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Abstract – The article describes the creation of the 
concept of an experimental setup for testing the 
technology for the formation of new anti-corrosion 
coating materials using low-temperature supersonic 
heterogeneous flows, which allows scientific research to 
be carried out in a wide range of tasks of practical 
interest in order to create protective coatings for metal 
products operating under conditions of erosion and 
corrosion wear.  

Keywords – anti-corrosion coatings, heterogeneous 
flow, low-temperature gas-dynamic technology, 
supersonic gas-dynamic accelerator. 

1. Introduction

Currently, the world is searching for high-
performance technologies that protect metal 
structures susceptible to erosion and corrosion wear. 
It is necessary to develop a facility on which 
experiments could be conducted to solve these 
problems that verify theoretical developments in this 
field. 
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The study of the use of low-temperature supersonic 
heterogeneous flows to obtain new coating materials 
on the surfaces of objects operated under the 
influence of erosion and corrosion factors is a 
priority task, in which a huge economic potential is 
hidden. The result of the study will be the creation of 
a technological process for the formation of new 
coating materials for protecting pipelines from 
erosion and corrosion factors in an experimental 
setup designed to test this technology. 

Thus, the creation of an experimental setup is an 
important scientific and practical task, the first step 
of which is the development of the concept of an 
experimental setup for testing the technology for the 
formation of new anti-corrosion coating materials 
using low-temperature supersonic heterogeneous 
flows. 

2. Theoretical Basis

The concept of the experimental setup is based on 
the formation of a high-speed heterogeneous flow 
and its interaction with a solid surface. When solid 
particles from a heterogeneous stream hit the surface, 
most of the kinetic energy of the particles moving in 
the stream passes into heat, causing a significant 
increase in local temperature and deformation of 
particles in the contact zone, the energy of which, 
when interacting with the surface, goes into different 
forms of energy, including the energy of formation of 
interatomic bonds. 

When conducting research, it was found that the 
process of particle interaction is similar to explosion 
welding. In the impact zone, mutual shear 
deformation of the crystal lattices in the materials of 
the particles and the substrate, activation of the 
conjugated surfaces (including cleaning of oxide 
films) occurs. In addition, dynamic effects arise in 
the contact patch (for example, dynamic diffusion) as 
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a result of a local pressure pulse and an increase in 
temperature at the moment the particle hits the 
substrate. This whole complex of processes provides 
a high level of adhesive and cohesive properties of 
products, as well as their strain hardening throughout 
the thickness. 

The mass fraction of particles that form the product 
in a heterogeneous flow does not exceed 10% of the 
mass fraction of the carrier gas [1]. 

The gas-dynamic method allows obtaining both 
uniform composition and changing coating 
properties, obtaining composite metal products. To 
obtain the desired properties and composition of 
materials, the calculated amount of particles with 
sizes from 5 to 25 μm is fed into the stream. The 
required composition of heterogeneous powders in 
the calculated proportion is prepared in a special gas-
dynamic mixer. The composition with the necessary 
parameters (pressure and temperature) enters the 
prechamber and then accelerates in the supersonic 
nozzle to the speed calculated for the given 
composition. The pressure and temperature of the 
carrier gas are chosen so that the speed of the 
particles at the outlet of the acceleration section 
corresponds to the calculated one, and their 
temperature does not exceed 20 ... 50% of the 
melting temperature of the particle material. The 
main condition is that the product is formed due to 
the high level of kinetic energy of the particles, while 
the temperature (enthalpy) of the flow is much lower 
than their melting temperature. 

The scientific concept of coating formation is 
based on the physical principle of lowering the level 
of static temperature of the gas phase, and at the 
same time particles, with a significant increase in the 
speed of the heterogeneous flow in the accelerating 
section. 

As a result of the implementation of shock wave 
loads, as well as the dissipation of kinetic energy, 
physicochemical and phase transformations occur in 
the collision spot. All these processes accompany 

both the change in the crystal lattice of the starting 
materials and the possible formation of materials 
with new properties. 

Thus, the detected signs make it possible to assert 
that using gas-dynamic methods, it is possible to 
create various coatings, set their properties, and 
control the process with high accuracy. 
 
3. Methodology 

 
The development of the concept of an 

experimental setup (ES) was carried out with the aim 
of creating a laboratory base for a wide range of 
experiments on the formation of various coatings on 
samples of flat and cylindrical shapes using the low-
temperature gas-dynamic method (LTGDM) [2]. The 
developed experimental setup and the composition of 
studies conducted at ES should ensure the creation of 
a technology for applying various coatings, which, in 
turn, will form the scientific basis for the creation of 
industrial plants and industrial cycles for the 
formation of protective coatings by the LTGDM [3]. 

The physical principle of coating with LTGDM 
technology is implemented using the developed 
block diagram of the method implementation 
presented in the Figure 1. compressed air from the 
compressor station is pumped into the cylinder 
compressed air enters through pneumatic lines, 
which are equipped with shut-off valves and 
pneumatic regulators, to gas flow control systems 3 
and 3', mounted on a common console of a gas-
dynamic setup. Part of the compressed air enters the 
powder dispenser control system 3, in which a gas-
powder suspension is created with the necessary 
mass flow rate of the powder and then transported to 
the mixing chamber with nozzle block 2. The main 
part of the compressed air with the parameters 
specified by the regulator 3' is supplied to the carrier 
gas heater 4 for heating to the design temperature. 
The heated gas enters the mixing chamber 2 and 
subsequently acts as the carrier gas of the powder. 

 
 

1 - powder dosing and feeding system, 2 - mixing chamber with nozzle block, 3 - control system for parameters and mass flow of 
carrier gas, 3' - powder dispenser control system, 4 - carrier gas heater, 5 - heterogeneous supersonic flow,  6 - workpiece,  

7 - workpiece movement mechanism, 8 - compressed air cylinder 
 

Figure 1. Setup block diagram for implementing LTGDM-technology 
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The optimal ratio of the mass flow rate of the 
carrier gas and powder are set by systems 3 and 3', 
gas-powder suspension is gas-dynamically mixed in 
the mixing chamber 2, in which the calculated 
parameters pressure and temperature of the 
heterogeneous mixture are provided. Next, the 
heterogeneous mixture enters the accelerating nozzle 
block (accelerator), forming a supersonic 
heterogeneous flow 5. The jet is directed to the 
workpiece (substrate) 6, fixed in the workpiece 
movement mechanism 7, providing its necessary 
rotational and reciprocating motion. 

The coating mode for this pair of “powder-
substrate” is determined by the speed of the powder 
particles at the moment of their collision with the 
base and speed of movement. The speed of the 
powder particles depends on the temperature and 
pressure of the carrier gas in the mixing chamber. 
The set of values of all these parameters determines 
the technological mode of coating.  
 
4. Definition of the Main Technological 

Characteristics 
 
Before proceeding with the design of the ES gas-

dynamic path, it is necessary to analyze the entire 
technological cycle that remains to be completed. For 
example, the designed ES is designed to form a 
protective coating on the inner surface of pipes of a 
particular assortment. To conduct experiments to 
determine the resistance of the coating to erosion and 
corrosion, flat samples of certain sizes will be 
required. In addition, the study of the adhesion and 
cohesion properties of coatings will require the 
formation of coatings on the outer surfaces of a 
cylindrical shape [4]. 

To complete the tasks, we need to determine the 
main parameters of the designed stand. 
 
5. Polydispersity of Powders 

 
To form high-quality coatings using the low-

temperature gas-dynamic method, it is necessary to 
use polydisperse powders with micron range particle 
diameters. In this case, the polydispersity of the 
powders (range of particle diameters) is determined 
by the density of the material of the initial powder. 
For example, for heavy metals (tungsten, tantalum, 
etc.), polydispersity of the powders can vary from 1 
μm to 5 μm. For metals of medium density (steel, 
copper, zinc, etc.), polydispersity is 3-15 μm. For 
light metals (aluminum, titanium, etc.), it varies in 
the range of 3–20 μm (permissible up to 50 μm). 

The indicated ranges of the polydispersity of the 
powders are due to the fact that the heavier the 
particle, the more difficult it is to accelerate it to the 
speed at which the coating is formed. This speed is 

called critical one. It is a function of many 
parameters and determines the efficiency of the 
process and high quality of coatings [5]. 
 
6. Thickness and Shape of Coatings 

 
The study of the properties of protective coating 

samples from various materials obtained using the 
low-temperature gas-dynamic method has established 
that the high quality of coatings allows the use of 
coatings with a thickness not exceeding 25 μm to 
protect steel surfaces of metal structures from 
atmospheric corrosion, impacts and other factors. 
Nevertheless, now it may be necessary to form 
coatings with a thickness of more than 150 μm and 
the designed setup should provide similar coating 
thicknesses [6]. 

In engineering, metal structures of various shapes 
are used; however, designs of a flat or axisymmetric 
shape (pipe, sheet, corner, tee, channel, etc.) are 
prevailing. 
 
7. Ensuring the Necessary Duration of the 

Experiments 
 
The main parameter limiting the duration of the 

experiments is the stock of compressed air located in 
the gas cylinder receiver station. The air volume 
should be sufficient to maintain a constant working 
pressure (5.0 MPa) in the pneumatic system of the 
gas-dynamic stand during the setup time of the 
equipment to reach the operating parameters and 
during the formation of coatings on experimental 
samples [7]. 

Since the program of planned experiments 
involves the study of coating formation processes for 
a number of powders of various fractions and 
densities, and in addition, it will be necessary to 
study the operating modes of the setup from the point 
of view of preparing data for industrial production, it 
is necessary to have a significant supply of air for 
carrying out adjustment and tuning activities [8].  
 
8. Experimental Setup 

 
The design of a high-performance experimental 

setup for the formation of protective coatings on 
substrates of various configurations was carried out. 

The main element of the gas-dynamic stand is the 
path, in which at the final stage a two-phase 
supersonic flow is formed using special accelerators 
(nozzles). Depending on the technological problems 
being solved at the production, various devices can 
be used as accelerating channels. Their profiles of 
these accelerating devices are calculated using the 
basic principles of thermogasdynamics and heat 
transfer theory as applied to heterogeneous media. 
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 Moreover, the production of profiled channels is 
carried out according to the class of high surface 
purity [9]. 

The developed concept of the stand should allow 
full automation of the process. It determines science 
intensity of the equipment designed for the 
production. 

The indicated technical conditions can be 
implemented on a gas-dynamic bench based on this 
concept and the above analysis, circuit diagram of 
which is shown in the Figure 2. 

 

 
 

1. Compressor 
2. Compressor pressure gauge 
3. Shut-off valve 
4. Air preparation module 1 
5. Filter regulator 
6. Pressure gauge in the line 
7. Air and solid phase control unit 
8. Electropneumatic valve 
9. Air flow sensor 
10. Ejector powder dispensers 
11. Dispenser shut-off valve 
12. Powder rotary dispenser 
13. Control unit of the rotary dispenser 
14. Air pressure gauge at the inlet to the mixer 

15. Ohmic air heater 
16. Control unit for the temperature of the air at 

the entrance to the accelerator 
17. Mixer 
18. Heterogeneous flow accelerator 
19. Formed coating 
20. Thermocouple on the test sample 
21. Scanning device, robot 
22. Control unit of the scanning device 
23. Working chamber 
24. Setup for collecting unused particles, air 

purification 
25. Pipeline 
26. Control cable 

 

Figure 2. Schematic diagram of the setup 
 

The main setup systems are: 
 

 Main pneumatic system; 
 Dispenser system; 
 Heater system; 
 Feed (movement) system; 
 Ventilation system of the booth; 
 Diagnostic and control system; 
 Sound insulation system. 
 
9. Main Pneumatic System 

 
For the formation of a two-phase mixture in the 

desired ratio of mass concentrations of particles and 
carrier gas (air), as well as the delivery of this 
mixture to the accelerator chamber (supersonic 
nozzle), two pneumatic systems are provided in the 
booth scheme (Figure 2.): pneumatic system for 
supplying the main flow of carrier gas and pneumatic 

system for powder dispenser. Both pneumatic 
systems are connected through a manifold and 
gearbox to the compressed air supply system. The 
pressure level at the inlet and in each of the 
pneumatic systems is controlled by manometers and 
pressure sensors [10]. 

To implement the working process of coating, high-
pressure pneumatic system must provide the 
necessary (calculated) gas flow rate at the 
appropriate pressure. The pneumatic system consists 
of a reduction gear, pressure of which is controlled 
by a pressure gauge, check valve, gas heater, mixing 
chamber for the phases of the carrier gas (air) and 
powder, with predetermined costs. Pressure gauges, 
temperature sensors and thermocouple in the nozzle 
control the parameters of air and heterogeneous 
mixture [11]. 

The pneumatic system works are the following: 
carrier gas reduced to the required pressure by the 
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pressure reducer enters the ohmic heater through the 
check valve, in which the carrier gas is heated to the 
required (calculated) temperature. The electrical 
parameters of the heater are controlled by a 
voltmeter, ammeter and other control sensors with 
access to the recorder [12]. After the heater, air 
stream enters through the high-pressure flexible 
hoses into the mixing chamber, where the main 
stream is mixed with the heterogeneous stream from 
the ejector-type powder batcher. The ejector-
dispenser must provide a smooth adjustment of the 
mass flow rate of the powder during the coating 
process and is connected to the mixing chamber by 
flexible high-pressure hoses, which provide the 
possibility of moving the mixing chamber with the 
nozzle [13]. 

After the mixing chamber, heterogeneous stream 
enters the supersonic accelerator, where it accelerates 
to the required speeds. The type of accelerator is 
determined by the shape of the substrate on which 
the coating is formed. 
 
10. Heater System 

 
The heater system consists of an ohmic heater and 

device that controls input electrical power. 
The ohmic heater consists of several series-

connected stainless steel pipes of a certain length. 
The pipes are curled in spirals to save space. An 
adjustable electric power is supplied to each pipe, 
causing its walls to heat up. Thus, the air flow 
passing inside the pipes is heated to the required 
temperature. 

Heater tubes are connected to thyristor voltage 
converters. 

To achieve the maximum possible electric power, it 
is planned to use two converters connected in 
parallel. Each converter is equipped with a remote 
control connected to the recorder. Each converter is 
connected to water supply and sewage systems to 
ensure removal of excess heat [14]. 
 
11. Feed (movement) System 

 
Feed (movement) system changes the position of 

the mixing chamber and supersonic nozzle according 
to a given algorithm using numerical control system. 

For research, three-coordinate feed system with 
computer numerical control (CNC) with one main 
direction of movement and two auxiliary ones is 
required. The feed in the main direction should allow 
the nozzle and mixing chamber assembly to move 
with a total weight of up to 10 kg with speeds 
reaching 1000 mm/s. These speeds are due to the 
requirements of calculations for the formation of thin 
coatings up to 25 μm thick with high isotropy or for 
the formation of composite coatings. For auxiliary 

directions the displacement velocity factor is not so 
significant, since these types of supply are supposed 
to be used when centering relative to the axes. 

Now it is planned to use elements of CNC machine 
tools or a set of linear actuators prepared for CNC 
and placed on a makeshift rigid frame as the basis of 
the feed system. 

In the future, it is planned to use robotic 
manipulators to form various coatings on curved 
surfaces.  
 
12. Stand Ventilation System 

 
The ventilation system should ensure the sewage of 

excess air in the room, formed when the air flows 
from the nozzle, as well as the separation and 
filtration of powder particles that enter the 
atmosphere of the room during the experiments. 

The system consists of exhaust hood (cabinet), 
highways, cyclone filter, microfilter, and exhaust fan. 
The air with the powder particles after passing the 
placement of the sample is collected in an exhaust 
hood or cabinet, depending on the type of sample and 
the nozzle used. From an umbrella or cabinet, 
contaminated air flows through flexible and rigid 
lines to a cyclone, where the particles of powder are 
separated from the air stream and particles are 
collected in a container. After the cyclone, the air 
flow is further cleaned in the microfilter and thrown 
out through the silencer into the atmosphere using a 
fan. System productivity is 3500 - 4000м3/hour. 
Excessive pressure created by the fan: up to 600 Pa. 
 
13. Diagnostic and Control System 

 
Diagnostic and control system is designed to collect 

and display parameters characterizing the ongoing 
experiments and control these parameters. This 
system consists of a diagnostic and control panel, 
rack of pressure regulators of various sensors, and 
parameter control devices located on the setup. In 
addition, when debugging a bench for using various 
powder materials and mixtures, laser Doppler 
anemometer can be used to measure the true velocity 
of powder particles at the exit of the nozzle [15], 
[16]. 

In addition, when debugging a bench for using 
various powder materials and mixtures, laser Doppler 
anemometer can be used to measure true velocity of 
powder particles at the exit of the nozzle. 
 
14. Sound Insulation System 

 
When the supersonic flow from the nozzle expires, 

sound pressure arises in the entire acoustic frequency 
range. To reduce sound pressure, it is planned to use 
soundproof materials on the ducts of the exhaust 
system, as well as sound-absorbing mats and screens 
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around noise sources. Placements and screen 
parameters will be determined empirically using 
special equipment. 
 
15. Carrier Gas State Parameters in the 

Accelerator Prechamber 
 

Carrier gas state parameters in the accelerator 
prechamber of the accelerator are determined by the 
type of coating and its main characteristics such as 
adhesion, cohesion, permeability, density, etc., as 
well as the dimensions of the coating: thickness and 
characteristic size (for example, width). 

All coating properties are determined by the speed 
and temperature of the powder particles at the time of 
impact on the surface to be treated. 

The indicated characteristics depend on the length 
of the accelerator and velocity of the carrier gas at its 
cut. 

The calculation of the geometric dimensions of the 
nozzle is one of the most important design 
procedures for the gas-dynamic path of the setup. 

It was experimentally established that for the 
formation of high-quality coatings from corrosion-
resistant steel, the parameters of the state of carrier 
gas at the inlet of the accelerator should be static 
pressure 4 MPa and static temperature of 700K. 
These parameters are achieved by regulating the 
pressure, as well as by regulating the electrical power 
supplied to the heater. 
 
16. Mass Flow Rate of the Carrier Gas in the Gas 

Dynamic Path 
 

The mass second flow rate of the carrier gas in the 
gas-dynamic path is determined by the second flow 
rate of the carrier gas in the critical section of the 
accelerator. 

In the study of heterogeneous flows, it was found 
that if the mass concentration of the solid phase is not 
more than 10%, then the flows of the heterogeneous 
mixture in the channels obey the laws of classical gas 
dynamics. Thus, in our case, in order to fulfill the 
indicated condition, the mass second flow rate of the 
carrier gas should at least 10 times exceed the mass 
flow rate of the solid phase. In addition, the mass 
second flow rate of the carrier gas depends on the 
technological operation performed on the gas-
dynamic setup. 
 
17. Providing the Necessary Composition and 

Velocity of the Powder Particles 
 

As the materials that form the coatings, it is 
supposed to study a whole range of powder 
compositions, mixtures, and compositions with a 
fairly wide range of properties and characteristics. 

The upper limit of the particle velocity is 
characterized by the strength properties of the 
powder material and gas-dynamic parameters of the 
air flow in the gap between the accelerator and the 
substrate. In turn, the kinematics of particles is 
determined by their mass and flow rate. Since a 
considerable part of the powders and their 
compositions under consideration have a high density 
of the starting material, significant values of the 
velocity head of the air flow will be required to form 
a durable coating from them. 

The velocity head at the cut of the accelerator 
depends on the following factors: 

 

 air pressure difference between the entrance to 
the accelerator and the cutoff of it; 

 accelerator inlet air temperature; 
 accelerator geometry; 
 geometric dimensions of the gas-dynamic path 

are determined based on the corresponding 
provisions of it. 

 
18. Results and Discussion 

 
The concept of an experimental setup has been 

developed to test the technology for the formation of 
new anti-corrosion coating materials using low-
temperature supersonic heterogeneous flows, the use 
of which makes possible to make research and 
industrial setup for creating protective coatings using 
a high-performance method. 

The concept of an experimental setup for testing the 
technology for the formation of new anti-corrosion 
coating materials using low-temperature supersonic 
heterogeneous flows was created using the laws of 
thermodynamics and gas-dynamic calculations. 

The tests performed show the correspondence of 
the obtained results to theoretical calculations. 
 
19. Conclusions 

 
The proposed concept of an experimental setup for 

testing the technology for the formation of new anti-
corrosion coating materials using low-temperature 
supersonic heterogeneous flows allows scientific 
research to be carried out in a lot of actual tasks in 
order to create protective coatings for metal products 
operating under conditions of erosion and corrosion 
wear. 

The implementation of this concept of the 
experimental setup allows the following: 

 

 conducting a comparative analysis of gas-
dynamic methods in order to identify positive 
and negative factors; 

 working out diagnostic methods for parameters 
of high-speed homogeneous and heterogeneous 
flows; 



TEM Journal. Volume 9, Issue 2, Pages 566‐572, ISSN 2217‐8309, DOI: 10.18421/TEM92‐19, May 2020. 

572                                                                                                                        TEM Journal – Volume 9 / Number 2 / 2020. 

 analyzing the flow of a supersonic heterogeneous 
one when it flows onto an obstacle; 

 studying the mechanism of interaction of a 
supersonic heterogeneous flow with a surface; 

 determining the effect of heterogeneous flow 
parameters on the efficiency of coating 
formation; 

 creating an algorithm for calculating the flow of 
a heterogeneous mixture in the elements of the 
gas-dynamic path for industrial design equipment 
and coating formation technologies. 
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