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In contemporary mechanical engineering, extending the lifespan of products necessitates heightened standards for the materials used in the
fabrication of components and structures. One of the most promising avenues is enhancing material characteristics through the application
of functional coatings. This includes boosting the material’s corrosion resistance, wear resistance, and protection against mechanical
damage, as well as enabling localized repairs without disassembling the structure. Preference is given to technologies that do not adversely
affect the surface to which they are applied. Cold spray technology stands out as one of the most rapidly advancing methods for applying
protective coatings and imbuing materials with various functional properties. This technique not only safeguards surfaces but also enhances
their operational characteristics, ensuring the longevity and reliability of products. Investigation of the influence of the dependence of
the gas heating on the geometric parameters of the heating element of the cold spraying technology was considering in this work. This
task was considered in two software solvers: the software product ”Thermoviscous fluids: a hydrodynamic simulator for modeling flow in
annular channels with heat exchange“ and ANSYS. The modeling results show that the spiral steel tube can effectively be used for heating
gas to high temperatures at high speeds. However, it is necessary to consider that at high speeds, additional hydrodynamic effects such
as turbulence and shear flows may occur, which can affect the efficiency and stability of the gas (nitrogen) flow.
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1. Introduction
In the realm of modern mechanical engineering, ex-

tending the service life of products demands elevated stan-
dards for thematerials employed in themanufacture of com-
ponents and structures [1–3]. One of the most promising
approaches is to enhance material characteristics through
the application of functional coatings. This includes aug-
menting the material’s corrosion resistance, wear resis-
tance, and protection against mechanical damage, as well
as facilitating localized repairs without disassembling the
structure [4]. Technologies that do not negatively impact
the applied surface are favored.

Cold spraying (CS) technology is at the forefront of
methods for applying protective coatings and endowing
materials with various functional properties [5, 6]. This
process, broadly known as cold spraying, aims to develop
methods and devices for spraying coatings that impart the
necessary properties to product surfaces, such as reduc-
ing porosity, increasing hardness, strength, and corrosion
resistance.

The primary objective of these innovations is to cre-
ate a method and device for spraying coatings that elevate

the surface properties of products to the required levels,
ensuring reduced porosity, enhanced hardness, increased
strength, and superior corrosion resistance. Over the past
20 years, the greatest inventive activity in the field of CS
coating technologies has been observed in Russia, Germany,
China and the USA [7]. Also, this coating area is also being
developed by developers from Japan, the Republic of Korea,
India, Austria and Australia [8].

The forefront of CS technology development is marked
by a drive to enhance productivity and automate the coating
application process. This is achieved through the creation
of novel automated systems and the exploration of modern
powder materials, which endow parts and products with
diverse functional properties.

The device for applying coatings via the CS method
comprises several key components: a dosing feeder, a hous-
ing that includes a powder hopper shaped like a drum with
recesses on its cylindrical surface, and a mixing chamber
equipped with a nozzle designed to accelerate powder par-
ticles. The nozzle is connected to both the mixing cham-
ber and a compressed gas source. A powder particle feed
controller ensures the desired flow rate during the coat-
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ing process, while a partition installed at the bottom of
the hopper prevents powder particles from entering the
space between the drum and the dosing device body, thus
avoiding potential jamming.

The nozzle, featuring a profiled passage, enables the
gas flow to reach supersonic speeds. To further boost pro-
cess efficiency and regulate the speed of the gas-powder
mixture with a supersonic jet, the device incorporates an
element for heating compressed gas, complete with a tem-
perature control system.

Preferably, the heating element should be made from a
resistor alloy, which will allow for a reduction in the overall
dimensions and weight of the heating means [9–13].

In the work ofWenya Li [14], an experiment was carried
out and a 2D model of the entire process of CS technology
was constructed, however, numerical modeling of the gas
heating element was not performed. Nitrogen is most often
used as a working gas.

Nitrogen is an inert diatomic gas without color and
odor, the chemical formula of the diatomic molecule N2,
molar mass 28.01 kg/kmol. The nitrogen content in the
atmospheric air is about 78.09 % by volume. It is used in
technological processes as an inert sealing medium, for
example, for dry gas mechanical seals and sealing com-
plexes, in the chemical industry for the synthesis of ammo-
nia. Liquid nitrogen is used as a refrigerant in mechanical
engineering for the assembly of non-removable tight joints
(cooling of the covered part). Nitrogen is used in special
technological processes for applying a thin layer of wear–
resistant coating — titanium nitride on the surface of steel
parts; in combination with silicon, it forms a wear-resistant
promising ceramic material, silicon nitride Si3N4 [15].

Numerical simulation of the gas heating process will
allow to set the optimal parameters of the heated element
to reduce the gas heating time, and, accordingly, optimize
the process in the complex.

2. Problem statement
The working gas is nitrogen (N2), which is supplied to

the tube at room temperature, 293 — 298 K (20 — 25 ◦C),
and a pressure of 2 to 10 MPa. The tube walls are main-
tained at a constant temperature of 1273 K (1000 ◦C). The
inner diameter of the tube is fixed and is 0.008 m, and the

wall thickness is 0.002 m. The diameter, number of coils,
and length of the tube are parameters that need to be de-
termined for efficient gas heating.

3. Methods
This task was considered in two software solvers:

1. The software product «Thermoviscous fluids: a hy-
drodynamic simulator for modeling flow in annular
channels with heat exchange» [16].

2. ANSYS — a universal finite element analysis (FEA)
software system

4. Numerical results
4.1. Part 1. Results of numerical simulation in the

own software product

The flow of incompressible nitrogen in a flat channel
was considered. The channel diameter was fixed, and the
channel length L varied from 1 m to 50 m. The modeling
environment used was the own software product «Ther-
moviscous fluids: a hydrodynamic simulator for modeling
flow in annular channels with heat exchange» which was
adapted to solve this problem: the inner diameter of the
tube — 0.008 m; the length of the tube — from 1 m to 50 m;
the pressure drop dp — 1 Pa; the initial temperature of the
gas — 293 K; the temperature of the tube walls — 1273 K.

To solve the problem of the incompressible flow of ni-
trogen in a flat channel, the control volume method was
chosen. This approach allows solving the Navier–Stokes
equations with high accuracy, which is critical for obtain-
ing reliable results.

The geometric dimensions of the tube, the properties
of nitrogen, the boundary conditions for velocity and pres-
sure at the inlet and outlet of the tube, and the temperature
at the tube walls were used as input data for modeling.

Based on the calculations, the results for the distribu-
tion of velocity, pressure, and temperature along the length
of the tube were obtained. The results of the test calcula-
tion for a channel with a length of 1 m and a pressure drop
of 1 Pa are shown in Fig. 1. The graph shows the distribu-
tion of temperature and velocity along the length of the
channel in a dimensionless form.

Figure 1. Distribution of temperature and velocity in the computational domain for L = 1 m at dp = 1 Pa
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Figure 2. Distribution of temperature and velocity in the computational domain for L = 10 m at dp = 104 Pa

Figure 3. Distribution of temperature and velocity in the computational domain for L = 50 m at dp = 105 Pa

From the obtained results, it follows that the distribu-
tion of the nitrogen velocity along the length of the channel
has a parabolic shape. The maximum velocity is reached
in the middle of the channel and decreases to zero at the
tube walls.

The study results showed (Fig. 2) that as the chan-
nel length increases to 10 meters and the pressure drop
to 104 Pa (equivalent to 0.1 atm), the nitrogen is heated
closer to themiddle of the channel. Themaximumnitrogen
velocity in the channel is 0.7 m/s.

Further, when the channel length is increased to 50me-
ters and the pressure drop to 105 Pa (equivalent to 1 atm),
the nitrogen does not have enough time to heat up in the
center of the channel due to the high flow velocity (Fig. 3).
Heating occurs only in the near–wall region of the channel.
The maximum nitrogen velocity in the channel is 1.5 m/s.

Further research is needed, including the use of more
complex channel geometries and experimental studies, to
improve the accuracy and validity of the mathematical
model and optimize the cold spray process. One option for
increasing the complexity of the channel geometry is the
use of spiral channels, which have a more complex shape
than flat channels and allow for modeling of the flow under
more realistic conditions.

4.2. Part 2. Results of numerical simulation in the
ANSYS software system

The flow of nitrogen in a spiral steel tube in a 3D con-
figuration is considered to study the features of gas flow in
such conditions and to optimize the parameters of the tube

to increase the efficiency of gas heating.
Initial parameters: inner diameter of the tube – 0.008

m; length of the tube — 1.154 m; spiral diameter — 0.06 m;
wall thickness of the tube — 0.002 m; initial temperature of
the liquid — 293 K; temperature of the tube walls — 1273 K;
inlet pressure — 2 — 10 MPa; outlet pressure — 0.1 MPa.

The first step of modeling involves constructing the ge-
ometry and mesh. Fig. 4 shows the geometry of the compu-
tational domain with the constructed mesh. The geometry

Figure 4. 3D Geometry of the Computational Domain
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Figure 5. Mesh of the Computational Domain

was created using the ANSYS. Fluent software, and the
mesh was built using the AutoMesh module. The computa-
tional domain geometry consists of a spiral cylindrical pipe
made up of five spirals (N = 5) with a distance of 0.03 m
between them, into which the working gas is supplied.

Fig. 5 shows the constructed mesh on the inlet of the
pipe. The selected cell sizes (dx = 0.001 m or 0.0005 m)
ensure sufficient computational accuracy while minimizing
modeling time.

The next step inmodeling is to set up themodel, which
includes selecting themodel equations, materials and prop-
erties, as well as boundary conditions on the inlet, outlet,
and walls of the pipe.

Fig. 6 shows theANSYS software’s setupmodule, where
themodel parameters are conFig.d. Formodeling the flowof
nitrogen in a spiral steel pipe, the Navier–Stokes equations
for turbulent flow and the k–ε turbulence model were cho-
sen. The wall of the pipe was selected as stainless steel, and
the gas properties were specified according to the modeling
conditions.

The boundary conditions on the inlet to the channel
include the gas temperature, and the pressure is fixed both
at the inlet and the outlet of the channel. The walls of the
pipe are considered stationary and have a constant tem-
perature. To account for heat exchange between the gas
and the walls of the pipe, a heat dissipation condition was
chosen.

To refine the model, additional parameters were also
specified, such as the coefficient of roughness of the inner
wall of the pipe (roughness height 1e-6 m, roughness con-
stant 0.5), the coefficient of thermal conductivity and heat
capacity of the gas according to the properties of nitrogen.

The results of modeling the flow of nitrogen in a spiral
steel pipe are presented below. At the inlet to the channel,
an initial pressure drop is set, in this case equal to 2 MPa.

Fig. 7 shows the linear pressure distribution in the spi-
ral pipe. From the graph, it can be seen that the pressure
in the pipe gradually decreases from the inlet to the outlet,
which corresponds to the expected behavior in turbulent
gas flow.

Figure 6. ANSYS Setup Module



116 A.A. Mukhutdinova, A.D. Nizamova, W.Y. Li 2024. Т. 19, №3. Многофазные системы

Figure 7. Pressure distribution in the spiral pipe for N = 5 at
dp = 2 MPa

Figure 8. Temperature distribution of the gas in the spiral steel
pipe at the given pressure drop for N = 5 at dp = 2MPa

Figure 9. Gas velocity distribution in the spiral tube for N = 5 at
dp = 2 MPa

A constant temperature of 1273 K is set on the walls of
the spiral steel pipe. Fig. 8 shows the established tempera-
ture distribution in the pipe. It can be seen that nitrogen
enters with a minimum temperature of 293 K. As the gas
flows through the spiral pipe, it is heated to a temperature
of approximately 1000 K.

As can be seen from the Fig. 9, the gas velocity changes
along the pipe and reaches its maximum value closer to
the outlet of the computational domain. The maximum
velocity of the nitrogen is approximately 1.000 m/s.

The results of a parametric study on the influence of
pressure differential on the velocity and temperature of
the gas at the tube outlet are presented. An investigation
into the impact of element mesh size on the solution to the
problem at hand has been conducted.

Tab. 1 demonstrates that as the pressure differential in-
creases, the velocity of the gas flow rises, while conversely,
the temperature of the gas at the outlet decreases.

Tab. 2 presents the results of calculations with an el-
ement mesh size of 0.0005 m.

Upon comparing the results presented in Tabs. 1 and 2,
it is evident that the difference between the values is less
than 1 %.

When considering the modeling of a spiral tube with
a length of 1.154 meters and five rings at fixed parame-
ters based on the pressure differential, it is found that this
length is insufficient for the complete heating of the gas
at the specified pressure differentials (ranging from 2 MPa
to 10 MPa).

Subsequently, the number of spirals was increased to
10 (N = 10), with a distance of 0.015 meters between them,
while keeping all other parameters unchanged. The overall
length of the tube in this case was 2.09 meters.

Fig. 10 shows the temperature distribution at a pres-
sure differential of 2 MPa. It is observed that, starting from
the 8th ring, the gas temperature exceeds 1000 K. Upon
exiting the tube, the gas temperature reached 1251.15 K.

Tabs. 3 and 4 present the modeling results for vari-
ous pressure differentials and element mesh sizes. The
difference in the results is less than 1 %.

Table 1. Modeling results for N = 5 with dx = 0.001 m

Pressure, MPa Velocity, m/s Temperature, K
2 258.667 1058.12
3 378.155 967.406
4 461.835 951.118
8 565.5605 896.395
10 669.286 841.672

Table 2. Modeling results for N = 5 with dx = 0.0005 m

Pressure, MPa Velocity, m/s Temperature, K
2 258.586 1058.31
3 376.527 968.134
4 459.403 952.506
8 564.6785 896.168
10 669.954 839.83
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Figure 10. Temperature distribution in the tube with N = 10 and
dp = 2 MPa

At a pressure differential of 2 MPa, the maximum tem-
perature at the outlet is 1251.15 K, which is 193.03 K higher
than the calculations with five rings and an increased ve-
locity of 72.171 m/s.

Increasing the pressure differential to 10 MPa results
in a temperature decrease of 155.6 K and an increase in
velocity by 2.5 times. This is significantly lower than the
desired temperature.

The results from Tabs. 1–4 are presented at Figs. 11
and 12 and are qualitatively similar for the meshes 0.001 m
and 0.0005 m.

We have modified the spiral diameter from 0.06 m to
0.121 m, increased the channel length to 4 meters, and the
number of spirals to 15 (N = 15) with a spacing of 0.015 m,
using an element size of dx = 0.002 m (Fig. 13).

As a result of the modeling with a pressure differen-
tial of 10 MPa, the gas velocity was 410.228 m/s, and the
temperature was 1257.43 K. This is lower than the desired
temperature for the specified pressure differential.

Next, we increased the number of spirals to 17 (N = 17)
under the same parameters and a pressure differential of
10 MPa. The resulting gas temperature was 1264.76 K, and
the flow velocity was 376.234 m/s.

Table 3. Modeling results for N = 10 with dx = 0.001 m

Pressure, MPa Velocity, m/s Temperature, K
2 186.415 1251.15
3 257.071 1227.91
4 302.925 1200.7
8 392.901 1120.41
10 465.696 1095.55

Table 4. Modeling results for N = 10 with dx = 0.0005 m

Pressure, MPa Velocity, m/s Temperature, K
2 183.627 1251.07
3 258.09 1227.9
4 302.539 1200.7
8 393.043 1120.45

Figure 11. Temperature distribution

Figure 12. Velocity distribution

Figure 13. Channel scheme for N = 15
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5. Conclusion
The modeling results show that the spiral steel tube

can effectively be used for heating gas to high temperatures
at high speeds. However, it is necessary to consider that
at high speeds, additional hydrodynamic effects such as
turbulence and shear flows may occur, which can affect the
efficiency and stability of the gas (nitrogen) flow.
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