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Abstract—Two-phase gas-particle f low over a f lat plate of finite thickness in a channel at a high sub-
sonic velocity and supersonic transverse f low past a cylinder are considered. The leading edge of the
plate is wedge-shaped or represents a smooth bluntness of constant radius. The wedge surface and the
front bluntness are specified both smooth and rough. The roughness is modeled by a two-dimensional
profile based on an experiment. Spherical particles and a mixture of particles in the form of ellipsoids
of revolution, rectangular prisms, prisms with f lat-cut vertices, and tetrahedrons are considered. The
parameters of each of the forms vary. The impact interaction model proposed earlier and consistent
with the experimental data on the coefficients of restitution of the center-of-mass velocity is used to
determine the translational and rotational velocities of non-spherical particles after rebound. Along
with monosized particles, a dispersed phase with a spread of particles in size is considered. The role of
the studied factors of random nature which affect the f low pattern and the dispersed phase parameters
is found.

Keywords: two-phase gas-particle f low, smooth and rough surfaces, mixture of non-spherical particles
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In real two-phase f lows of a gas with particles, many effects associated with the dispersed phase
dynamics are of the random nature, for example, the spread of particles in size, particle-to-particle colli-
sions in the f low, the non-spherical shape of particles, the roughness of surfaces, and turbulent f luctua-
tions in the carrier gas. In the classical theory of two-phase f lows of a gas with particles (see, e.g., [1]), all
these random effects are neglected.

In two-phase aerodynamics problems when a vehicle moves in an atmosphere that contains fine sand,
volcanic ash, or ice particles, the most important factors which determine the f low pattern of the dispersed
phase are the scattering of particles in their rebound from the surface of bodies due to their non-spherical
shape and surface roughness, as well as the particle size spread [2]. The quartz or synthetic corundum par-
ticles used in experiments in wind tunnels also have non-spherical shape and various sizes.

It is relatively easy to take into account the particles spread in size. For this purpose, it is necessary to
know the particle size distribution in undisturbed flow. In this case, the log-normal law is most commonly
used. In [3–6], f lows past bodies were studied taking into account the spread of spherical particles in size.
In the present study, the log-normal law is also adopted.

The non-spherical shape of particles affects their aerodynamic characteristics and, especially, the
impact interaction with the surface, leading to scattering after rebound. The influence of the non-spher-
ical shape of particles on the force and the moment exerted from the carrier gas is the subject of a number
of reviews and recent studies [7–12]. In the last of the cited works, based on direct numerical simulation
of f low past non-rotating particles of various irregular shapes with various random orientations in the
flow, a detailed study of the drag forces, transverse forces and moments was carried out in the range of
moderate Reynolds numbers  (  is the Reynolds number in f low about
a particle). It was found that the average value of the drag coefficient for particles close to isometric ones,
with a small aspect ratio of the largest and smallest sides, the aerodynamic characteristics of particles
depends only slightly on their shape and orientation over the entire considered range of the Reynolds
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numbers, while the transverse force coefficient and the moment depend more noticeably on the aspect
ratio; however, as the Reynolds number increases, the difference decreases. Being rebounded from the
surface, the particles can be strongly twisted. The f low about rotating particles is accompanied by
appearance of the transverse Magnus force. As shown by preliminary calculations, in the problems
considered in the present study the Mach number, the Reynolds number, and the rotational Reynolds
number of the carrier gas f low about ref lected particles can reach the values , ,

and Repω = , respectively. In these parameter ranges, for intensely rotating par-
ticles of non-spherical shape the data on the aerodynamic drag, Magnus force, and damping torque
coefficients are not available in the literature. Therefore, in this study these coefficients were calculated
as for spherical particles.

In early investigations of the impact interaction of particles with various surfaces, the rebound param-
eters were experimentally studied depending on the materials of particles and obstacles and the angle of
impact. Some empirical relations were proposed for the coefficients of restitution of the normal and tan-
gential velocities of the center of mass of particles in the plane of impact under rebound [13–17]. Relations
of this kind were used in modeling the dispersed phase f lows in the neighborhood of bodies [18, 19].
At the same time, models of the collision of a particle with an obstacle were developed, including the
description of dynamic interaction of a particle with a surface. The model of the sliding impact of a par-
ticle is presented in monograph [20]. In the case of the sliding impact, the momentum equation and Cou-
lomb’s law of friction with the dynamic friction coefficient were used. This model has been widely used
and is now used to calculate the gas-particle f lows in channels when the velocity of particle collision with
walls is low [21–23]. In [24], the impact velocities typical for aircraft moving in a dusty atmosphere were
considered and a three-dimensional model of the rebound of a non-spherical particle from an obstacle
was proposed. In this model it was assumed that the tangential velocity of the point of contact of the par-
ticle with the surface at the instant of rebound is equal to zero. In [25], this model was extended to the case
of nonzero tangential velocity of the point of contact at the instant of rebound. In [26], a semi-empirical
model of the impact interaction of a non-spherical particle with a smooth surface was proposed. In this
model the sliding of the particle relative to the surface is admitted for the entire time of the impact inter-
action. It was assumed that the tangential momentum is proportional not only to the normal momentum,
as in Coulomb’s law, but also to the average tangential velocity of the particle contact point during the
impact. The model also took into account orientation of the particle relative to the surface before
a collision. On the basis of this model, the average and most probable values of the coefficients of restitu-
tion of the normal and tangential velocities of the center of mass of particles of various shapes and a mix-
ture of particles of various shapes with varying shape parameters were determined. The results for average
values are in good agreement with the experimental data [15] for the coefficients of restitution of the veloc-
ity components of the particle center of mass. It is this model that is used in the present work to study
numerically the dispersed phase f low when particles rebound from a surface.

Surface roughness, along with the non-spherical shape of particles, is the most important factor that
can lead to significant scattering of ref lected particles. Modeling of the surface roughness, especially if it
arises as a result of abrasive erosion, is one of the most difficult problems in the aerodynamics of two-
phase f lows of a gas with particles. In [22], the f low of spherical particles in a channel with rough walls was
studied. The roughness profile was not considered and, during the impact interaction of particles with
walls, the impact angle was set randomly based on the normal distribution law. Later, in [27], it was pro-
posed to consider the roughness profile by itself, which was described by a quasi-periodic random func-
tion. Its parameters were taken so that the scattering indicatrices of ref lected particles were close to those
obtained for a real, almost two-dimensional roughness profile. As noted in [28], this approach has an
important advantage since it allows one to take into account possible multiple collisions of a particle with
a rough surface during rebound and also shadow zones at small impact angles. Subsequently, some models
of the surfaces with isotropic and anisotropic roughness were proposed [29, 30]. In the present study,
a two-dimensional roughness relief is considered. Such a relief is observed in some experiments on the
interaction of particles of synthetic corundum and an obstacle of ductile metal in the range of impact
velocities of 100—300 m/s. As proposed in [24], the relief is described by a random function.

The aim of this work is to study f low of the dispersed phase taking into account the scattering of non-
spherical particles during rebound from a smooth and rough surface and the spread of particles in size with
reference to two-phase f low over a plate of finite thickness with various leading edge profiles in a channel
with high subsonic velocity and supersonic f low past a cylinder.
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DUSTY GAS FLOW PAST BODIES UNDER SCATTERING 571

Fig. 1. Diagram of subsonic f low over a plate in a channel (on the left) and supersonic f low past a frontal surface of a cyl-
inder (on the right).
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1. FORMULATION OF THE PROBLEM AND THE GAS-PARTICLE FLOW MODEL

1.1. Flow Diagrams

We will consider two problems, namely, symmetrical f low over a f lat plate of finite thickness b in
a channel of width H and supersonic uniform transverse gas-particle f low in the neighborhood the frontal
surface of a cylinder. The plate had the wedge-shaped leading edge, as shown in Fig. 1, or the rounded
leading edge with the radius equal to half the plate thickness. The wedge half-angle  was taken to be equal
to 15°. In an undisturbed flow, the dispersed phase had the appearance of a cloud (Fig. 1). To visualize
the features of the dispersed phase f low pattern after rebound of particles, a particle cloud of finite thick-
ness h was considered. In the problem of f low over the plate it was taken , and in the problem of
flow past the cylinder it was taken h = D. The cloud length was chosen from the condition of obtaining the
stationary particle phase f low patterns. Flow of a mixture of isometric particles of various shapes was stud-
ied (Fig. 2), the parameters of each of the shapes were varied as described in [26]. For a plate in a channel,
smooth and rough surfaces of a wedge or blunt leading edge were considered; the channel walls were
assumed to be smooth. In the problem of transverse f low past a circular cylinder, its surface was assumed
to be smooth. To estimate the effect of the spread of particles in size on the particle phase f low pattern, a
mixture of monodisperse (identical in mass, although different in shape) and polydisperse particles was
studied. The effects associated with the possible destruction of particles and surfaces during impacts were
not taken into account.

1.2. Carrier Gas Flow Model

The particle volume fraction was assumed to be very low, so that the effect of particles on carrier gas
flow was negligible. In [31] it was shown that such an assumption is valid when the volume particle fraction
is less than ~10–6. In both problems, the characteristic Reynolds numbers are of the order of 106. High-
inertia particles of synthetic corundum for which the Stokes number was of the order of 10–102 were con-
sidered. For such two-phase f low parameters, the boundary layers on the surfaces do not have any effect
on particle dynamics, so the gas f low fields were modeled based on the Euler equations. For the compress-
ible gas, in Cartesian coordinates  the Euler equations take the form:

(1)

where Q is the vector of conservative variables, and  and  are the vectors of convective terms that are
determined by the relations:
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(3)

In the above equations,  is time,  and  are the components of the velocity vector V along the x and

y axes, , ,  and  are the density, the pressure, the specific total energy, and the temperature, respec-

tively,  is the gas constant, and  is the specific heat capacity at constant volume.

In the channel f low, the velocity , the pressure , and the temperature  are specified on the inlet

boundary, while the pressure  is specified on the outlet boundary. In the supersonic f low past a cylin-
der, the velocity, the pressure, and the temperature are also specified on the inlet boundary, while “non-
reflecting” conditions are given on the outlet boundary.

1.3. Model of Gas-Particle Interaction
In the present study, collisions between particles are not taken into account and the motion of particles

is described based on the Lagrangian approach [20]. The momentum and angular momentum equations
for a single particle take the form:

(4)

where , , , , and  are the mass, the moment of inertia, the velocity, the angular velocity, and

the radius-vector of the particle, respectively.

The force  exerted on a particle from the carrier gas includes the drag force  and the transverse

Magnus force  ( ) which dominate the remaining components of the interphase force in the

flows considered. These forces and the moment  exerted on the rotating particle can be expressed in

terms of the dimensionless coefficients , , and :

where 

Although we consider non-spherical particles, the model of gas-particle interaction is based on the
results for spherical particles. This is partly justified by the closeness of the drag coefficients of non-rotat-
ing spherical and non-spherical isometric particles in a wide range of Reynolds numbers in the relative

motion (up to  ~ 103) [8]. In [32], the drag and lift forces and the moment were numerically studied

for non-spherical particles at low Reynolds numbers and relative rotation velocities characteristic of gas-
particle f lows in pipes. At present, studies of the drag, the lift, and the moment for non-spherical particles
in the ranges of f low parameters characteristic of f light conditions in a dusty atmosphere are unknown to
the authors. Therefore, in the present study, for the drag, Magnus lift, and moment coefficients we use the
relations proposed for spherical particles. These relations approximate the analytical, experimental, and
numerical data over a wide range of constitutive parameters in the f low past a particle. Of course, such an
approach introduces some error into the model of gas-particle interaction; however, the relations for rap-
idly rotating non-spherical particles (in the f lows considered below, the angular velocity of rotation of par-

ticles  reached ~  s–1) are not known to the authors.

For the drag coefficient CD the approximation formulas proposed in [33] were used, in which it was

taken  since CD in the f lows under consideration depends only slightly on the particle/gas tem-

perature ratio:
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Table 1. The coefficients  and  for various ranges of the rotational Reynolds number of a particle 

Repω 0–6 6–20 20–50 50–4 × 104

0 5.32 6.44 6.45

37.2 32.2 32.1

1lC 2lC ωRe p

1lC

2lC π16
Here, Rep and Mp are the relative Reynolds and Mach numbers for a particle,  is the value of  at

, and  is the value of  at .

The coefficient CM was calculated using the exact solution [34] or the approximate formula [35] which

depends on the parameter :

The expression for the coefficient CL was taken in the form proposed in [36]

where  is the rotational Reynolds number and the constants  and  are given in Table 1.

1.4. Model of Impact Interaction of a Particle and the Surface

The impact interaction of particles with the surface and the particle rebound affect substantionally the
structure and parameters of gas-particle f low. In two-phase aerodynamics, an important feature of parti-
cle-surface collisions is the high collision velocity. Despite the efforts of researchers to develop the impact
models that take into account the physical and mechanical properties of particles and the wall [37–39],
at present the experimental information on the coefficients of restitution of the velocity components of the
centers of mass of particles during rebound is most reliable. In real f lows, the particles almost never have
the spherical shape. Their orientation at the instant of impact and the direction of rebound are random.
Moreover, during reflection a non-spherical particle can hit the wall more than once before it f lies into
flow. In this study, we use a semi-empirical model of the rebound of non-spherical particles [26], which
takes into account the above effects and which is in good agreement with the experimental data [15] on
the average values of the coefficients of restitution of the centers of mass of a mixture of particles of various
shapes at impact velocities of 50–350 m/s.

The model of rebound includes the description of a single collision of a particle with the rigid surface
(Fig. 3).
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Fig. 2. Particle shapes and angles , , and , which determine the orientation of a particle in space: rectangular
prism (a); prism with f lat-cut vertices (b); ellipsoid of revolution (c); tetrahedron (d).
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Fig. 3. Collision of a non-spherical particle with a wall.
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Assuming that the position of the particle relative to the surface does not vary during a very short time
of impact, in integral form the equations for variation in the momentum and the angular momentum of
a particle take the form:

where mp and  are the mass and the tensor of inertia of a particle, fc and S are the force and the impulse

exerted on the particle at the point of contact,  is the time interval during which the force fc exerts on the

particle, the superscripts “–” and “+” denote the particle parameters before and after collision (Fig. 3).
A combination of these equations with the kinematic relation

which relates the change in the velocity of the point of contact of a particle Vc with the change in the trans-

lational velocity of the particle center of mass Vp and the angular velocity , gives
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Fig. 4. Average (1) and most probable (2) values of the relative rebound velocities for a mixture of non-spherical particles
of various shapes as functions of the angle of incidence ; (3) experimental data [15].
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The last equation contains two unknown vectors  and .
In the case of impact interaction of a rigid non-deformable particle with the wall of an elastic-plastic

material at impact velocities typical for the motion of aircraft in a dusty atmosphere, it is assumed that,
firstly, the impulse of the force exerted on the particle tangentially to the surface is proportional to both
the normal impulse, and the average tangential velocity of the contact point; and secondly, for the coeffi-
cient of restitution of the normal component of the particle velocity at the point of contact, the relation
can be taken which was obtained experimentally for the normal velocity of the center of mass of the par-
ticle by measuring the force exerted on the rigid plate from the dispersed phase.

In this case, for the change in the velocity components of the center of mass of the particle, we can
write:

where , ,  and , ,  are the components of the vectors  and  in the coordinate
system  (Fig. 3). The coefficient of dynamic resistance to particle sliding in the tangential direction
Cf depends on the mutual position of the vectors  and Vp (  determines the location of the point of con-
tact with respect to the center of mass of a particle at the instant of impact, Fig. 3). In the present study,
for Cf we took the following dependence:

For the parameter , which is the coefficient of restitution of the normal velocity of the particle at the
point of contact, we adopt the formula proposed in [15] for an:

Previously, it was established [26] that the average rebound velocities are in the better agreement with
the experimental data for a mixture of particles than for particles of a fixed shape. In Fig. 4 we have repro-
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Fig. 5. View of the rough surface of the wedge observed in the experiment (the half-angle of the wedge is equal to 15° and
the flow velocity is equal to 200 m/s) and diagram of the rebound of a particle from the rough surface.
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duced the results of calculations of the normal and tangential velocity components of the centers of mass
for a mixture of particles of various shapes with varying shape parameters in the case of non-rotating inci-
dent particles.

1.5. Modeling of Surface Roughness

The surface roughness can significantly affect the particle scattering during rebound and, conse-
quently, the particle phase f low pattern; therefore, the modeling of the roughness relief is important when
considering the f low of a gas with solid particles past bodies. One of the reasons for the occurrence of
roughness is abrasive erosion of the surface under the action of particle impacts at high velocities (more
than 50 m/s). The roughness relief can be both three-dimensional and close to two-dimensional. At pres-
ent, the authors do not know papers which theoretically describe or numerically simulate the development
of roughness during abrasive erosion; however, there are few experimental data on the structure of the sur-
face relief. In the present paper, we consider the roughness relief obtained in experiments on the f low over
a wedge of a ductile material in the case of gas f low with particles of synthetic corundum (Fig. 5).

The relief has the form of waves transverse to the direction of f low. In the present study, the roughness
profile in the impact plane (X, Y) is modelled by a sine-shaped function  with random period and
amplitude [24]. Given a sequence of N points with random coordinates , where ,

,  (i = 1, 2, ..., N), through which a cubic spline is drawn. The quantity  is the
average step of the real roughness profile, random variables  and  are taken based on the normal distri-
bution law with mean values equal to zero and standard deviations  and . The quantity  is deter-
mined as the average height of the hills. The quantity  is determined from the condition of agreement
between the scattering characteristics of reflected particles in the impact plane for the experimental and
model roughness profiles. If during the generation of coordinates  and  their values were obtained out-
side the intervals  and , respectively, then this pair of coordinates was eliminated from
consideration and the generation was repeated. In the present study, the following values of the profile
parameters are taken:  μm,  μm, and  μm.

When modeling the rebound (reflection) of particles from a rough surface, two angles are introduced:
the impact angle  shown in Figs. 3 and 5, and the local angle of collision of a particle with a rough sur-
face , which is generally different from . The value of   for each collision is determined by the particle
trajectory and the slope of the roughness profile at the collision point. In the case of a smooth surface,
obviously, .

Direct numerical simulation of the rebound of a large number of initially non-rotating particles from
the smooth and rough surface was performed at various angles of incidence . Spherical particles and a
mixture of particles of various shapes were considered. The orientation of non-spherical particles relative
to the surface at the instant of the first collision was considered to be random and equiprobable. The pos-
sibility of multiple collisions of particles with the surface during the rebound was taken into account.
The angle  was varied over the range from 15° to 90° in a step of 15°. Based on the results of calculations
of the rebound of 108 particles for each value of , the scattering indicatrices of reflected particles in the
impact plane were obtained (Fig. 6).
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Fig. 6. Scattering indicatrices for reflection of a mixture of non-spherical particles from smooth (on the left) and rough
(on the right) surfaces and for reflection of spherical particles from a rough surface (in the center); the direction of
rebound of a spherical particle from a smooth surface is shown by a red dashed line.
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It can be seen that the surface roughness strongly affects the reflection characteristics of even spherical
particles. The scattering indicatrices of non-spherical particles during reflection from the smooth and
rough surfaces also differ significantly. Further, when studying the particle phase f low patterns, we will
consider both smooth and rough surfaces.

2. RESULTS OF NUMERICAL SIMULATION OF PARTICLE-PHASE FLOW
AND THEIR ANALYSIS

This section presents the results of a systematic numerical study of f low patterns of the dispersed phase
for f low over a plate of finite thickness in a channel and for supersonic transverse f low past a circular cyl-
inder. In all the cases, air was taken as the carrier gas (the gas constant  J/(kg K) and the heat
capacity ratio ).

= 287R
γ = 1.4
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Initially, equations (1)-(3) were solved numerically using the CFD method with high accuracy.
The total number of grid cells in the channel was 400 thousand. The total number of grid cells in the shock
layer near the frontal surface of the cylinder was about 250 thousand. The steady f low was obtained as the
steady-state limit reached by the time-dependent solution with time.

To visualize the features of the dispersed phase f low patterns, a cloud was considered (see Fig. 1) in
which the particles were located randomly and equiprobably. The Lagrange method was used and equa-
tions (4) were numerically solved using the relations for fp and Lp given in Subsection 1.3, as well as the
model of impact interaction of a particle with a surface described in Subsection 1.4 was used. For a polydisperse
particle phase, the log-normal distribution of particles in size is adopted:

(5)

where the parameter  is related to the most probable particle size  by the formula dg = .
The calculations were carried out at .

2.1. Flow over a Plate in the Channel
The following dimensions of the channel, plate, and particle cloud were taken (Fig. 1):  m,

 m,  m. The inlet boundary was located at the distance  m upstream of the
leading edge of plate. At the inlet boundary, the velocities of both phases were taken to be identical and
equal to  m/s, the pressure  kPa, the temperature  K (the Mach number
M∞ = 0.6 and the Reynolds number ).

The density of the particle material (corundum) is equal to  kg/m3. In the calculations the
size (diameter) of spherical and non-spherical monodisperse particles dp was equal to 32 μm (character-
istic Stokes number  ≈ 4). For the polydisperse particles the size was varied in the
calculations within approximately from 4 to 200 μm.

A plate with a smooth and rough wedge-shaped and rounded leading edge was considered.
In Fig. 7 we have reproduced the instantaneous patterns of particles from the initial cloud (see Fig. 1)

when the f low takes place over a plate with a wedge-shaped leading edge at an angle . In Fig. 8 we
have reproduced similar particle patterns near a plate with the rounded leading edge. The number of visu-
alizing particles in each of the figures was chosen so as to represent most expressively the features of the
flow of the dispersed phase. The f low pattern over the plate of monodisperse spherical particles after their
rebound from the round leading edge with the rough surface (Fig. 8b) qualitatively differs from other pat-
terns. At first glance, this seems unexpected. In this case, an analysis of the behavior of particles shows
that the pronounced “splitting” of the layer of particles with an increased concentration in the case of
a rounded leading edge is associated with the appearance of two dominant directions of rebound of spher-
ical particles from the rough surface at angles of incidence close to  (Fig. 6). A similar situation
also occurs in the case of non-spherical particles, but the irregularity of their rebound leads to an addi-
tional scattering. This smooths the “splitting” of the layer of particles with a higher concentration.

During the motion of a polydisperse mixture of non-spherical particles, the Mach number Mp reached
0.9 immediately after particle rebound for a wedge-shaped leading edge and up to 1.25 for a rounded lead-
ing edge. Further downstream, the Mach number monotonically decreased until rebound from the chan-
nel walls, when it reached values in the range from 0.2 to 0.5, and then monotonically decreased again.
The Reynolds number Rep varied in a similar way. At the instant of the first rebound, Rep reached 1600–
2700 and then decreased until the next rebound from the channel walls. The highest value of the rotational
Reynolds number  reached 500–1200. The smaller value corresponds to the blunted leading edge of
the plate, and the largest one corresponds to the wedge-shaped edge.

Along with the study of the f low patterns of particles from the initially thin near-axial homogeneous
cloud, the f low of the entire dispersed phase in the channel was also studied, including those particles
which did not collide with the plate and the channel walls. In Fig. 9 we have reproduced two examples of
the complete f low patterns of a monodisperse phase in the case of f low over a plate with the round leading
edge and the corresponding relative particle concentration profiles  (  is the volume parti-
cle concentration in the undisturbed flow) in the outlet channel cross-section. In these f low fields, two
layers with an increased particle concentration are formed. One layer consists of reflected particles, the

∞
 − −  π    

2ln ln1( ) = exp ,
2 ln 2ln

p g
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d d
g d

d s s

gd pmd 2exp(ln )pmd s
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∞ = 200V ∞ = 100p ∞ = 268T

∞ ∞ ∞ ∞ρ μ ≈ × 6Re = / 6 10V H
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ωRe

∞φ φ φ= /p p p ∞φp
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Fig. 7. Particle cloud flow patterns near the leading edge of the plate (on the left, enlarged) and downstream in the channel
(on the right): ; (a)–(d) correspond to spherical particles; (e–h) correspond to a mixture of non-spherical parti-
cles; (a, b, e, f) correspond to monodisperse particles; (c, d, g, h) correspond to polydisperse particles; (a, c, e, g) corre-
spond to the smooth surface of the wedge; and (b, d, f, h) correspond to the rough surface of the wedge.

(а)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

θ °= 15
other appears near the plate on the boundary of the particle-free region and consists of particles that had
no collisions with the plate. The profiles of the relative volume particle concentration were also calculated
for all considered cases of the dispersed phase and the surface of the leading edge. The main results are
shown in Fig. 10. It can be seen that in the case of spherical monodisperse particles, two maxima are
always obtained, both for the wedge-shaped and for the blunt leading edge of the plate. For a mono-
disperse mixture of nonspherical particles, only one maximum appears on the boundary of the particle-
FLUID DYNAMICS  Vol. 58  No. 4  2023
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Fig. 8. Particle cloud flow patterns near the rounded leading edge of the plate (on the left, enlarged) and downstream in
the channel (on the right): (a–d) correspond to spherical particles; (e–h) correspond to a mixture of non-spherical par-
ticles; (a, b, e, f) correspond to monodisperse particles; (c, d, g, h) correspond to polydisperse particles; (a, c, e, g) cor-
respond to the smooth surface of the rounded edge; and (b, d, f, h) correspond to the rough surface of the rounded edge.

(а)

(b)

(c)

(d)

(e)

(f)

(g)

(h)
free region. In the case of the blunt leading edge, this maximum is very sharp, regardless of whether the
spherical particles or the mixture of non-spherical particles are considered and whether the blunt surface
is smooth or rough. The relative volume concentration of particles in this maximum reaches  ≈ 5.4.
From the classification of singularities in the collisionless medium of particles, this maximum corre-
sponds to a caustic. As can be seen from Fig. 10, for the taken parameters of the two-phase f low, the

φp
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Fig. 9. Full patterns of monodisperse particles f low in a channel near a plate with the rounded leading edge (on the left)
and profiles of the relative particle volume fraction  in the outlet section of the channel (on the right): spherical parti-
cles, smooth blunt surface (a); and a mixture of non-spherical particles, rough blunt surface (b).

0 1

(a)

(b)

2 3 �p
�

φp

Fig. 10. Profiles of the relative particle volume fraction  in the outlet section of the channel in the f low past a plate with
the wedge-shaped leading edge (top row) and with a rounded leading edge (bottom row): solid curves correspond to the
monodisperse particles, dots to the polydisperse particles; (a, b, e, f) correspond to spherical particles; (c, d, g, h) corre-
spond to a mixture of non-spherical particles; (a, c, e, g) correspond to smooth and (b, d, f, h) to rough surface of wedge
or blunt.
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polydispersity of particle phase has the greatest effect on the concentration profiles. Different fractions are
mixed in the disturbed f low region and, as a result, the concentration profiles are smoothed out and the
maximum decreases significantly.

2.2. Supersonic Flow past a Cylinder

In numerical simulation, the following input data were taken: the cylinder diameter D = 20 mm, the
free-stream flow velocity  m/s, the pressure p∞ = 50 kPa, and the temperature T∞ = 70 K.
The particles represent sand (the density of 2650 kg/m3), the size of monodisperse particles and the most
probable size of polydisperse particles dp are equal to 4 and 10 μm. These values correspond to the Mach

and Reynolds numbers  and  and the characteristic Stokes number

.

∞ = 300V

∞M = 1.79 ∞ ∞ ∞ ∞ρ μ ≈ × 6Re = / 3 10V D

∞ ∞ρ μ ≈ −� 2Stk = /(18 ) 1.8 11p pd V D
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Fig. 11. The flow pattern of reflected particles in the shock layer near the frontal surface of the cylinder: spherical particles
at the top, a mixture of non-spherical particles at the bottom; (a, b, e, f) correspond to monodisperse particles, (c, d, g,
h) correspond to polydisperse particles; (a, c, e, g) correspond to the size dp or the most probable size  is equal to 4 μm,
and (b, d, f, h) correspond to the size or the most probable size of 10 μm.

(a)

(e)

(b)

(f)

(c)

(g)

(d)

(h)

pmd
The influence of scattering of non-spherical particles upon rebound from the surface and the effect of
particles spread in size on the f low structure of the dispersed phase were studied. The interaction of
a cloud of particles with the cylinder was simulated (see Fig. 1). The cylinder surface was assumed to be
smooth. The results are given in Fig. 11.

As can be seen, the smaller particles (dp = 4 μm) scatter more weakly and relax faster towards the carrier
gas f low. The larger particles (dp = 10 μm) bounce over a greater distance, scatter more strongly, and form
a much thicker layer of reflected particles. The polydispersity of the particle phase leads to mixing of the
fractions even when the particles move towards the cylinder in the shock layer. Subsequently, the spread
of particles in size leads to a significant “smearing” of the layer of reflected particles.

One of the most negative phenomena when a body moves in a dusty atmosphere is abrasive erosion of
its surface. As a result of multiple particle impacts, a rough surface relief appears and further destruction
of the body with mass loss can occur. The erosion process depends on the physico-mechanical properties
of the particles and the body and on the velocity and the angle of impact [40]. The effect of the dispersed
phase on the body can be estimated from losses of the kinetic energy of particles during rebound. In the
general case, the kinetic energy losses are distributed between the reflected particles and the body and
include heating, deformation and destruction. If the particles are not deformed and are not destroyed in
the impacts, and the material of body is elastic-plastic, then the energy losses of the particles are distrib-
uted between heating, deformation and destruction of the body. On the basis of calculations of a large
number (~106) of collisions of particles with the surface of cylinder, the dependences of the relative loss of
the kinetic energy of particles upon reflection were found. The results obtained are presented in Fig. 12
(E is the kinetic energy f lux of incident particles and  is the losses of the kinetic energy during reflec-
tion).

The symbols correspond to the average values of particle energy losses during rebound from the surface
of a cylinder in the ranges of the angle  from 0° to 10°, from 10° to 20°, etc. The maximum energy losses
(the maximum intensity of the total - thermal and erosive – action of the particle phase on the cylinder)
are observed near the forward point  and with increase in  (with decrease in the impact angle

, Fig. 3), they decrease, in the case of a monodisperse particles to zero in the region . The
latter is explained by the absence of collisions of particles with the surface here, since a region free from
particles appears near the midsection (see Fig. 11). Note that for ductile materials, the most intense
destruction occurs at the impact angles  ~ 20° [40]. This allows us to conclude that the particle energy

ΔE

ϕ

° ≤ ϕ ≤ °0 10 ϕ
α1 ° ≤ ϕ ≤ °80 90

α1
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Fig. 12. Relative losses of the kinetic energy of a dispersed particles during their impact interaction with the cylinder sur-
face: the size of monodisperse particles or the most probable size of polydisperse particles  μm; curves 1
and 2 correspond to the spherical particles, curves 3 and 4 correspond to a mixture of particles of various shapes; curves
1 and 3 correspond to the monodisperse particles, and curves 2 and 4 to the polydisperse particles.
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losses in a wide vicinity of the forward point are mainly distributed between heating and plastic deforma-
tion.

SUMMARY
The numerical simulation of two-phase f low of gas with particles at a high subsonic velocity near the

plate of finite thickness in a channel and at a supersonic velocity near a cylinder was performed. The main
attention was paid to random effects: the scattering of particles reflected from the surfaces due to their
non-spherical shape and surface roughness, as well as the spread of particles in size. A mixture of non-
spherical particles of several shapes was considered, namely, ellipsoids, rectangular prismatic particles,
prisms with f lat-cut vertices, and tetrahedrons. The parameters of the shapes were varied. A new model of
impact interaction was used to calculate the translational and rotational velocities of particles after
rebounding from the surface. This model ensures good agreement with experimental data on the average
values of the coefficients of restitution of the normal and tangential velocities over the entire range of
impact angles. Inertial particles were considered (the characteristic Stokes number Stk: Stk ≈ 1.8–11).
The results were compared with those obtained for spherical particles.

The study showed that the scattering of particles during reflection and their polydispersity radically
change the particle phase f low pattern, and these effects should be taken into account when simulating gas
flows with particles in problems of two-phase aerodynamics.

The reflection of particles is accompanied by the loss of their kinetic energy. Such losses are associated
with heating and abrasive surface erosion. The erosion process leads to a change in the surface topography
and subsequent mass removal. At present, there are no models that describe the process of formation of
a surface roughness relief as a result of erosion, and here the results of experiments are the most reliable.
The appearance of surface roughness affects not only the scattering of particles during rebound, as shown
in this study, but can affect friction, heat f lux, and laminar-turbulent transition in the boundary layer, and
it is important to take into account in aerodynamic problems.
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