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Abstract: A review of computational-theoretical and experimental works devoted to the study of
the flow of bodies by two-phase (dispersed) flows is carried out. The features of particle motion in
the vicinity of bodies of various shapes, as well as the effect of the dispersed phase on resistance
and heat transfer, are considered. Some consequences of the interaction of particles and droplets
with the surface of streamlined bodies (erosive destruction, gas-dynamic spraying, icing, glowing)
are analyzed.
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1. Introduction

The gas dynamics of heterogeneous flows with dispersed admixtures in the form
of solid particles or liquid droplets has been one of the most rapidly developing areas
of the mechanics of multiphase (two-phase) media for many decades. This is due to
the numerous engineering applications of such flows (steam generators, facilities for the
thermal pretreatment of coal, heat exchangers with two-phase working fluid, sand and
bead blasting facilities, dust collectors of different types) and their wide distribution in
nature (tornados, dust storms, volcanic eruptions, snow, rain). One of the most important
classes of two-phase flows is the flow of gas with an admixture of solid particles or droplets
near the limiting surfaces and when flowing around bodies and obstacles.

Interest in the problem of the flow of bodies by a gas stream containing dispersed
particles or droplets arose in the early 1950s. Initially, it was caused by the problems such
as the filtration of impurities, sampling from dusty streams for their dispersion analysis
in relation to the study of a wide range of problems of atmospheric aerosol dynamics. A
little later, interest in two-phase aerodynamics appeared in aviation in connection with the
problems of aircraft icing and the gas-drop erosion of propellers when flying in clouds, fog,
and in the presence of rain.

In the following years, the relevance of the study of two-phase flows was supported by
the rapid development of aerospace technology. Initially, these were mainly internal tasks
related to the flow of two-phase media in the nozzles of rocket engines. Somewhat later,
there was interest in the problems of external flow of bodies with two-phase flows. This was
due to two circumstances. Firstly, numerous experiments have revealed a sharp (sometimes
multiple) increase in heat flow at the critical point of blunted head parts. Secondly, the
effect of the erosive destruction of the surfaces of aircraft bodies in a dusty atmosphere was
detected. Most recently, this interest has been associated with international programs for a
flight to Mars, which has a dusty atmosphere.

The phenomena of thermal erosive destruction are caused by the combined action of
a number of reasons: (1) a change in the structure of the flow of a stream running into the
body [1-5]; (2) a change in the characteristics of the boundary layer [6-9] developing on a
streamlined body; (3) a change in the parameters of vortex zones and turbulent traces [10-14];
(4) the presence of collisions of particles (droplets) with the surface and with each other; (5) a
change in the roughness of the surface and others.
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The intensity of the processes accompanying the flow of two-phase flows around
bodies depends primarily on the inertia and concentration of particles (droplets). It should
be noted that the particle inertia is directly determined by the geometry and flow parameters
and can vary for the same particles (droplets) within very wide limits. The presence
of various characteristic times (length) of the carrier flow (near the critical point of the
streamlined body, along its surface, the actual turbulent scales, etc.) greatly complicates the
study of such flows and the generalization of data. As for the concentration of the dispersed
phase, its value can be many times higher than the “initial” value in an undisturbed flow
due to the sharp deceleration of the flow when approaching the body, the interaction of
particles (droplets) with the wall, as well as interparticle (inter-drop) collisions.

The main tasks of studying the flow of bodies by two-phase flows with particles or
droplets include (1) investigation of the movement of particles (droplets) and determination
of their trajectories; (2) determination of the influence of particles (droplets) on the flow
of gas; (3) investigation of the processes of interaction of the dispersed phase with the
streamlined surface, including erosive wear, gas-dynamic spraying, icing, etc.

As far as the authors know, despite the significant number of available works devoted
to most different aspects of two-phase flows past bodies and the colossal breadth of
their possible practical applications, there are no monographs or reviews devoted to this
important class of two-phase flows. It is this gap that the present work aims to fill.

This review presents and analyzes the results of computational, theoretical, and exper-
imental works devoted to the study of the flow of bodies by two-phase flows containing
particles or droplets.

2. The Flow of Bodies by Streams with Particles (Drops): The Main Characteristics

Some characteristics of the particle inertia and droplets moving in two-phase flows
will be described below, as well as the main dimensionless criteria used to summarize the
research results.

2.1. Particle Inertia (Droplets): Dynamic Relaxation Time

The behavior of particles and droplets in gas flows is largely determined by their
inertia. The particle inertia (droplets) moving in the flow depends primarily on their size
(diameter) d), and physical density p,.

The most complex characteristic of the particle inertia is the dynamic relaxation time
Tp, represented in the following form:

_ C(Re,,) = de% 1
= 0/ CR) = g e, ) W

Here, 7,0 is the dynamic relaxation time of a Stokesian particle (drop); y is the dynamic
viscosity. Note that the relaxation time of a particle (drop) also depends on the dynamic
viscosity of the medium in which its motion occurs. The correction function C(Re,)
considers the effect of inertia forces on the relaxation time of a non-Stokesian particle (drop).

2.2. Stokes Numbers

One-phase turbulent flows are characterized by several spatial and corresponding
time scales. As a result, it is possible to derive several dimensionless criteria—Stokes
numbers—which determine the particle inertia (droplets) relative to certain flow scales, in
the following form:

T
Stk; = £, 2
=7 @
where T; is the some characteristic time of the carrier phase.

In [1], three main dimensionless criteria are distinguished: Stk fr Stk;, and Stkx—Stokes
numbers in time-averaged motion, large-scale fluctuation motion, and small-scale fluc-
tuation motion, respectively. When analyzing these criteria, Ty, Tr, and T are chosen
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as characteristic times—the characteristic time of the carrier phase in averaged motion,
large-scale fluctuation motion, and small-scale fluctuation motion, respectively.

Considering the above, when considering the flow of bodies by two-phase flows, the
Stokes numbers in averaged motion are defined as

E:TPUO

StkfR - Tf R s (3)
T T U
Sthyp =7 = =, )

where Uj represents the characteristic velocity of the incoming flow, and R and D are the
radius and diameter of the streamlined sphere (cylinder).
To account for the effect of large-scale vortices on the motion of particles (droplets),
the Stokes number is used in large-scale fluctuation motion,
Tp Tp W rms

Stk; = — =~

o~ ©)

where A represents the Lagrangian integral scale of turbulence, and u/,;5 is the RMS value
of the fluctuating flow velocity.
To account for the effect of small-scale vortices on the motion of particles (droplets),
the Stokes number is used in small-scale fluctuation motion,
T T
Stky = - ~ 2

TK Ve

where T represents the Kolmogorov timescale of turbulence, v is the kinematic viscosity,
and ¢ is the turbulence energy dissipation rate.

(6)

2.3. Reynolds Number

The Reynolds numbers when considering the flow of bodies by flows are defined as

_ UpR
Reg = v (7)
Rep = UOVD . (8)

In two-phase flows, the main criterion determining the flow mode is the particle
(droplet) Reynolds number Re, (Rey), calculated from the relative velocity between phases
and particle diameter d),

_ |wldp _ lu—v|dy,

R
ep v v ’ (9)

where u represents the velocity vector of the carrier gas, and v is the velocity vector of
particles (droplets).

2.4. The Particle Sedimentation Coefficient

An important characteristic is the particle sedimentation (trapping) coefficient 7. Its
magnitude is the ratio of the number of particles that have collided with the body to the
number of particles that could collide with it if their trajectories were straight lines.

In the case of axisymmetric flow (for example, a flow past the sphere), when the particle
size is negligible compared to the size of the body, the particles are evenly distributed in
the incoming flow, and their trajectories are symmetrical, the sedimentation coefficient can

be defined as
n="Yo (10)
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where i, = vy, /R is the dimensionless distance from the axis of symmetry of the flow, at
which (in the flow undisturbed by the presence of a body) the particles only meet the body
when it flows around. Particles whose coordinates are in the incoming flow ¥ > ¥, do not
undergo collisions with the body. For a flat flow (for example, with a transverse flow past
an infinite cylinder or plate), the sedimentation coefficient is equal to 7 = v/,

3. Features of the Flow of Bodies by Flows with Particles

The features of particle motion in the vicinity of bodies of various shapes, the effect
of the dispersed phase on resistance and heat transfer, and the features of high-velocity
flows around bodies will be considered below, and some consequences of the interaction of
particles with the surfaces of streamlined bodies (erosive destruction, cold gas-dynamic
spraying, glowing) will be analyzed.

3.1. Flow around Bodies of Various Shapes

This section contains a description and analysis of the results of computational, theo-
retical, and experimental studies of the characteristics of two-phase flows in the flow of
bodies of various shapes: spheres, cylinders, plates, and airfoil cascades.

The flow past the sphere. One of the early studies of the trajectories of the flow of
bodies by a two-phase flow is Ref. [15]. In it, the trajectories of particles with a potential
flow past the sphere were calculated. Basic assumptions: (1) the velocities of the gas and
particles away from the surface of the body are equal; (2) the resistance of the particles obeys
the Stokes law; (3) the particles do not have a reverse effect on the gas; (4) the interaction of
the particles with the sphere was not considered, i.e., it was assumed that the particles are
absorbed by its surface.

The limiting trajectories of particles corresponding to v, are calculated. This makes it
possible to determine the values of the particle sedimentation coefficients: # = 0.035, # = 0.35,
and 17 = 0.82 for Stokes numbers Stk g = 0.2, Stk g = 0.7, and Stkf g = 5, respectively.

The effect of gravity on particle sedimentation was also studied in [15]. Two cases
are considered—the flow past the sphere by descending and ascending two-phase flows.
To do this, a term was added to the right side of the Lagrangian equations of motion
€ = +Ty08/ Uxo, where g is the acceleration of gravity. It is obvious that the influence of
gravity will be significant only in the case when the velocity of the particles 7,0¢ and the
velocity of the flow U, are quantities of the same order. It is concluded that considering
gravity causes an increase in 7 in the downward flow past the sphere and a decrease 7 in
the upward flow.

In [16], the influence of the boundary layer developing on the surface of a streamlined
body on the dynamics of particles was studied. In this paper, the viscous flow of a two-
phase flow past a sphere for three Reynolds numbers is investigated, i.e., Reg = 103,
Reg = 10°, and Reg = 107, and the relative diameter of the particles Ep = 10~*, where
d, = d,/R. Itis believed that the carrier gas is incompressible, and the concentration of
particles is negligible, so that they do not affect the flow of a continuous medium.

It is shown in [16] that the boundary layer strongly distorts the trajectories in com-
parison with the ideal flow. It “repels” particles, preventing their movement to the wall.
Viscous gas is inhibited more intensively than ideal, which leads to the more intensive
braking of solid particles. Particles moving in the boundary layer near the streamlined
surface abruptly lose their speed, “hang”, and then drift along the surface of the body. The
particle sedimentation coefficient decreases in this case. In [16], it is concluded that for
moderate values of the Stokes number (Stky g > 0.2), the boundary layer has almost no
effect on the movement of particles, and at small values (Stky g < 0.11), the impact is very
significant. With the growth of Rep the critical value of the Stokes number corresponding to
the collisionless flow of particles around the body decreases. This is because the increase in
Repg leads to a decrease in the boundary layer thickness, which reduces its repelling effect.

The flow past the cylinder. In [17], the trajectories of particles during transverse flow
past the cylinder by a potential flow are calculated. In this study (as well as in [15]), the
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motion of single particles is considered when collisions between particles and their effect
on the gas are not considered. In comparison with [15], the difference between the particle
resistance and the Stokes law, as well as the transverse Saffman force, is considered.

The calculation results showed that the flow pattern of the cylinder strongly de-
pends on the particle inertia. In the case of small particles d, = 10 pm (Stky g = 0.2),
an almost axial symmetry of their trajectories and 1 — 0 is observed. For particles
dp = 20 um (Stkg g = 0.83), the influence of gravity becomes noticeable (the symme-
try of the trajectories is broken); particles undergo collisions with the body and # ~ 0.5. In
the case of large particles d, = 100 (Stks g = 20), they do not follow the gas flow lines well
near the body, their trajectories represent almost straight lines, and  ~ 1.

In [18], a detailed study of the flow past the cylinder by a two-phase flow was per-
formed. Special attention was paid to the interaction of particles with the surface of the
body, as well as among themselves. The main parameters of two-phase flow: air velocity
away from the body Uy = 100 m/s, radius of the steel cylinder R = 1 m, particle diameter
d, = 200 pm, particle density (aluminum oxide) p, = 3950 kg/m?. Calculations were
performed for three values of the volume concentration of particles in the incoming flow:
dy = 1072,3-107°, and 10~%. As a result of calculations, flow patterns and isolines of
particle concentration are obtained.

It is easy to show that for conditions [18], Stk R =150 Such inertial particles almost
do not change the velocity near the critical point of the body and # =~ 1. Calculations
have shown the presence of a “phase” of reflected particles. The presence in the flow of
particles reflected from the body moving towards the incoming flow leads to an increase in
the concentration of particles near the critical point of the body. It is established that the
magnitude of the relative rebound of the particles does not exceed 0.25R and decreases with
an increase in the concentration of particles in the incoming flow. Note that the distance
at which the reflected particles penetrate towards the incoming flow is lower than that
obtained in experiments [19] with close values of particle inertia. This discrepancy is a
consequence of the relatively high gas velocity in [18], when a large drag force acts on the
reflected particles, leading to the more intense deceleration of the particles and a decrease
in their rebound from the body. Such conclusions are consistent with the calculations of the
magnitude of the rebound of particles in [20].

Collisions of incident and reflected particles lead to a significant increase (up to
10 times) in the local concentration of particles at the surface of the body [18]. A decrease in
the size of the near-surface area of an increased concentration of particles is seen with an
increase in ®g. This is explained as follows. An increase in the concentration of particles
in the incoming flow leads to an increase in the frequency of collisions of incident and
reflected particles. This leads to a decrease in the magnitude of the bounce of the reflected
particles. A decrease in the existence of the “phase” of reflected particles leads to a decrease
in the near-surface area of the increased particle concentration.

In [21], the flow past a cylinder by a two-phase flow is investigated, considering the
boundary layer, the inverse effect of particles on the gas, as well as the influence of reflected
particles. At the same time, the interaction between the particles is not considered. Only
the aerodynamic drag force is considered in the equations of particle motion.

When the particles collide with the surface, they lose part of their motion and change
the direction of motion. As noted in [21], the rebound parameters are statistical in nature
and are determined mainly by the angle of incidence of the particle. During the calculations,
empirical relations were used for the coefficients of speed recovery after impact.

In study [21], the trajectories of quartz particles of various sizes moving in the air
flow while flowing past the cylinder are obtained (p, = 2444 kg/m?) (R = 1.57 mm) for
Rep = 40. It is shown that small particles do not collide with the surface of the body,
while large particles collide with the body and bounce to the side. The influence of the
boundary layer on the motion of particles is confirmed. Considering the viscosity of the gas
leads to an increase in the effective size of the cylinder due to the displacement boundary
layer thickness, which reduces the sedimentation coefficient. The disadvantage is the
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lack of consideration of gravity, which, for the conditions [21], should have a significant
impact, changing the trajectories of particles and violating the symmetry of the flow in the
considered case of horizontal flow.

The flow of a weakly dusty two-phase flow around a cylinder under non-isothermal
conditions is considered in the review [22]. Analysis of the non-isothermal sedimentation
process has shown that in the region of low-inertia particles, for which the inertial sed-
imentation mechanism no longer works (Stk FR<S tkf Rer), the sedimentation intensity
increases sharply with the increase in non-isothermicity and is largely determined by the
phenomenon of thermophoresis. This was confirmed in a later paper [23] devoted to the
study of the influence of the temperature factor on the inertial sedimentation of particles in
the case of a supersonic flow past a sphere.

In Refs. [19,20], experiments were carried out to study the longitudinal flow of cylin-
ders with ends of various shapes—hemispherical and flat. Experiments were carried out
for the downward flow of air in the pipe at Uy = 2.8 m/s. Cylinders with a diameter
of 11 mm were installed inside the pipe on its axis. Spherical glass particles were used
(dp = 50 — 200 pm). Measurements were carried out for two concentrations of the dispersed
phase: low—Mj = 0.007 and high—Mj = 0.4.

Large-inertia particles practically did not change their velocity in the critical point
region, i.e., 7 = 1. The dynamics of incident and reflected particles from the surface were
studied. At My = 0.4, two “additional” velocity distributions of incident and reflected
particles that collided with each other were revealed. The dimensions of the region of
existence of the “phase” of the reflected particles were measured. With the increase in
the particle inertia, the magnitude of their rebound from the surface increased. After
deceleration, when moving upstream, the “phase” of reflected particles passed into the
“phase” of particles repeatedly falling on the body. In the case of a flat end, the penetration
of reflected particles reached a much greater distance (compared to the hemispherical end)
towards the incoming flow.

The growth of My leads to an increase in the probability of collisions between incident
and reflected particles, which complicates the “decoding” of particle velocity distributions
and the construction of trajectories. Nevertheless, such data are useful for verifying
mathematical models of highly concentrated two-phase flows.

In research [24], a three-dimensional numerical study of the dispersion of particles
when a two-phase flow flows around a cylinder for Reynolds numbers Rep = 140 — 260
determined by the diameter of the cylinder and the velocity of the incoming flow was
performed. Special emphasis was placed on the study of the motion of particles of different
inertia (Stky p = 0.01 — 100) in the vortex and recirculation zones behind the cylinder. The
results of calculations showed that low-inertia particles Stk p = 0.01 follow the lines of
the carrier gas current and easily penetrate the recirculation zone behind the cylinder. They
undergo collisions with the rear surface of the cylinder. More inertial particles (Stky p = 1)
are concentrated at the outer boundary of the vortices due to the action of centrifugal force.
Such particles are not able to penetrate the core of the vortex, forming “void” zones (areas
free of particles). Even more inertia particles (Stky p = 10 and Stky p = 100) collide with
the front surface of the cylinder due to the large inertia, but when they enter into the vortex
structures behind the cylinder, they do not retain the direction of their initial movement,
forming “mushroom-shaped” structures.

Numerical simulation of the transverse flow past a cylinder by a two-phase flow
with particles was performed in [25]. The Mach number of the incoming flow was equal
to Ma = 0.25, and the ratio of the phase densities p,/p = 1000. The influence of the
Stokes (Stkg g = 0.001 — 40) and Reynolds numbers (Rep = 20 — 1685) on the collisions of
particles with the surface was studied.

Three modes of particle impact (Figure 1) on the cylinder surface [25] are distin-
guished: blocking (border crossing mode), boundary layer (particle braking mode in the
boundary layer), and inertial (classical collision mode). At extremely low inertia of particles
(Stks r < 0.1), they almost perfectly track the gas flow lines, but, nevertheless, they undergo
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collisions with the cylinder due to their finite radius (blocking mode). Infinitesimal (point)
particles will not collide with the cylinder. With an increase in the inertia of the particles
(0.1 < Stkgr < 0.3 —0.7), their sedimentation coefficient increases greatly. A viscous
boundary layer (boundary layer mode) developing on the surface of the cylinder begins to
play an important role in the sedimentation process of relatively low-inertia particles. In
the inertial regime (Stk; g > 0.3 — 0.7), the inertia of the particles is already large enough
that the boundary layer does not have a significant effect on their sedimentation. It should
be noted that changing the Reynolds number leads to a shift in the ranges of the Stokes
number, at which the modes described above are implemented. Thus, the border-layer
mode for Rep = 20 takes place at 0.3 < Stkyr < 0.7, and for Rep = 1685 already at
0.2 < Stk FR< 0.3. This is because, at small Reynolds numbers, when the boundary layer
thickness increases, its repelling effect increases.

Particle trajectory

“\\
I\
AN

\

\

Two-phase flow ;‘/ g Two-phase flow

Boundary layer o
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Figure 1. Three modes of interaction of particles with the surface of a cylinder in a two-phase flow:
(a)—blocking mode; (b)—boundary layer mode; (c)—inertial mode.

In article [25], the conditions for the existence of a particle impact on the rear surface
of the cylinder were also studied. In particular, it is shown that at small Reynolds numbers
(Rep = 20 and Rep = 100), there are no impacts on the back surface, and at high values
of the Reynolds number, they are observed only up to a certain limiting Stokes number
Stk g ~ 0.13.

In [26], the effect of the turbulence of the incoming flow on the transverse flow past the
cylinder by a two-phase flow was studied by direct numerical modeling (DNS). The model
of high-intensity homogeneous isotropic turbulence (HIT) was used for calculations. The
Stokes number in the averaged motion varied in the range Stk g = 0.2 — 10. Calculations
were performed for two values of the Reynolds number—Rep = 100 and Rep = 400. The
Stokes number was changed by varying the radius of the particles. For these Stokes and
Reynolds numbers, the particle diameter was chosen using the following function [26]:

d Stk
Y LT (1)
D ppRED

where p,,/p = 1000 is the ratio of phase densities.

Calculations were performed for two values of the Lagrangian integral scale of turbu-
lence of the incoming flow—A = 0.8D and A = 2.7D.

For conditions [26], the Stokes numbers in large-scale fluctuation motion are equal
to Stk; < 1.5 for A = 0.8D and Stk;, < 0.5 for A = 2.7D. It follows from this that it is
impossible to neglect the influence of large-scale vortices on the motion of particles.

Stokes numbers in small-scale fluctuation motion [26] 0.3 < Stkg < 13.8 for Rep = 400
and 0.1 < Stkg < 6.6 for Rep = 100. It is well known that there is a particle clustering
effect [27] if the particle dynamic relaxation time lies in the range 7x < 7, < T}, i.e., the
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condition Stk; <1 < Stkg is met. From this, it follows that the clustering effect of particles
in the incoming flow will take place—in particular, at Rep = 400 and Stk FRZ> 0.7, because
Stkx = 0.96 at Stk g = 0.7 for the specified Reynolds number.

In Ref. [26], an expression is proposed for the resulting particle sedimentation coeffi-
cient in the case of accounting for the turbulence of the incoming flow in the following form:

Mturb
R, =", 12
f Nlam ( )

where 1774, and 1#;,,,, are the particle sedimentation coefficient in turbulent and laminar
flows, respectively.

Calculations clearly showed that accounting for turbulence significantly increases the
sedimentation coefficient (Ry ~ 4) in the range of small Stokes numbers Stk . This is in
good agreement with the conclusions of [28], where it is shown that turbulence has an effect
if the Stokes number is less than a certain critical value, i.e., Stky g < Stkf gcr. For example,
for Rep = 106 in [28], Stkf ge, = 0.324 was obtained. The indicated value is consistent
with the results of [26], where a small effect of turbulence was revealed at Stk fr = 04at
Rep = 100. For particles with Stk g > 0.4, the value of Ry approaches unity as the Stokes
number increases.

It is concluded [26] that for the small Reynolds numbers considered in the paper, the
effect of turbophoresis can be neglected. This effect consists in the transfer of particles from
areas with high turbulence intensity to areas with low turbulence intensity. Turbophoresis
is an important physical mechanism [29] that leads to the collision of particles with the
cylinder surface if the dynamic relaxation time is of the same order as the characteristic
lifetimes of small-scale vortices.

The flow past the plate. The conditions of the inertial sedimentation of Stokesian
particles on a plane at the outflow of a laminar two-phase jet from a plane-parallel channel
were studied in [30-32]. Initial assumptions: the absence of the influence of particles on
the gas and the interaction of particles with each other. The modified Stokes number was
determined as follows—Stk ¢, = Ty | dUx /9y | ry—0- 1tis shown that for the inertia particles
(Stkgy, > 0.5), the decrease in 7 &~ 1 due to changes in the trajectories of particles in the
boundary layer, even at small Reynolds numbers, does not exceed 15% [32]. However, the
tangent and normal components of the particle velocity at the wall underwent a significant
decrease. For low-inertia particles (Stkf,, < 0.5), a multiple increase in the concentration of
particles on the surface was revealed, which raises the question of the applicability of the
initial assumptions.

Flow past the airfoil cascades. The modern design of gas turbines involves modeling
the flow of the working medium in the flow part. The gaseous medium often contains a
dispersed admixture in the form of solid particles or liquid droplets. This is due to the
chemical or mechanical underburning of fuel in the combustion chamber, the operation of
the turbine in a dusty environment, etc. The presence of particles can lead to additional
losses and erosion of the blades. Knowledge of particle dynamics is necessary when
predicting areas of the nozzle and working blades that are vulnerable from the point of
view of erosive destruction.

In [33], the behavior of electro-corundum particles during transonic flow around a
stationary two-dimensional airfoil cascade was studied. It was assumed that the con-
centration of particles is small, so that their reverse effect on the flow of the carrier gas
and the interaction between the particles are insignificant. At the entrance to the airfoil
cascades, the flow was considered homogeneous, subsonic with Mach number My = 0.98
(Up = 322 m/s), and the braking temperature T = 322 K. The airfoil cascade chord
(I = 0.46 m), lattice pitch (s = 0.3 m), and the angle of inclination of the velocity vector at
the entrance to the lattice (¢ = 45°) were set.
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Considering the complex flow pattern of the airfoil cascades, determined by the
complex geometry of the blades and variable angles of attack, the geometric scale L for
evaluating the modified Stky,, can be represented as

D S
L:\/(zcoszx) +<zsmtx) , (13)

where D /2 is the radius of the input edge of the vane; /2 is half of the chord of the vane;
« is the the angle between the velocity vector at the entrance to the grid and the chord of
the airfoil cascades (« = ¢ = 45° for working conditions [33]). Thus, in two extreme cases,
a=0%nd o« =90°, wehave L=D/2and L = 1/2, respectively.

The results of calculations showed that particles with a diameter of 3 um ( Stk rm = 0.22)
do not collide with the airfoil cascades. Some particles collide with the concave surface of the
airfoil cascades, but this does not change the overall picture of movement (7 is small). The
growth of particle inertia (10 um, Stk fm = 2.4) leads to the fact that all particles collide with
the airfoil cascades (7 is high). For those particles that are reflected from the front edges of
the blades, further collisions with the troughs of neighboring blades are characteristic. The
effect of the redistribution of particles by the airfoil cascades is maximal. A further increase
in the particle inertia (30 pm, Stky,, = 22) greatly complicates the flow picture due to an
increase in the proportion of particles undergoing collisions with the leading edges of the
blades. Some particles reflected from the leading edges experience collisions with the leading
edges of adjacent blades. A significant number of the particles experience multiple collisions
with the airfoil cascades’ troughs. Particles of extreme inertia (100 pm, Stkg,, = 240), after
rebounding from the front edges of the blades, penetrate towards the incoming flow, thus
forming a thick layer of reflected particles. At the same time, the particles reflected from the
front edges of the airfoil cascades further interact not with neighboring but with more distant
blades. This case is also characterized by multiple reflections from the concave surfaces of
the vanes.

The airfoil cascades have a strong influence on the redistribution of particles in space.
In the entire considered range of particle inertia, a particle-free region is formed near the
convex surface of the blades.

3.2. Features of High-Velocity Flow around Bodies

The analysis of the features of high-velocity (supersonic, hypersonic) flows around
bodies by two-phase flows will be carried out below.

The first papers studying the structure of shock waves in flows with particles are
studies [34-36]. It was shown that the structure of a shock wave in a two-phase flow is well
described by a model that includes an infinitely small wave front (on which particles do not
change their parameters) and an extended zone behind the jump, in which the velocities of
the gas and dispersed phases relax. Dimensionless parameters determining the nature of
the relaxation zone are found: the particle Reynolds number, the particle inertia, the ratio
of the heat capacities of the phases, and the mass concentration of the particles.

In later studies [37,38], the dependences of the relaxation zone width and jump char-
acteristics on the particle parameters (density, mass concentration, heat capacity) were
studied in detail. Important conclusions were made: (1) the intensity of the shock wave
increases, and the width of the relaxation zone decreases, with an increase in the mass
concentration of particles; (2) the process of leveling the phase parameters slows down
with an increase in the particle inertia (the relaxation zone increases); (3) the increase in the
heat capacity of the particles leads to an increase in the length of the phase temperature
relaxation zone.

We also note the reviews [39,40], which describe and analyze the results of studies of
shock wave parameters in two-phase flows in a wide range of properties of the gas and
dispersed phases.
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Modeling of the external supersonic transverse flow past the plate by a two-phase
flow considering the inverse effect of particles on the gas was carried out in [41,42]. The
particle motion was calculated based on the Eulerian approach. The trajectories of particles
are obtained when a dusty flow transversely flows past a plate of finite thickness. The
distributions of the longitudinal velocity of the gas in the presence of particles of various
sizes and the particles themselves are calculated without considering their reflection from
the surface of the body. It was found [41] that the velocities of the gas and dispersed phases
differ greatly. With an increase in the particle inertia, their velocity on the surface of the
plate increases. The presence of large particles in the flow has a greater influence on the
velocity distribution of the carrier gas in the braking region. Calculations have confirmed
that small, low-inertia particles tend to follow the gas flow lines, and their trajectories
are significantly curved. Large-inertia particles, on the contrary, have almost rectilinear
trajectories near the surface of the plate.

In [42], calculations of the flow past the plate were carried out considering the particles
reflected from the frontal surface within the framework of the developed model of a three-
speed and three-temperature medium. Thus, along with the gas phase and the “phase” of
falling particles near the frontal surface, the “phase” of reflected particles moving towards
the incoming flow is also introduced. At certain concentration values, collisions occur
between incident and reflected particles, leading to a change in the velocities of both types
of particles. There is a need to consider among the acting forces some effective force of
interaction between particles, as well as the “phase” transition from incident particles to
reflected ones, and vice versa. Since the resulting “phase” transition will be the transition
from reflected particles to incident ones [42], only one source term is introduced in the
continuity equations of these “phases”.

The analysis of the equations revealed eight dimensionless parameters that determine
the physics of supersonic flow around bodies by two-phase flows [42]. Among them are
(1) the Mach number of the undisturbed flow; (2) the gas adiabatic index; (3) the coefficient
of recovery of the longitudinal component of the velocity; (4) the mass concentration of par-
ticles in the undisturbed flow; (5) the degree of the particle inertia; (6) the parameter of the
velocity disequilibrium of incident and reflected particles; (7) the parameter characterizing
the change in mass concentration due to collisions; (8) the particle Reynolds number.

Among the subsequent works on the calculation of supersonic flow around bodies by
two-phase flows, we refer to studies [43—46].

The calculation of the parameters of a two-phase flow with supersonic flow around a
blunted body was performed in [43]. Particular attention is paid to interparticle collisions
and considering the inverse effect of particles on the parameters of the carrier gas.

In [44], numerous results of measurements of the recovery coefficients of the normal
and tangential components of the velocity of particles colliding with a solid are system-
atized. Simple interpolations of experimental data are proposed, considering the limiting
rate of adhesion (adhesion) and the basic physical and mechanical properties of materials of
colliding bodies. Calculations of the flow around a steel ball by an axisymmetric supersonic
air jet containing silicon dioxide particles are performed. It is shown that the coefficient
of recovery of the normal velocity component varies very widely—from almost zero to
one—while, for the tangential component, it does not fall below 0.7. For a flow with poly-
disperse particles, it is shown that small particles have time to heat up in the compressed
layer and cause the heating of the streamlined body, while large particles cooled before the
compaction jump, on the contrary, lower the enthalpy of the body after the rebound.

Numerical studies of the features of supersonic flow past a sphere by a dusty stream
carrying mono- and polydisperse particles of SiO, (radius from 1 to 70 um) were carried
out in [45]. It is shown that considering the rotation of monodisperse particles leads
to the removal of caustics (the envelope of the trajectory of reflected particles) from the
streamlined body. Calculations have shown that an increase in particle size causes the
caustics of reflected particles to move away from the body, and large particles after reflection
can reach a compaction jump in front of the body and even travel beyond it.
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In [46], a further improvement of the model [45] of the flow around a solid by a
supersonic jet with the formation of a “chaotic” particle layer at the surface was carried
out. This model, in addition to the equations of motion of the carrier gas and equations
for calculating the motion of particles falling and reflected from the body, also contains
equations for the “gas” of chaotically moving particles formed because of collisions. Several
physical effects have been identified: (1) removal of the seal jump from the streamlined
body with an increase in the mass concentration of particles; (2) the presence of a screening
effect of particles reflected from the body and “chaotic” domain, leading to a decrease in
the thermal effect of a two-phase jet; (3) blurring of the “caustics” of reflected particles in a
cloud of “chaotic” matter while reducing the thickness of their layer.

In [47], it is concluded that the deceleration of particles in a compressed gas layer can
be neglected when the following inequality is met:

p1 R
Cp on <0.1, (14)
where p; is the gas density before the seal jump.

Thus, only relatively inertial particles retain their rectilinear trajectories; they have
the same velocities and angles of encounter with the shock wave and the surface of the
body. Particles with low inertia can significantly change their trajectories and heat up when
moving in a compressed gas layer.

In [47], one of the methods of protection from the negative effects of particles is
considered—protection by gas injection through the surface of the body. This method is
based on increasing the thickness of the gas layer in which the particles are decelerated.
The injected gas leads to the displacement of the main flow to a certain distance from the
surface of the body (Figure 2). In [47], a simple analytical expression for the coefficient
1 = A1/A is obtained (A—the boundary layer thickness).

__z,

Two-phase flow

=

Gas injection

N\

Figure 2. Protecting the surface of a body in a two-phase flow by means of gas injection.

There are only a few experimental studies on the possibility of protecting the surfaces
of bodies flowed by a two-phase flow by means of an injection [48,49].

In [48], it is shown that when a body is flowed by a dusty supersonic high-temperature
flow, the intensity of heat transfer to its frontal surface can be significantly reduced by
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cooling gas injection through a tangential gap located in the vicinity of the critical point of
the body.

In [49], a dimensionless criterion is proposed that characterizes the particle inertia in
the vicinity of the critical point of a body under conditions of injection from its surface,

7 Up(1 — f1(Uy))
Stf rm = pR(Hfz(lub))

where f1(Up) = exp(—Uy/Uy) and f>(Up) = a(U,/Up) are the functions of the intensity
(velocity) of the injection Uy, taking into account the decrease in the particle inertia due
to their braking in the area of the injection flow and an increase in the effective size of the
braking area, respectively. The coefficient a = 8 (in the range of U, /Uy = 2.5 — 10), in
accordance with the data [50] on the development of the jet in the oncoming flow.

The functions f; and f, satisfy two limiting cases (infinitely weak injection and in-
finitely strong injection). When U, — 0, we have f; = 0 and f, — 0, which leads to
Stk rm — Stkg g (the injection does not affect the flow around the body). Where U, — oo,
wehave f; — 1 and f, — oo, which leads to Stk g, — 0 (the injection pushes the parti-
cles away from the surface).

(15)

3.3. Aerodynamic Drag of Bodies in Two-Phase Flow

There are only a few experimental works devoted to the aerodynamic drag of bodies
in two-phase flows [51-53].

In [53], using strain weights, the drag of flat aluminum wedges with angles at the
apex in an air flow & = 10 — 180° (Uy = 200 m/s) with aluminum oxide particles (Al, O3,
pp = 3900 kg/m?) with average mass dimensions d, = 16 — 88 pm was studied. The
average cross-section flow concentration of the particles varied in the range M = 0 — 0.3. It
was assumed that the total force acting on the model in the two-phase flow consisted of two
independent components—the force from the gas phase and the force from the particles.
It was found that the aerodynamic drag of the body in the two-phase flow only from the
impact of particles (at certain sizes of particles and angles of wedge solution) exceeded the
drag in “pure” air by eight times.

Dependences of the relative drag coefficient on the particle size for different wedge
solution angles were obtained. In all dependences, two areas are highlighted, i.e., the
boundary between which falls on the particles of dy.; ~ 30 um. When the wedges are
streamlined by a flow with particles whose size d), < dj,, there is a strong dependence of
the drag coefficient on the size of the dispersed phase. For the flow with particles d, > dr,
the momentum transfer from the dispersed phase to the model (aerodynamic drag) ceases
to depend on the particle size at all angles of wedge solution.

Quite unexpected (as defined in [53]) is the effect of the wedge solution angle on its
drag. It is found that the maximum effect of the solid phase is achieved at the angle & = 20°
for any particle size, and the relative drag of blunt bodies in a heterogeneous flow is less
than that of sharper bodies.

The growth of the aerodynamic drag of bodies in two-phase flows is caused primarily
by the process of the interaction of particles with the surface. This process directly depends
on the value of the sedimentation coefficient, which (as shown above) is determined by
the inertia of particles (Stokes number). It is not difficult to obtain estimates of Stokes
number Stk for these experiments. The characteristic time of carrying gas Ty = L/ Uy,
where L = h/ sin(a/2) (h is the half-height of the base of the cone).

It is obvious that the Stokes number increases with the increase in the particle size
and angle of wedge solution. As the Stokes number increases, the number of particles
interacting with the surface of the body increases, which leads to an increase in aerodynamic
drag. The effect of this mechanism ends when the sedimentation coefficient stops growing
(7 ~ 1at Stky > 10). Estimations show that for particles with sizes of d, > 32 pm and
at solution angles a > 20°, the sedimentation coefficient 7 = 1. Thus, when the specified
values of particle size and solution angle of wedges are reached, the growth of aerodynamic
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drag due to collisions of the dispersed phase with the surface of the streamlined body
should stop.

In addition to the direct impact of particles on a wall on the drag coefficient of a body
are such processes as the inverse influence of particles on gas parameters and collisions
between particles. The particles falling on the body due to their inertia have a higher
velocity than the braking gas. Therefore, they accelerate the gas, which increases the
drag of the body. In contrast, the particles reflected from the body move toward the gas,
which reduces its velocity and the aerodynamic drag coefficient of the body. Note that the
particles reflected from the body have a greater (compared to the falling ones) effect on the
gas flow as they move under conditions wherein the dynamic slip between the phases is
several times higher. As the size (inertia) of the dispersed phase and the wedge solution
angle increase, the number of reflected particles and their effect on the supporting phase
increases sharply, which leads to a decrease in aerodynamic drag. Apparently, as observed
in experiments, the decrease in the relative drag of blunt bodies in comparison with sharp
ones is connected with the above-described mechanism of the inverse influence of particles
on gas.

3.4. Heat Transfer in Two-Phase Flow

Studies of heat transfer in two-phase flows in pipes (channels) have been conducted
for several decades [54,55] and were initiated by the supposed use of such flows as coolants
for nuclear reactors. For two-phase turbulent flows in tubes, many authors have found
a drop in the heat transfer intensity in the range of mass flow particle concentrations up
to 5. Note that no such anomalies were found for laminar flows, which confirms that the
particles suppress turbulent fluctuations of the carrier phase. At high mass concentrations,
an increase in heat fluxes from the two-phase flow to the pipe wall was noted in the vast
majority of experiments. Nevertheless, the change in heat flux in the tubes due to the
addition of particles did not exceed two to three times [54]. The main reason for the weak
intensification of heat transfer is the low-velocity slip of particles in the tubes.

In supersonic flowing by two-phase flows of blunted bodies, the intensification of heat
transfer at the critical point was found to be more significant [56].

The total heat flux to the flowed body can be represented as

gs = qo+Aq, (16)

where g is the heat flux in one-phase flow, and Ag is the increase in heat flux due to
particles (includes a radiation component, which is usually neglected).

The change in the heat flux in the two-phase flow, occurring due to the transfer of part
of the kinetic f; and thermal f; energy of the particles in interaction with the surface, is
usually represented as [57]

VZ
Ag = K Gpuw(fi + ft) = Ko Gpw 7"’ +cp, (Ty — Tw) |, (17)
where K is the energy accommodation coefficient of particles, Gy is the mass flux density
of particles on the body surface, V,, is the velocity of particles on the body surface, ¢, is
the heat capacity of the particle material, T} is the temperature of particles, and Ty, is the
temperature of the body surface.

Note that for small values of the sedimentation coefficient (7 — 0) in the region of
low-inertia particles, f; = Cpy (Tp — Tw) >> f. As the particle size increases, the ratio
between these energy flux components changes inversely, and for large (inertial) particles,
(7 — 1)has fy = V2/2 >> f;.



Symmetry 2023, 15, 388

14 of 27

In [57], it was found that the change in heat flux caused by large (inertial) particles in
the boundary layer is a function of the following set of defining parameters:

Gp Vu37\/ dp PN Pp ]’ (18)

A =
1=f AvVx/R Cp u2 ax

where Vy, is the velocity of particles on the surface of a body, ¢y is the coefficient defining
the angular coordinate of a sound point (¢ ~ 0.44 is for a hemispherical face, ¢y ~ 1 is for
a flat face), A is the dimensionless factor allowing for compressibility and the temperature
factor (A =~ 5), x is the distance from the front critical point, Cp is the coefficient of
aerodynamic drag of particles, y is the gas viscosity after a compaction jump, and a.. is the
critical value of sound velocity.

It should be noted that there is a very strong dependence of heat transfer intensification
on the value of particle velocity on the wall.

Available experimental data ([55], etc.) suggest that in a supersonic flow with particles
(droplets), the heat flux to the surface of the blunted body increases by up to 10 times and
more [47]. Such a significant intensification cannot be explained by the direct conversion of
the kinetic energy of the particles into heat. The following physical mechanisms of heat
transfer growth due to particles are distinguished: (1) intensification of heat transfer due to
violation of the laminar structure of the near-wall flow by falling particles; (2) significant
acceleration of the laminar—turbulent transition in the boundary layer due to dynamic
slippage of the dispersed phase; (3) intensification of heat transfer due to the formation of
craters on the exposed surface, leading to an increase in roughness; (4) violation of the gas
dynamic structure of the flow (in particular, changing the shape of the head shock wave)
by reflected particles and products of erosive destruction of the body surface.

Among the calculation—theoretical studies of the last decade, we should highlight
the research [58-60]. In [58], the thermal effect of particles of different materials (Al,O3,
5i0y, Cu) on an obstacle (ball) in a wide range of mass concentrations (up to M = 0.5) was
studied. Numerical studies were performed taking into account the model of chaotization of
particles reflected from the body. They noted a priori the obvious fact of the non-monotone
dependence of the heat flux from the particles to the body due to a screening effect of the
reflected and chaotized particles, which grows with an increase in M.

In [59,60], we continued our investigations of the mass density distributions of mono-
and polydisperse particles at pressures up to 2 MPa and stopping temperatures up to
1750 K, as well as their collision rates with the streamlined body. The calculations varied
the material, size, and initial mass concentration of particles in the prechamber. The areas
of absolutely inelastic (erosive) and elastic (rebound) interaction of particles with the body
were studied.

3.5. Erosive Destruction

According to [47], erosive destruction is the process of the mass entrainment of a
material (obstacle) under the action of a stream of falling particles, which can be both solid
and liquid.

To ensure the durability of elements of various power machines (blades of compressors
and turbines, flow parts of steam and gas turbines, helicopter propellers), interacting under
operating conditions with dust particles, it is necessary to know the parameters of the
dispersed phase on the surface of the streamlined body. As numerous studies [47,61-64]
have shown, the intensity of erosive wear increases sharply with the increasing speed
of interaction of falling particles with the destroyed body (surface). Consequently, the
relevance of taking into account erosive destruction is maximal where the velocity of falling
particles reaches the maximum values, namely when creating structures affected by solid
propellant rocket engine jets operating on fuel with metallized additives [65,66], as well
as when developing flying vehicles (FVs) capable of traversing areas of the atmosphere
containing dispersed impurities in the form of rain, snow, and ice particles.
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Multiple impacts on the surface to be destroyed are composed of successive impacts of
single particles. However, it should be noted that there are fundamental differences between
single and multiple impacts. In [47], among the mentioned differences, the following are
distinguished: (1) the presence of an establishment period, when the dimensionless mass
entrainment velocity gradually increases to its quasi-stationary value [67]; (2) changes in the
impact conditions of subsequent particles with the surface—for example, due to changes in
the surface roughness resulting from its interaction with previous particle “echelons” [68];
(3) a shielding effect [69,70], which consists of the formation of a high-concentration layer
near the model surface from particles moving at low speeds, as well as particles (splinters)
of the destroyed material; (4) surface heating [71] due to multiple particle impacts on the
surface, which change its properties and lead, as a rule, to a decrease in the strength of the
target material, etc. The abovementioned factors exclude the possibility of transferring the
results of single particle impact studies to multiple impacts occurring in the real process.

In [72], two types of erosion were found to exist—"“brittle” and “viscous” for brittle
and ductile materials, respectively.

“Brittle” erosion, which is characteristic of brittle materials (glass, ceramics, etc.),
is characterized by the fact that the maximum intensity of fracture occurs at values of
the interaction angle close to 90°. The mechanism of such erosion is caused by fatigue
phenomena due to the continuous impact of particles on the surface, associated with the
normal component of the impact force and leading to the formation of microcracks and
pitting of its sections (see Figure 3a). The described mechanism of “brittle” erosion has
been confirmed by numerous microstructural analyses [62,73,74] of surfaces subjected to
erosive wear.

“Viscous” erosion, which is characteristic of ductile materials (most metals belong to
them), is characterized by the fact that the maximum intensity of destruction occurs at fairly
sharp interaction angles, usually ranging from 20° to 30° (see Figure 3b). The mechanism
of this erosion is similar to metal cutting by sharp angles of particles acting as peculiar
micro-cutters [75].

There are a number of studies [76-82] on the effect of the temperature of the barrier
material on the intensity of erosive destruction. In the experiments, the models were heated
by blowing them with a hot one-phase flow [78,79], or by electric heating [76,77]. In [76], it
is shown that up to the temperature of 400-500 °C, the erosion drag of steels changes little;
with a further increase in the temperature of the barrier material, there is a sharp increase
in the intensity of erosive destruction.

The primary information in the experimental study of erosion is usually presented in
the form of a “kinetic curve” 7, = f (Wp), where 71,, is the mass loss from a surface unit,
which is a measured (unknown) quantity; 771, is the mass flux of particles per surface unit.

Note that even with a constant collision velocity of the particles with the surface
(Vi = const), the mass loss 71, is not a linear function of the mass of the deposited particles
. This is a consequence of the fact that in the initial stage of the fracture process, damage
accumulation and rebirth of the subsurface layer due to the appearance of cracks and delam-
ination occur. In [67,83], the following interpretation of this phenomenon is given. After a
number of successive collisions, some “saturation”, or, more precisely, the establishment of
the erosive destruction process (the mass entrainment from different particles is the same),
occurs. In the steady-state erosion mode V, = const, the dimensionless rate of fracture (or
the intensity of erosive destruction) is constant, i.e., G =dm,/d My =~ ey /My = const.

In [47], numerous experimental studies are systematized, which made it possible to
establish some boundaries or “thresholds” of some physical parameters, upon reaching
which the erosive wear process changes. These parameters include (1) the critical particle
mass flux per unit surface 77, .r; (2) the critical collision velocity of particles with the surface
Viwer; (3) the critical body surface temperature Ty,
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Figure 3. Scheme of the erosive destruction of bodies from different materials in two-phase flow:
(a)—composite; (b)—glass; (c)—metal.

The critical impact velocity Vi, is the velocity at which the so-called hydrodynamic
mechanism of erosive destruction is established. At a low impact velocity, elastoplastic
deformation of the obstacle material occurs without mass entrainment. As the velocity
increases, the strength characteristics of the obstacle material have a significant influence
on the intensity of fracture. In determining the hydrodynamic mechanism of erosive
destruction, the only process parameter is the effective enthalpy of erosive destruction
H,;. This concept was first introduced by Yu. V. Polezhaev in 1979, in [67]. As with the
melting heat, this characteristic does not depend on the level of energy impact (on the
impact velocity Vy,), but is a more complex parameter determined by the structure (for
composite materials), as well as by the ratio of the strength properties of the particle and
the obstacle. Comparing H,, with the effective enthalpy of thermochemical fracture H,,
in [47], their formal similarity is noted; however, H,, << H, iz As arule, H,, is determined
experimentally for different classes of materials.

The threshold value of the barrier temperature Ty for metals is approximately half the
melting temperature. The erosion drag of most metals weakly depends on the temperature
at low values of the latter (e.g., [76]). Therefore, the dissipation of part of the impact energy
in the undamaged part of the material almost does not affect the value of H,,.

In the case of a one-parameter model of erosive destruction that satisfactorily describes
the real mechanisms of mass entrainment at Vi, > Viyer and Ty < Ty, the intensity of
erosion is described by the following relation:

G = ey /Ty = V2 / (2Hey). (19)
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Here it is taken into account that the energy conversion factor of the particle impact is
close to unity, because their velocity exceeds the threshold value.

3.6. Cold Gas-Dynamic Spraying

Among the numerous methods of coating deposition and surface modification, pow-
der spraying methods—plasma, gas flame [84], detonation, and their variants—occupy
an important position. These methods make it possible to spray various substances,
create homogeneous and heterogeneous coatings, and process products of complex ge-
ometry. The coating properties for each method are determined by a complex of physi-
cal and chemical processes occurring between the two-phase flow (gas + solid particles,
gas + droplets) and the streamlined body (barrier), as well as the interaction between the
carrier and dispersed phases.

The cold gas-dynamic spraying (CGS) method is based on the phenomenon of coating
formation, which was first discovered in ITAM SB RAS in the early 1980s when studying the
flow around blunted bodies by a supersonic heterogeneous low-temperature flow [85-88].
The main difference between the CGS method and the well-known gas-thermal methods
is that the main energy source in the coating formation process is the kinetic energy of
high-velocity solid particles. The above papers show that the main physical mechanism
of CGS is the high-velocity deformation of the sprayed particles during shock interaction,
leading to intense shear flows of the material at the contact boundaries and the formation
of adhesion—cohesion bonds.

In [86], the peculiarities of the deformation of particles fixed on a polished substrate
were studied using electron and optical microscopy. Figure 4 shows a scheme of spraying
aluminum particles on the copper surface. It is shown that at the final stage of plastic
deformation, corona-shaped metal ejections are formed at the contact periphery. Apparently,
they are formed as a result of the formation of a high-velocity radial jet of metal near the
wall, which resembles a cumulative jet. Under the conditions of the intense deformation
and conversion of mechanical energy into thermal energy, a thin layer of molten metal may
form in the vicinity of the wall, the formation of which depends on the balance of heat
generation and heat rejection.

Two-phase flow

Sprayed layer
Figure 4. Scheme of cold gas-dynamic spraying in a two-phase flow.

One of the most important characteristics of the coating formation process is the
spraying coefficient, defined as follows:

ky = S (20)
mp

where A 1. is an increase in the substrate mass due to particle sedimentation, and m,, is the
total mass of the consumed powder.
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The spraying coefficient depends on the particle velocity on the surface Vy, i.e.,
ks = f(Vw). The dependencies k; = f(V,,) obtained in [88] clearly illustrate the main
concept of CGS—the coating is formed using a high-velocity flow of “cold” particles on a
“cold” substrate. Two characteristic regions of the spraying coefficient value separated by
the critical velocity V., were found. The first region (Vi < V) corresponds to the substrate
erosion process; the second region (V, > V) corresponds to the spraying process. If
the particle velocity significantly exceeds the critical value V,,, the spraying coefficient
increases rapidly up to 50-70%. Typical values V, for different metals (Al, Cu, Ni) are in
the range of 500-700 m/s.

It was shown in [87,88] that various metals and alloys can be sprayed without any
heating at all if the particles reach the required velocity. This erosion-adhesion transition,
with the increasing velocity of “cold” solid particles falling on the substrate, was the
physical basis for the development of the CGS method.

3.7. Glowing

A number of physical phenomena are observed when a high-velocity gas-dispersed
flow flows around bodies, among which glowing occupies an important position. Repeated
collisions of particles with each other in the vicinity of the critical point of the streamlined
body can significantly reduce the average speed of particles hitting the surface. The energy
flux perceived by the obstacle is reduced. Thus, the shielding layer acts as an absorber of
kinetic energy, which may cause it to glow (Figure 5).

Two-phase flow

—

Glow area
Figure 5. Scheme of glowing near a body in a two-phase flow.

Experimental study [89] noted electrophysical and optical phenomena in a compressed
layer near a metal sphere in a supersonic air flow carrying microparticles of metal oxides.

In [90], the optics of the compressed layer were studied based on the previously de-
veloped model of the gas-thermodynamics of a two-phase jet (a nonviscous nonthermal
conductive gas and a nonvolatile “gas” of particles accelerated by it) flowing around a
blunted body. Numerical calculations of the influence of scattering by particles of monochro-
matic radiation on the phenomenon of “glowing” in the laser knife plane, observed earlier
in the experiments, were performed. The results of studies carried out with a wide range
of sizes and optical characteristics of particles clearly showed that, even for the case of an
optically transparent cloud of particles in a compressed layer near a streamlined body (in
the single scattering approximation), one should take into account the Bouguer attenuation
of the probing beam on the entire optical trace. Neglecting this phenomenon leads to the
significant distortion of the spatial distribution of the particle concentration obtained from
the experiment.

In [91], a model was developed that makes it possible to estimate the density of the
reverse current from particles electrically charged by collision with a body streamlined by an
axisymmetric gas-dispersed jet, as well as the spatial distribution of the radiation intensity
of gas molecules excited by this reverse current. The influence of the particle radius, particle
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material, and initial mass fraction on the radiation intensity in the compressed layer near
the streamlined body is shown.

4. Peculiarities of Streamline Flowing of Bodies with Droplets

In computational theoretical studies of two-phase flows without walls, often, no
distinction is made in calculations of flows with solid particles and droplets. This is justified
only for small Weber numbers, when there is no difference in the behavior of particles
and droplets, and in the case of low concentrations, when there is no hydrodynamic (in
trace) or mechanical (collision) interaction between particles (droplets). Real two-phase
flows (in technical devices and in experiments) usually contain particles (droplets) of
different sizes, i.e., they are polydisperse. In addition, real flows are accompanied by
phase and chemical transformations, which change the size of the dispersed phase. The
mentioned circumstances greatly complicate the matter, because the difference in size leads
to a difference in velocity (and temperature in the case of non-isothermal flow), which leads
to enormous growth in the collision cross-section.

Below, the results of research that sheds light on the qualitative differences in the
process of interaction of particles and drops with the surface of a streamlined body are
presented and analyzed.

There are recently published papers [92-96] in which various aspects of the collision
of single drops with curvilinear surfaces and small bodies of various shapes were studied.

In contrast to a colossal number of studies (e.g., [97-99]) where the impact of a droplet
against a flat surface was studied, in [92], the features of a normal impact of droplets
against curved solid surfaces were considered. The physics of droplet impact with curved
surfaces was studied for different Weber numbers (We < 15), radii of curvature, and surface
wettability. Using the original theoretical approach and the axisymmetric lattice Boltzmann
method (LBM), it was concluded that all the varying parameters had a great influence on
the processes of spreading and bouncing of the droplet. The parametric studies revealed
the presence of five interaction modes, from complete deposition to complete rebound. The
results of [92] provide important information about the structure of the curved surface to
control the behavior of the droplet and the time of its contact with the surface.

In research [93], the characteristics of the axisymmetric impact of a water drop against
a thin vertical dry solid cylinder were studied numerically using the volume of fluid (VOF)
method. It is obtained that the surface of the droplet undergoes continuous deformation
during impact on a thin cylindrical target, which leads to various stages: free fall, impact,
cap formation, encapsulation, opening, and detachment. The ratio of cylinder diameter to
droplet diameter (D./d;) was varied from 0.13 to 0.4 in order to observe different droplet
deformation patterns. The effect of the boundary angle, ratio D./d;, and dimensionless
criteria (We, Oh, and Bo) on the maximum strain coefficient was studied. The data obtained
showed, in particular, that the maximum strain factor increases with an increasing We and
decreasing marginal angle.

The process of the maximum spreading of a droplet due to its collision with a dry
stationary spherical particle was studied numerically using the level contour reconstruc-
tion method (LCRM) in [94]. The Weber number We = 30-90, Ohnesorge number
Oh = 0.0013-0.7869, drop size to particle size ratio d;/dp, = 0.1 — 0.5, as well as fluid
viscosity and surface curvature were varied in the calculations. Calculations showed that
the maximum flowout increases at smaller particles for both capillary and viscous modes.
The increase in maximum spreading is mainly determined by surface rim deformation for
the capillary mode and viscous dissipation for the viscous mode. An empirical correlation
is also presented, which can be applied to the impact of a droplet on both a particle and a
flat surface.

Experimental and numerical studies of drop impact on a cone were performed in [95].
The Weber number and cone angle were varied. In particular, it was found that in the phase
at which the droplet leaves the surface in the form of a ring, its contact time is reduced by
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54% compared to a flat surface. The influence of the Weber number and cone angle on the
contact time of a droplet with the cone surface was studied.

In Ref. [96], numerical and theoretical studies of the behavior of a water droplet upon
impact with small cylindrical superhydrophobic targets were performed. The effect of
the Weber number and the ratio of the target diameter to the droplet diameter (less than
unity) on the droplet impact behavior, including the droplet profile and the deformation
coefficient, was investigated. The results show that a larger Weber number accelerates the
spreading and droplet fall and promotes droplet decay. Increasing the diameter ratio delays
the spreading and droplet fall from the target side, thereby increasing the deformation
and rebound of the droplet. Increasing both the Weber number and the diameter ratio
contributes to increasing the maximum strain coefficient.

In [100], using high-velocity video imaging, the effect of the appearance of droplets
with near-zero velocities in the flowing of bodies by gas droplet flows was discovered for
the first time. The formation of levitating droplets was due to the emergence of falling and
reflected by the model droplets. It has been suggested that the main mechanism of the
appearance of droplets with near-zero velocities is an exchange of momentum as a result of
the collision of droplets having an opposite direction and velocity values that are close in
magnitude. The effect of increasing the size of large levitating droplets due to the merging
of falling droplets with them as a result of multiple collisions was found.

Geometrical, kinematic, and temporal characteristics of collision processes accom-
panying gravitational droplet sedimentation on a model with a hemispherical face were
studied in [101]. Data on the velocities and sizes of both small (secondary droplets) and
large (fragments) droplets in the case of high (close to dynamic Leidenfrost temperature)
model temperatures have been obtained. Data were obtained on the effect of droplet size
on the velocity recovery coefficient during their interaction with a curved surface. The
experiments revealed a decrease in the velocity recovery coefficient with the increasing
inertia of the droplets due to a greater loss of momentum, attributed to a longer interaction
with the surface. The effect of mismatching the touch and rebound points of the droplets
during their interaction with the curvilinear surface of the model was revealed. It was
found that with increasing drop size, the effect of gravity increases, which leads to a change
in the drop’s rebound to its flow. This effect contributes to an increase in the interaction
time of the droplet with the model and the distance between the points of contact and
detachment from the surface.

4.1. Filtration

Traditional air filtration systems often use fibrous filters and are based on the in-
teraction of particles with individual fibers. Several filtration mechanisms are usually
distinguished: inertial, blocking, diffusion, and electrostatic. For a droplet of the size of
the order of a few micrometers, the inertial mechanism is considered to be the dominant
filtration mechanism [102]. The collision of a droplet with a single fiber is determined by
two criteria—the Stokes number Stky p or Stk g, which is responsible for the droplet’s
ability to follow the carrier air current lines, and the droplet’s Reynolds number Re, in the
oncoming flow, on which its aerodynamic drag depends. Numerous studies have shown
(e.g., [103]) that the droplet trapping efficiency increases with increasing Stk p, since, in
this case, the particles cannot move around the cylinder. It is also known that at a fixed
Stokes number Stk; p = const, the droplet entrapment efficiency decreases with increasing
Reynolds number due to an increase in the drag force acting on the droplets. The described
classical theory of the single-fiber model is widely used to calculate droplet trapping by
fiber filters (e.g., [104,105]). A limitation of the single-fiber model is that it does not account
for changes in the flow field by neighboring fibers and the real distribution of droplets
behind the fiber downstream.

In [106], the effect of the upstream cylinder on the efficiency of droplet capture by the
test cylinder was investigated. It is shown that the efficiency of droplet capture by the test
cylinder depends on its relative displacement in the transverse direction (normal to the
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flow) relative to the front cylinder. At relatively small displacements, there is complete
shielding, i.e., the droplets do not collide with the test cylinder. As the displacement
increases, the droplet trapping efficiency increases and exceeds the corresponding value
for an isolated cylinder at medium displacements and a Stokes number close to unity. At
larger displacements and larger Stokes numbers, the effect of the front cylinder on aerosol
capture by the test cylinder decreases and eventually disappears. The main achievement
of this research is the detection of extremely high trapping ratios (over 100%) and the
determination of the ranges of Stokes numbers and displacements at which this effect
is observed.

4.2. Icing

One of the most well-known and serious safety problems in modern aviation is aircraft
icing in flight [107-110]. Supercooled water droplets contained in clouds under certain
conditions can freeze, hitting the nose part of the fuselage, wings, elements of the fins,
and parts of aircraft engines. The formation of the ice crust leads to a number of negative
consequences—changes in the streamline regime, reduced wing lift, loss of thrust, reduced
controllability, weight increase, etc. Note that ice formation on the surface of the compressor
inlet guide apparatus and the nacelle shell of an aircraft engine can occur during adiabatic
air expansion, even at positive ambient air temperatures. Subsequently, the ice crust can
collapse and enter the engine, causing possible damage to the compressor blades and even
engine failure.

There are three basic types of ice—loose ice, transparent (glassy) ice, and mixed ice [108].

Loose ice has a brittle, porous, milky white structure, which is a mixture of tiny ice
particles; it is formed by the crystallization of small supercooled droplets on the leading
edges, when the amount of water after the beginning of the solidification process is not
sufficient to form a continuous water layer. The use of de-icing systems prevents the
formation of such ice or easily removes it if it occurs.

Transparent (glassy) ice has a smooth surface; it forms when large (diameter greater
than 20 um) supercooled droplets freeze on the contour of the streamlined profile, when
the solidification of an individual droplet on the surface occurs gradually and some of the
surface droplets have time to spread on the surface before freezing. When heat is applied,
such ice forms new droplets and streams that migrate downstream and form new ice in the
form of ridged growths (“barrier ice”).

Mixed ice is a combination of loose and glassy ice; it is formed by the presence of
droplets of different sizes in clouds. In its pure form, loose ice is formed when FV moves in
high cumulonimbus clouds, and glassy ice is formed in low layers in rain clouds.

Taking into account the existence of different types of ice and using the concept of the
frozen ice fraction, three icing modes are distinguished [109]—wet, liquid, and dry.

Wet mode is realized when the surface temperature is equal to the water crystallization
temperature. In this case, the fraction of frozen ice varies from zero to one. The supercooled
droplets that have fallen to the surface combine to form large droplets. Large droplets
partially solidify and are transformed by air flow into streams or films, under which a thin
ice layer is formed.

Liquid mode is characterized by the fact that the temperature of the streamlined surface
is higher than the solidification temperature of water. In this case, the proportion of frozen
ice is zero. Water is present on the surface in the form of drops, streams, or a film. Ice on
the surface melts in the water film.

Dry mode is realized when the temperature of the outer ice layer is lower than the
crystallization temperature of water. In this case, the fraction of frozen ice is equal to one.
The supercooled droplets precipitated on the surface solidify, being transformed into loose
ice and not reaching a sufficiently large size to be carried away by the external flow.

In study [110], the results of calculating the icing of the cylinder and the NACA
0012 profile when flowing with a viscous compressible air flow carrying droplets in a
two-dimensional formulation are presented. The developed model takes into account the
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interaction of the carrier phase and droplets, the form of existence of moisture on the profile,
the mode of ice build-up, and changes in the geometry of the streamlined body. As a result
of the calculations, the characteristic shapes of ice films (growths) for various modes of
icing—dry, wet, and mixed—were obtained.

In paper [111], the main physical processes accompanying the flow of bodies in
a supercooled cloud are studied. The interaction of water nanodrops consisting of a
different number of molecules (54, 159, 349, 647, and 1080) with the surface, which can
be considered as the beginning of the icing process, has been studied by the method of
molecular dynamics. It is shown that with a decrease in the size of the nanocapsule and an
increase in the potential energy of the interaction of droplet molecules with surface wall
molecules, the wetting edge angle and the size of the contact area increase. It is concluded
that an increase in the wetting angle leads to an increase in the velocity of the droplets and
prevents them from freezing.

One of the most unpleasant forms of icing is the so-called barrier ice, which is formed,
as a rule, as a result of the controlled melting of ice formed on the leading edge of the wing.
Efforts to address it are complicated by the fact that the areas of its formation are unknown
in advance and poorly predictable compared to the locations of formation of ordinary ice
(leading edges of the wing, stabilizer, etc.).

At the very beginning of the study of the problem of icing, concerns were expressed
about finding a material to which ice would not stick [112]. There was an attempt to
use fluorocarbon materials (for example, Teflon), well known for their water-repellent
properties, in this capacity. However, studies have shown that the adhesion of Teflon with
respect to drip ice (formed by droplets moving on the surface) does not differ from the
adhesion of other materials. A further goal of the researchers was to search for a material
with low adhesion to ice formed when a two-phase flow flows around the FV, i.e., under
other physical conditions [113-119].

In [112], the results of an experimental study of the effectiveness of using nanomodified
surfaces to combat icing are presented. The conditions of barrier ice formation have been
studied experimentally. The flow rate in the experiments was 80 m/s; the temperature was
minus 20 °C; the water content (mass water content) was 0.57 g/m3. The model was a wing
profile: the nanomodified sample under study was installed on top of the profile, and an
ordinary plate of untreated duralumin was placed below for comparison. The leading edge
of the wing was heated by an ohmic heater. The characteristic appearance of the barrier
ice formed is schematically shown in Figure 6. The effect of the periodic self-cleaning of
superhydrophobic surfaces from ice was found under the same conditions in which an
ice barrier grows on the surfaces of ordinary materials. The marginal wetting angle of
superhydrophobic surfaces was, at the same time, more than 160°. This effect and direct
measurements of the adhesion strength confirmed its significant decrease in the case of the
nanomodified superhydrophobic material.

Among the recent investigations devoted to various aspects of icing problems, we
refer to [120-123].

In Ref. [120], a physical and mathematical model of a cooling and solidifying liquid film
entrained by air along the heated surface of a streamlined body with a given distribution
of heat flux density on the surface is developed. In [121], the motion of nonspherical
particles in a two-phase flow was studied. The coefficients of recovery of the velocity
components of ice crystals colliding with the surface of a solid body in a wide range of
values of the control parameters of the process have been calculated. In [122], a physical
and mathematical model of the spatial and temporal evolution of an ice layer growing
during the collision of individual droplets with the surface of a solid body, sliding along the
surface and solidifying on it, which leads to two-dimensional roughness (bumpy ice), was
developed. In [123], the effect of ice crystals in the air flow on the evolution of barrier ice
on the surface of a wing model in an aero-cooling tube was investigated numerically. The
results confirm that the change in the mass of ice deposits detected in the experiment when
crystals are introduced into the flow is associated with the absorption of a film of water
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formed on the surface of the solid, part of the crystals” mass at low flow rates (increase in
barrier ice), and the spilling of the film at high speeds (decrease in barrier ice).

Two-phase flow

—

Barrier ice

Figure 6. Scheme of the formation of barrier ice in a two-phase flow.

5. Conclusions

A review of the studies devoted to the mathematical and physical modeling of the flow
around bodies by two-phase (dispersed) flows has been performed. The most important
characteristics of the inertia of particles (drops) determining the presence and intensity
of interaction of the dispersed phase with the surface of a body (barrier) are presented.
The characteristics of two-phase flows when flowing around bodies of different shapes—a
sphere, a cylinder, a plate, and airfoil cascades—are considered.

On the basis of the calculated and experimental data analyzed in the review, conclu-
sions can be made about the main factors affecting the value of the sedimentation coefficient:
(1) the potential of streamlined flow (the influence of the boundary layer leads to a decrease
in the sedimentation coefficient and becomes significant at low Stokes numbers (less than
0.2)); (2) gravity (leads to a significant increase in the sedimentation coefficient at small
Stokes numbers (less than 0.3) and in the case of a downward flow, and to a significant
decrease in the sedimentation coefficient at moderate Stokes numbers (less than 2) in the
case of an upward flow); (3) non-isothermal flow (causes an increase in the sedimentation
coefficient at low Stokes numbers (less than 0.1)); (4) axisymmetric flow (curvature of the
gas current lines begins at a smaller distance compared to a flat flow, which leads to an
increase in the inertia of particles and an increase in the sedimentation coefficient).

The subject in question in this review has a long history, but, despite this, new direc-
tions have recently appeared, such as respiratory aerosols, microplastics, sedimentation,
drug delivery, Mars” atmosphere, etc. Particular emphasis is placed on considering the
trajectories of particles (droplets) in the vicinity of the critical points of bodies streamlined
by a two-phase flow. Some peculiarities of the high-velocity flowing of bodies, and the
influence of particles on drag and heat transfer, are described. Some possible consequences
of the interaction of two-phase flows carrying particles and droplets with bodies—erosive
destruction, gas-dynamic spraying, glowing, and icing—are analyzed.
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