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ABSTRACT

We consider the problem of interaction of the shock wave with a system of non-moving cylinders that
model the granular media bed of the particles in the initial stage of the interaction. The problem is solved
using both Euler and Navier-Stokes systems of equations. The numerical algorithm for the solution of
Euler equations is based on the Cartesian grid method, for Navier-Stokes equations — on the multiblock
computational technology. Numerical experiments are conducted using both numerical approaches.
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NOMENCLATURE

D particle diameter (m) Greek

H channel height (m) 0 dimensionless parameter (-)
L channel length (m) € porosity (-)

I length of the particles bed (m)

INTRODUCTION

The problem about the shock wave (SW) — particles cloud interaction is the fundamental basis for a
whole class of problems involving the flows of dense two-phase media with SWs. Such problems
directly concern safety applications in mining and industry. Examples are the weakening of blast
waves by the granular beds and the dust dispersion in the initial stages of dust explosions. Early
studies first dealt with the small volume fractions of the particles in the cloud. In fact, the
experiments related to dusty gas flows. In [1], the clouds with a volume fraction of particles 0.1 —
3% were considered. It was shown, both experimentally and numerically, the effect of qualitative
change in the supersonic flow behind the SW in a cloud. There are a much smaller number of
experimental studies for the case of dense clouds [2, 3]. The last studies in this field [4] show the
unusual result that, for the case of micro-particles, the relationship of the shock attenuation has a
negative correlation with the dimensionless complex [5]:

(1-g)1

= 1
0=f, " (D

where f,, is the pressure drop coefficient, € is the void fraction of the particle wall, [ is the total
length of the densely packed particles, and D is the diameter of the individual particle.

Numerical studies of the problem began on a new level several years ago. In the field of dense flows
of two-phase media with SW new models based on the kinetic theory of granular media were
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constructed [6, 7]. In the field of Lagrangian methods the discrete element method was developed
that takes into account the volume fraction of the particles [8]. However the models [6 — 8] demand
the use of closing relationships, in particular for the description of the interphase interactions that
are traditionally are taken from the natural experiments.

At the same time, it has recently become possible to simulate the interaction of the SW with the
assembly of particles at the “micro level”, or by using the direct numerical simulation of the
interaction of the flow with each particle [9 — 11]. In our previous study [12] we investigated the
problem of SW — system of cylinders interaction in a statement correspondent to the natural
experiments [5] about SW — particles bed interaction using Euler equations. The goal of this work is
the comparative analysis of the simulations of weakening of the SW due to its interaction with the
system of cylinders, using both Euler and Navier-Stokes (NS) equations.

STATEMENT OF THE PROBLEM

The statement of the problem follows the experimental study in [5]. Consider a plane channel of
length L = 88.4 cm and height H = 1.7 cm (see Fig. 1). There are 6 non-moving rigid cylinders of
diameter D with the centers at the fixed points C;(40.3; 0.85), C,(41.8; 0.0), C5(41.8; 1.7), C4 (43.2;
0.85), Cs(44.7; 0.0), C4(44.7; 1.7) (all sizes are in cm). The following diameters are considered:
0.74, 0.85, 1, 1.2, 1.36, and 1.48 cm. The incident plane SW with the Mach number 1.47 is located
at the point xsw = 35.7 cm, some distance to the left from the system of bodies. The parameters of
the gas in front of the SW are normal. We consider not the whole channel height as in [5], but only a
thin part of it, with slip wall boundary conditions at the top and bottom boundaries. The conditions
at the boundaries of the cylinders are slip walls in Euler simulations, and no slip walls in NS
simulations. The inflow condition is imposed at the left boundary and the slip wall at the right. In
the computation time, the transmitted and reflected waves have no time to reach the right and left
domain boundaries.
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Fig. 1. Schematic statement of the problem.

The objects of the investigation are the reflected and transmitted waves that are formed as a result of
the interaction of the incident SW with the cylinders. The intensities of the waves are determined
with the use of four pressure transducers S; — Sy.

MATHEMATICAL MODELS AND NUMERICAL ALGORITMS
The Eulerian approach

Two mathematical models were considered. The first one is based on two-dimensional Euler
equations. These are solved in the computational domain obtained by the subtraction of the
cylinders from the rectangular area. The numerical algorithm is based on the Cartesian grid method
and is described in detail in [13]. The main idea of the method is the usage of the computational
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grids with the square cells, and the special consideration of the small cells obtained as a result of the
intersection of the regular square cells with the curvilinear boundaries of the bodies, using so called
“h-boxes ” [14].

The numerical algorithm and its program realization were tested on a number of SW problems. For
the problem of regular and simple Mach reflections of the SW from the wedge, the comparison of
the simulated distribution of the density along the wedge with the experimental data [15] gives a
maximal error of 8%. In the problem of SW — cylinder interaction, the pressure distribution along
the surface during SW diffraction coincides with the simulations using the detailed Navier-Stokes
equations [16] in the range of 1%. We also considered the problem of the interaction of SW with
Mach number 1.4, with the system of regularly arranged 16 cylinders [17]. The derived locations of
the pressure peaks at the upstream and downstream sensors, in comparison with [17], differ by not
more than 5%, the amplitudes — not greater than 10%.

The Navier-Stokes approach

For the solution of NS equations, multiblock computational technology is used. A grid is
constructed from a set of several structured grids. The first basic grid I consists of rectangular cells
(see Fig. 2). It is intended for computing the outer inviscid flow and has no relation to the body. The
second grid /1 is adapted to the body surface. Specifically, the lines of one of the coordinate families
of this grid are directed normally to the body. The nodes along these coordinate lines are condensed
exponentially toward the solid surface. To match the solutions obtained on grids I and /I, after
performing an integration step, the gasdynamic functions on the outer boundary L of grid II are
determined by interpolating the solution obtained on grid /. At the same time, the solution at all
nodes of I that belong to the domain covered by I is replaced by the solution obtained on grid I1. A
two-step difference scheme is used.
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Fig. 2. The multiblock computational technology.

Interpolation is used to recalculate the gasdynamic functions from one grid to the other. In the
considered two-dimensional case, the interpolation procedure is as follows. Whether the point O
belongs to the cell ABCD is checked by enumeration. This problem is solved only once to determine
interpolation coefficients, so there is no need to use faster cell-searching methods. The values of
functions at the node O are determined in terms of their values at the nodes A, B, C, and D. The
particular computation method to be used depends on the physical features of the problem under
study. For example, the value of f at the node O can be determined in terms of its values at any three
nodes (say B, A, and D) by applying the interpolation formula f, = f4 + a(fz — fa) + B(fp — f1), where
a=|AO x AB| |AD x AB| and B = |AO x AD| |AB x AD)|. To take into account the function value at
the node C, in a similar manner, we can express f, in terms of its values at the points of another
triplet, for example, D, C, and B. The final expression for fj is the arithmetic mean of the values
produced by two indicated methods.
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Interpolation coefficients can be chosen using mathematical considerations (including an increase in
the number of interpolation nodes to ensure the required order of accuracy), or physical
considerations. For example, by analyzing the direction of the velocity at cell nodes. The node A can
be specified as one at which the velocity is directed toward the point O (which is reasonable in the
case of supersonic flows). In various problems, it is reasonable to choose interpolation coefficients,
by applying the most suitable of the above-indicated methods. The described multiblock technology
was used for the solution of a number of the problems of the supersonic aerodynamics [18].

Both numerical algorithms for Euler equations and for NS equations have the second approximation
order.

RESULTS OF SIMULATIONS

Euler simulations are carried out at the uniform grid 10,400x200. The uniform grid for the inviscid
part of the NS simulations contains 18,000x400 cells. The grids adapted to the cylinders surfaces
contains 185x40 cells, with the exponential distribution of the cell size in the radial direction. The
resolutions were taken from the convergence study. The difference in the resolution of the grids in
Euler and NS simulations is due to the more diffusive numerical flux in NS simulations
(MacCormack instead of Godunov in Euler simulations). NS simulations are carried out for a
Reynolds number 10°.

The general character of the process of the SW — system of cylinders interaction is as follows. At
the initial stage of the process of SW — array of cylinders interaction, the reflected wave consists of
several parts, due to the incident SW reflection from the single cylinders forms. The strength of the
reflected wave increases in time because of the additional contribution of the disturbances caused by
the interaction of the leading SW with the cylinders downstream. As a result, after some time, the
almost flat collective reflected wave and transmitted wave forms. The flow in the wake of the
“cloud” is highly perturbed, with the formation of the structures like Karman vortex sheet.
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Fig. 3. Predicted pressure field in Euler simulation (upper) and NS simulation (lower) at the same time instant
0.4 ms. D = 1 cm. The scale is in atmospheres.

Figure 3 illustrates the typical spatial distributions of pressure in the numerical experiments. In the
Euler simulation, the reflected wave is stronger and faster than in the NS simulation. For the
transmitted wave, the situation is the opposite. The flow pattern near the front cylinders is similar in
both cases, but for the back cylinders that are in the wake of the front ones, the flow patterns differ
significantly. In general in the viscous simulation the pressure in the back part of the system of
cylinders is higher than in the non-viscid one. Fig. 4 illustrates typical pressure curves. Sensors Nos.
1 and 2 registers the reflected wave. The closest for the bed sensor No. 2 shows that, due to the
multiple reflections of leading SW from the cylinders, the pressure reaches the average level after
about 0.3 ms, after the beginning of the interaction. Sensors No. 3 and 4 register the transmitted
wave. For the sensors, pressure oscillates near the average value because of the vortex structures in
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the wave behind the system of bodies. By the averaging of such types of pressure curves, the
average pressure for each sensor were measured. Fig. 5 generalizes the obtained results for different
diameters of the cylinders.
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Fig. 4. Predicted pressure curves at the sensor No. 1 (red), No. 2 (green), No. 3 (blue) and No. 4 (black) in
Euler simulation (dashed) and NS simulation (solid). D = 1 cm.
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Fig. 5. Average pressure at the sensor No. 2 (left) and sensor No. 4 (right) for different D. Red — Euler
simulation, blue — NS simulation.

CONCLUSIONS

Comparative analyses of the simulations of the shock wave — system of cylinders interaction using
Euler and Navier-Stokes equations have been carried out. At distances of several diameters from the
cylinder system, the differences between the simulations using Euler and Navier-Stokes equations
are minimal. The average pressures behind the collective reflected and transmitted waves at
distances of several tens of diameters are compared. In the Euler simulation the reflected wave is
stronger and faster than in the Navier-Stokes simulation. For the transmitted wave, the situation is
the opposite. The effect is about 5%. So the Euler simulations are preferable at the distances of
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several diameters of the cylinder. In addition, the Euler simulations are much more economical in
CPU time. At a distance of several tens of diameters the viscous effects in the Navier-Stokes
simulations can refine the results.
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