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RESUMO

O presente artigo descreve os resultados da investigacdo experimental e tedrica da dindmica dos
gases e da troca de calor no decurso de um fluxo supersbnico da mistura gas-p6é dentro dos aceleradores
gasodindmicos axialmente simétricos, que possuem pequenas secgdes criticas (dcritico = 1.3 mm) e
alongamento substancial (L/dcritico de 70 a 200). A necessidade de realizagdo de tais investigacdes foi
determinada por dois aspectos. O primeiro é o desenvolvimento de tecnologias de inovagdo com o objetivo de
formar revestimentos resistentes ao calor e outros revestimentos com varias funcdes e propriedades
necesséarias (formagdo desses revestimentos com a ajuda de correntes heterogéneas supersoOnicas). A
segunda € a criacdo de fluxos heterogéneos supersdnicos, necessarios para o desenvolvimento de
investigacdes experimentais de processos de desgaste erosivo e corrosivo de componentes estruturais de
aeronaves de alta velocidade que voam em anomalias atmosféricas (nuvens de chuva e poeira). Para criar um
modelo matemaético mais confiavel da corrente de fluxos heterogéneos ndo isentropicos em aceleradores
dindmicos a gas com grande alongamento, uma série de estudos experimentais foi realizada. Os paradmetros
de fluxo de gas viscoso foram calculados usando o modelo classico da camada limite plana. A significAncia das
caracteristicas do fluxo de gas portador, a dispersdo de particulas e seu material para acelerar particulas no
fluxo heterogéneo foram esclarecidas. O estudo mostrou que o projeto de microaceleradores dinamicos a gas
deve ser realizado levando em consideracdo o aumento da espessura da camada limite ao longo das paredes
do acelerador de particulas. Também foi esclarecido o entendimento da dinamica dos gases do fluxo e da
transferéncia de calor de misturas heterogéneas em aceleradores supersonicos dinamicos a gas com uma
concentracdo de massa de particulas de po ("fase K") na corrente de até 15%.

Palavras-chave: gas portador, ‘fase K”, revestimentos multifuncionais, anomalias atmosféricas, transferéncia
de calor entre fases.

ABSTRACT

The present article describes results of the experimental and theoretical investigation of gas dynamics
and heat exchange in the course of a supersonic flow of the gas-powder mixture within the axially symmetric
gas-dynamic accelerators, which have small critical cross-sections (dcritical from 1 to 3 mm) and substantial
elongation (L/dcritical from 70 to 200). The necessity of performance of such investigations was determined by
two aspects. The first is the development of the innovative technologies with the purpose of formation of the
heat-resistant coatings and other coatings with various functions and necessary properties (formation of such
coatings with the help of supersonic heterogeneous streams). The second is the creation of the supersonic
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heterogeneous streams, which are required for the development of experimental investigations of processes of
the erosive and corrosive wear of structural components of the high-speed air vehicles, which conduct flights in
atmospheric anomalies (rain clouded sky and dust-in-air conditions). This study describes the entire cycle of the
experimental investigations, which were performed with the purpose of construction of the more reliable
mathematical model of flow of the nonisentropic heterogeneous streams in the gas-dynamic accelerators with
great elongation. The viscous gas flow parameters were calculated using the classical model of a flat boundary
layer. The value of the characteristics of the carrier gas flow, the dispersion of particles and their material for
accelerating particles in a heterogeneous flow were found out. The study showed that the design of gas-
dynamic micro accelerators must be carried out taking into account the increase in the thickness of the
boundary layer along the walls of the particle accelerator. In addition, this article presents a more detailed
description of gas dynamics of flow and heat exchange of the heterogeneous mixtures within supersonic gas-
dynamic accelerators with mass concentration of the powder particles ("K-phase") in the stream up to 15%.

Keywords: gas-carrier, "K-phase", coatings with various functions, atmospheric anomalies, interphase heat
exchange.

AHHOTALUA

B paHHOM cTatbe W3NOXeHbl pesynbTaTbl 3KCMEPUMEHTANbHOMO U TEOPETUYECKOro WUCCrefoBaHus
rasogMHaMmvkm n TennoobmeHa npu CBEPX3BYKOBOM TEYEHMMU ra3ornopoLUKOBOM CMECH B OCECMMMETPUYHbIX
rasogMHaMMYEeCcKnx YCKOpUTENsAX C ManbiMW KpUTUYeckMMu ceydeHnsamu (dkp = 1..3 MM) M 3HaYUTEmNbHbIM
yanvHennem (L/ dkp = 70... 200). HeobxoanmocTb B MOCTAHOBKE Takmx MccrnegoBaHun obycnosreHa ABYyMS
acnektamu. epBbIi — 3TO pa3paboTka MHHOBAUMOHHbLIX TEXHONOrMN POPMUPOBaAHNS TEPMOCTOMKNX N OPYTUX
pasHOYHKUNOHANBHBLIX MOKPLITUA C  HEOOXOOMMBbIMM CBOWCTBaAMW C  MCMOMb30BaHMEM CBEPX3BYKOBbIX
reTeporeHHblX MOTOKOB. BTopon — co3gaHune CBepx3BYKOBbIX FETEPOreHHbIX MNOTOKOB Ans MOCTaHOBKM
3KCNeprMeHTarnbHbIX MCCneaoBaHUi NPOLLECCOB 3PO3NOHHO-KOPPO3UOHHOMO M3HOCA 3NIEMEHTOB KOHCTPYKLIMM
BbICOKOCKOPOCTHbIX JIA, coBeplialowmMx nNONET B aTMoCepHbiXx aHoManuax (aoxaesas W nbineBas
obnayHocTb). B pabote ¢ uenbio cosgaHua OGonee [OCTOBEpPHONM MaTeMaTWyeckoW MOoAenn TeyeHus
HEN303HTPOMNNYECKNX FeTEePOreHHbIX NOTOKOB B ra3ofAMHaMUYecKMX yckopuTensax ¢ 6ombwum yanvHeHuem
NPoBeAEH LMKI 3KCMepuMeHTanbHbIX nccnefosaHvid. beinu nposefeHsl pacyétbl NapameTpoB NOTOKa BSA3KOro
rasa Ha 6ase MCNONb30BaHNSA KNacCU4YeCKoW MOLENM MIOCKOro NOrpaHMYHOro Cnosi. bbino BbISCHEHO 3HavYeHune
XapaKkTepucTUK MoToKa rasa-HocuTens, AMCNEepPCHOCTM YacTul, U UX MaTtepuana Ans YCKOpPeHUs 4vacTul B
reTeporeHHoOM noToke. ViccrnegoBaHune nokasano, YTO NPOEKTUPOBaHMe ra3ognHaMU4eckux MUKpoyckopuTenemn
HeobX0AMMO OCYLLECTBNATbL C Y4EeTOM HapacTaHWs TOMLWWHBI MOrPaHMYHOIO Cros BAOMb CTEHOK ycKopuTens
yactuy. Tawkke ObINO YyTOYHEHO NMOHMMaHWe rasoguHaMuKM TedeHus U TennoobmeHa reTeporeHHbIX CMecen B
CBEPX3BYKOBbIX ra304MHaAMMNYECKMX YCKOPUTENsSX C MacCoBOW KOHLeHTpaumen yactuy nopowka («K-cpasa») B
notoke 4o 15%.

KnioueBble cnoBa: 2a3z-Hocumerns, «K-¢hasar», pa3HohyHKUUOHaITbHbIE MOKPbIMUS, ammMocghepHbie aHoMarsuu,
MexxgbasHbili mennoobMeH.

1. INTRODUCTION Specific features of flow of the
heterogeneous mixture in the gas-dynamic
accelerators with great elongation are as follows:
1. formation of process of the adiabatic flow of
the heterogeneous mixture within the gas-

dynamic duct of accelerators (in this context

Gasdynamics studies the motion of
compressible continuous media and their
interaction with solids. Shock application of a load
causes the formation of shock waves in the solid,

their interference and other processes that form
the task, the solution of which will create a
technology for the formation of high-quality
coatings. The process of formation of a boundary
layer increasing in thickness with a viscous gas
flow deforms the velocity field across and along
the length of the channel, which has a noticeable
effect on the kinematics of particles in the case of
a heterogeneous mixture flowing in it. Therefore,
the development of a design technique for
accelerating channels is relevant (Fang et al.,
2016; Chernov and Dudin, 2019).

"adiabatic flow" means the flow without any heat
exchange between a stream and the accelerator
wall); 2. implementation of process of the
interphase heat exchange within the volume of a
stream between the nonisothermal high-speed
"K-phase" and the nonisothermal gas-carrier. At
the present time, these specific features are
considered as challenging problems in the sphere
of scientific investigations (Suciu et al., 2018).

The first problem of the above-mentioned
problems is connected, first of all, with dynamic
characteristics of acceleration of the solid phase
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(of particles) within the high-speed gas-carrier.
This solid phase (particles) forms the resulting
coating. This process is implemented in the
stream of the viscous gas that flows with
acceleration in the special channels (gas-
dynamic accelerators), which have profiles in
accordance with the gas dynamics laws. This
problem is increasingly complex owing to the fact
that such accelerators must have not only a
design-basis profile but relevant elongated shape
as well (in order to ensure achievement of the
required velocity of particles at the output from
the gas-dynamic accelerator).

This problem is connected (in the first
instance) with the fact that the length of the
channel determines the velocity of particles.
Therefore, the channel length determines the
most important parameters of the entire
technological process, which is implemented in
order to ensure application of coatings, such as
quality of coating, productivity, coefficient of the
powder utilisation, and so on (Nikitin and
Stepanenko, 2006; Nikitin, 2010; Mikhatulin et al.,
2011).

As it is well known from the gas dynamics,
the viscous flow of gases in the channels is
accompanied by the formation of the boundary
layer, the thickness of which increases. This
process deforms the field of velocities both
across the channel and along the length of the
channel. In the case of the flow of the
heterogeneous mixture in the channel, the
process of increase of the boundary layer exerts
significant influence upon the kinematics of
particles, as well as upon distribution of various
particles within the stream. Therefore, there is the
topical problem of developing relevant
methodology, which will ensure designing of the
accelerating channels with the purpose of
formation of such two-phase streams, which
would have optimal parameters (Golosnoy et al.,
2009; Hu et al., 2015; Zhang et al., 2016; Gusev
et al., 2018; Chugunkov et al., 2018; Cui et al.,
2019).

The second problem of the above-
mentioned problems is connected with the
interaction of the high-speed particles (which
have various degrees of dispersion) with the solid
surface. It is known from the mechanics of rigid
bodies that impulsive application of a load to the
surface of a body causes the formation of shock
waves within the body, interference of these
waves, as well as other processes. In this
situation, the following  processes are
implemented within the zones of concentration of
waves: processes of elastic and plastic

deformation, adiabatic transformation of
mechanical power into thermal energy,
dissipation of energy, dynamic diffusion, possible
structural, and phase changes, as well as erosion
and corrosion processes (Fedyaev et al., 2015;
Yin et al., 2016).

As the final result, the entire set of these
processes forms the multiparameter problem.
Development of the mathematical model of this
problem, as well as solving and verification of this
problem will make it possible to create both
innovation technology of formation of the high-
quality coatings, which have various goal-seeking
functional properties, and the problem of erosive
and corrosive wear of structural components of
the high-speed air vehicles in the course of flying
through the cumulonimbus and dusty clouds
(Toma et al., 2013; Yin et al., 2014; Kornienko et
al., 2016; Liu et al., 2018).

As it was already noted above, the
shaped channel, within which acceleration of the
heterogeneous stream is ensured, is the most
important component of the test (experimental)
stands, which  create the  supersonic
heterogeneous streams with possibilities of
parameters changing in a wide range. As
concerns actual installations, which are used in
the real world, they are based on utilization of the
elongated accelerating channels (such as
convergent-divergent nozzles; de Laval nozzles),
which have a conical shape or a flat (rectangular)
shape.

At the same time, these elongated
accelerating channels are characterized by small
angles of expansion of the supersonic section.
Due to the fact that critical cross-sections have
small areas (dcritical is changed from 1 mm to 5
mm), relative elongation of such channels can be
changed over the wide range (L/dcritical is equal
to from 50 to 200). The last fact determines the
velocity of the "K-phase" at the perpendicular cut
of the channel (Cui et al.,, 2019; Bogdan et al.,
2019; Flamant and Clarke, 2019).

As it is known, the key feature of flows of
viscous gases within the channels, which are
characterised by the elongated shapes, is
connected with the fact that the boundary layer,
which was created on the surface of walls of
these channels, ensures an essential decrease of
the actual flow cross-section of the channel as
compared with the design/calculated cross-
section. This fact decreases both the mass flow
rate per second of the stream and the velocity of
this stream. If this effect will not be taken into
consideration in the process of designing of such
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channels, then the boundary layer will be closed
up inside the nozzle. Therefore, the established
turbulent flow occurs within the following sections
of such channels (in the downward flow
direction). Such flow is similar to the flow, which
occurs and then is implemented within the main
section of the smooth of the cylindrical tube. As it
is known, such flow is accompanied by the
intensive dissipation of the stream energy.

As concerns the experimental supersonic
gas-dynamic stand, it is understood that this
process is the harmful one, because of
availability of this process will not make it
possible to ensure a rigorous calculation of the
stream parameters at the perpendicular cut of the
channel (Ovsyannik and Makeeva, 2018;
Avezova et al., 2019; Babak et al., 2019). In the
course of flow of the heterogeneous mixtures
within the accelerators, which are characterized
by such shapes due to the small dimensions of
particles (within the submicron range), it is
possible to consider that motion of the particles
along these channels is the motion in the straight
line.

2. MATERIALS AND METHODS

Turbulisation of the stream within the
channel (due to the fact of the above-mentioned
reasons), which occurs, ensures changes both in
the nature of motion of particles and in the law of
distribution of velocities of particles over the
transversal cross-section of the relevant stream.
In addition, the relevant energy dissipation effect
ensures significant decrease velocity of particles
as compared with the design/calculated velocity.
For example, many experiments proved that
velocities of the particles within the two-phase
streams (provided these velocities were
measured with the help of the laser Doppler
velocimeter system) can be essentially different
(up to 50%) as compared with the of the values,
which were calculated in accordance with the
theory of the adiabatic flows. This is the reason
why it is necessary to estimate the influence of
the boundary layer upon the dynamics of the flow
of the heterogeneous mixture within the
channels, which have various elongated shapes.

In the course of performance of this
analysis, a certain number of assumptions were
accepted. For example, due to the small
dimensions of particles, no drops in the
temperatures of particles within the volume of
these particles were taken into consideration. The
last fact is similar to the actual conditions
because in accordance with the existing

estimates value of the Biot number is changed
within the following limits: Bi is equal to from 107
to 10™. In addition, it was previously understood
that the viscous effects, which (for all intents and
purposes) do not depend upon temperature of
the surface, due to the fact low levels of the
particle temperatures do not exert any essential
influence upon the aerodynamic resistance of a
particle.

Therefore, in the course of analysis within
the framework of the approximated model of the
interphase interaction between a particle and the
gaseous stream, this fact has made make it
possible to analyze the dynamic and thermal
problems as two independent problems. In these
circumstances, the algorithm of calculation of all
other parameters of stream of the viscous gas
must be developed in accordance with the classic
model of the flat boundary layer (Nikitin et al.,
1982).

In this case, the dynamic problem was
presented as the system of the integrodifferential
equations in Equation 1 where x is the coordinate
position along the generatrix of the relevant
accelerator, & is the thickness of the momentum
loss within the boundary layer, while r, denotes

the shearing surface stresses. The rest
parameters are the parameters, which are
universally accepted parameters in the

mechanics of fluids and gases.

As it is well known, the Mach criterion of
the approaching stream M., the temperature
factor T,/Tq.s, as well as the Reynolds criterion
Re,, have no essential influence upon the shape
of the velocities profile (distribution) in respect of
thickness of the boundary layer. Therefore,
Equation 2 has been assumed, where y is the
coordinate position along the normal to the
accelerator surface, while & denotes the
thickness of the boundary layer in the
design/calculated cross-section. In the situation,
interconnection  between  various integral
characteristics of the boundary layer was
determined in accordance with the following form
(Equations 3-5) where & denotes thickness of
displacement within the boundary layer. The
above-presented system of equations in respect
of the boundary layer had made it possible to
calculate the supersonic flows, which were
registered in the actual supersonic accelerators.
in order to perform further calculations The
following stagnation parameters of stream were
assumed as the initial data: pressure P,
temperature T, and geometrical dimensions of
actual supersonic accelerators.
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Table 1 presents certain results of the
calculations, which were performed in respect of
the axially symmetric gas-dynamic accelerator. It
follows from the data, which are presented in the
above Table, that values of actual diameters of
the output cross-section of accelerator dayer. phase
and calculated values of this accelerator dayer.
calculated @re different. In addition, actual values of
the Mach criterion (Mayer. phase) @and values of the
Mach criterion, which were calculated in
accordance with the adiabatic theory of the ideal
flow Mayer.p. and the Mach criterion Mayer., Which
was determined in the course of experiments with
the same accelerator, do not correspond with
each other. By comparison, the above Table
presents the data of the article (Alkhimov et al.,
2000) in the last two lines of this Table. These
results are in satisfactory correlation with each
other. It is obvious that there exists a significant
influence of the increase of the boundary layer
thickness upon the nature of flow of the viscous
gas in the elongated gas-dynamic accelerators.

These calculations, which were have been
performed with utilization of the above-presented
system of Equations 1-5 demonstrate that (for
example) the boundary within the conical gas-
dynamic accelerator (diameter of critical cross-
section dicar Of Which is equal to 1 mm) layer will
be closed up at the distance of L, which is equal
to from 10 to 12 mm from the critical cross-
section. In the case of a further increase of the
critical cross-section diameter of the nozzle up to
deiticar UP t0 2 mm, the boundary layer will be
already closed up at the distance of L, which is
equal to from 100 mm up to 120 mm. In
accordance with further processes, the turbulent
flow will be established in both downward flow
directions.

This fact creates essential complications
for the application of the gas-dynamic micro
accelerators within various experimental stands.
It is necessary to perform the designing of such
micro accelerators taking into consideration the
increase of the boundary layer thickness along
the walls of the relevant accelerator of particles.
Similar problems have been analyzed in articles
(Rabinskiy and Tushavina, 2019a; Rabinskiy and
Tushavina, 2019b; Rabinskiy et al., 2019).

3. RESULTS AND DISCUSSION:

As it is well known, acceleration of
particles within the heterogeneous stream is
determined by characteristics of stream of the
gas-carrier (velocity of the gas-carrier Ugss,
density of the same gas-carrier pgs and so on),

as well as by the degree of dispersion of particles
and kind of material of these patrticles. In addition,
the nature of the flow of the gas-carrier within the
channel of accelerator plays an important role in
this process.

Figure 1 presents the dimensionless set of
parameters (Equation 6), where Lccelerator dENOLES
length of the relevant accelerator, diac (dparicie)
denotes diameter of a particle, P, denotes
pressure within the design/calculated i-th cross-
section of this accelerator, Vpaice, denotes
velocity of a particles within the design/calculated
Cross-section, Ugss; denotes gas velocity within
the design/calculated cross-section (in
accordance with the calculations, which were
carried out in the article (Alkhimov et al., 2000)),
A denotes relevant experiment (Alkhimov et al.,
2000), O denotes results of this article, C; is equal
to 0.5, while e denotes results of this article C; is
equal to 1.0.

Figure 1 presents the results of
calculations and measurements of the relative
velocity of the aluminum and copper particles as
compared with results, which were obtained in
(Alkhimov et al., 2000). These experiments were
performed with the help of the industrial powders,
degree of dispersion of which d., is equal to from
2.5 to 25-10° meter. Velocity of the gas-carrier
within the heterogeneous stream was changed
within the limits of Vg, , which is equal to from
200 to 1200 m/second. Figure 1 presents the
results of the computational experiment, which
was performed in the Moscow Aviation Institute in
accordance with the above-described
methodology. Conditions of this experiment are
similar to the conditions of the experiment, which
was performed in (Alkhimov et al., 2000). The
single exception is as follows: in this case,
calculations were performed for the conical
nozzle (Lomakin et al., 2017; Formalev et al.,
2018; Formalev and Kolesnik, 2019).

From this point of view, the main
complexity of application of this methodology is
connected with the fact that shape of particles of
the industrial powders, which are utilized in the
experimental and technological practice, has
essential differences in respect of the spherical
shape, for which dependency of the aerodynamic
drag coefficient C; is equal to f(Re,) and which is
already well-known. Therefore, it is possible to
explain the fact of difference of results of
calculation of the relative velocity for the spherical
particles, the value of C; of which is equal to 0.5,
while the value of C; is equal to 1.0. Figure 1
presents the results of calculations for the
particles, which have a nonspherical shape at the
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value of C;, which is equal to 1.0. As is evident
from this Figure, there exists a proper correlation
of results of both articles (Figure 2), if C; is equal
to 1.0.

4. CONCLUSIONS:

The article presents results of the
algorithm of the calculations (in accordance with
section 1), which were performed in order to
determine the dynamics of the flow of particles as
well as dynamics of the interphase heat
exchange within the high-speed heterogeneous
stream. Kind of the gaseous phase is air; "K-
phase" denotes copper particles (Cu) with
diameter at the level of 40 micrometers. The
shape of the supersonic gas-dynamic accelerator
is a conical one.

Figure 2 presents the results of these
calculations. It follows from this Figure that the
maximum speed of heating of a particle is
implemented within the precritical area of the
nozzle, that is, in the area of maximum
temperature and maximum density of the gas-
carrier.

There exists strong influence upon the
intensity of heating of a particle within the
precritical area of the nozzle, and this influence is
connected with the fact that relevant particles
stay within this section of the nozzle during
relatively prolonged time due to the fact that
velocities of the gas-carrier (Ugs) and velocities
of particles (Vparice) are small.
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= Eq. 1
& pU2 (Eg. 1)
17
—u(y)= J (Eq. 2)
u, o) a
5 8 i z"dz
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(Eq. 3)
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Figure 1. Change of the relative velocity of a particle depending on the dimensionless set of
parameters A
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Figure 2. Distribution of velocities and temperatures of the gas and solid phases along the length of
the supersonic of accelerator: 1 is the velocity of the gas phase, 2 is the temperature of the gas
phase, 3 is velocity of the cuprum patrticle, 4 is the temperature of the cuprum particle

Table 1. Design/calculated parameters for the axially symmetric gasdynamic accelerator

derit. daver. Maver. phase Rex Maver.p daver. phase/daver..p Maver..ak
mm mm - - - - -
3.5 12.2 3.45 6.3x105 414 0.71 -
4.5 9.5 2.55 4.36x105 3.05 0.84 2.48
4.5 9.5 2.67 5.19x105 3.05 0.845 2.6
2.72 12.65 3.87 1.2x105 4.8 0.67 -
4.72 12.65 2.84 0.27x105 3.58 0.71 -
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