some peculiarities of internal wave behavior realized in the Mach reflection
situation were investigated. A possible reason is proposed to explain the dust lifting from the
surface. Namely the growth of the layer width that is a result of the pure-dusted gas interface
instability developing at the edge of the dense layer.
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