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The values of the heat flux density, transverse and longitudinal temperature gradients of the gas-thermal 
burner torch, the type of reaction during the combustion in various modes (reducing, neutral, oxidizing) 
depending on the mass fractions of the fuel and oxidizer burning have been determined in this paper. 
The significant role of the torch temperature as one of the most important parameters determining the 
quality of polymer coatings obtained by the gas-thermal method has been established. A spatial model of 
a gas-thermal burner has been designed, which allows to obtain thermal modes at specified technological 
parameters. A physical model of the interactions “torch-polymer particle”, “thermal jet – base” has been 
developed. The necessary density of the torch heat flux for the complete melting of ultrahigh molecular 
weight polyethylene (UHMWPE) particles not exceeding the temperature threshold of destruction has been 
determined. The required rate of introduction the UHMWPE powders into the burner flame has been also 
determined. Based on the calculations of the “torch-polymer particle interaction”, the optimal geometry of 
the torch, the particles trajectory in the torch and the spraying distances have been determined. 
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1 Introduction 

A method of applying polymer coatings to the 
surface of metal products by gas-thermal spraying in 
protection purposes is proposed in a number of works 
[1-5]. The method eliminates the necessity of using 
volatile organic solvents under hazardous production 
conditions. However, the proposed method and 
equipment for the gas thermal spraying has significant 
drawbacks including low productivity; the heat 
transfer in the “torch – polymer particle”, “thermal 
jet-base” systems have not been investigated. In our 
opinion, the systematic studies have also not been 
carried out to determine the efficient composition 
of the combustible mixture and granulation of the 
applied polymer material. In addition, the method 
is not optimized for the criteria of industrial 
applicability.

In the result, there are still no unifired 
recommendations for choosing the optimal value of 
the heat flow density of the thermal sprayer torch, 
modes of melting polymer coatings on long-length 
parts. Moreover, from a technological point of view, 
the problems of controlling the geometric dimensions 
of the applied coatings which in turn depends on the 
accurate modeling of the spraying process have not 
been solved.

The unstable technological modes adversely 
affect, respectively, the practically important 
properties of the obtained coatings.

The polymer processing has been carried out using 
plasma energy [6-8]. However, the high temperature 
developed in the plasma flow results in the polymer 
destruction. Besides this, the mechanical properties 
and chemical resistance of coatings are lower 
than those of the coatings made by other methods. 
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This greatly limits the scope of the flame spraying 
method. In addition, a significant disadvantage of the 
polymer plasma spraying method is the low values 
of the thermal efficiency, high energy intensity, and 
the impossibility of its implementation under non-
stationary conditions. The plasma method seems to 
be appropriate only for the processing of refractory 
polymers, such as fluorolones.

Thus, the purpose of this work is to determine the 
degree of the parameters of the High-Velocity Air-
Fuel (HVAF) method the impact to the physical and 
chemical properties of the burner torch during the 
UHMWPE processing. 

2 Material and research methods 

In order to apply UHMWPE coating in practice, 
we need to develop and design an experimental 
high-rate gas-air spraying unit. However, it is 

necessary to determine beforehand the influence 
of the technological parameters of the gas-thermal 
equipment on the physical and chemical properties 
of the burner torch during the UHMWPE processing. 
We used 3D modeling methods to solve this problem. 
Propane was used as a fuel gas, and air was used 
as an oxidizer (high velocity coating technology 
– High Velocity Air-Fuel (HVAF). The object of 
the UHMWPE study, manufactured by Nantong 
Yangba Polyethylene Co., Ltd., China, the density 
is 930 kg/m3, with a molecular weight of 2·106 mol-

1, is a white powder with an average particle size 
of 150 microns (Figure 1 a, b), Tpl = 135 °C, bulk 
density >0.4 g/cm3, p ≥ 0.933 g/cm3. The shape and 
size of UHMWPE particles were determined by 
optical microscopy on Altami Met 5C. The powder 
mixing was carried out in a Pulverisette 23 ball mill, 
rotation speed 1500 rpm, grinding time in the range 
from 6.5 to 15 minutes. 

а b

Figure 1 – Optical image of UHMWPE particles (a), particle size distribution (b)

To study the process of the UHMWPE gas-
thermal processing, we have designed a physical 
model of the system and found optimal solutions by 
the finite element method (FEM) in accordance with 
[9,10]. FEM is a numerical method for solving partial 
differential equations, as well as integral equations 
arising in solving problems of applied physics. As 
it is known, FEM is widely used to solve problems 
of deformable solid mechanics, heat transfer, 
hydrodynamics, electrodynamics and topological 
optimization. The domain in which the solution 
of differential equations is sought is divided into a 
finite number of subdomains (elements). The type of 
approximating function is arbitrarily selected in each 
of the elements.

A spatial model that makes it possible to 
obtain the thermal modes of the burner torch at the 
specified technological modes has been designed. 
The model was designed in the SolidWorks 3D 
modeling software package according to [11]. The 
boundary conditions are: heating time of a powder 
particle is 0.2 s, an average heat flow density is 38 
kW/m2.

3 Results and discussions

3.1 Dependence of the physical and chemical 
properties of the gas-thermal burner torch on the 
geometry of the nozzles and the mass fractions of fuel 
and oxidizer 
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To determine the dependence of the physical and 
chemical properties of a gas–thermal burner torch 
on the geometry of the burner nozzles and the mass 

fractions of fuel and oxidizer, we designed a 3D 
model of High-Velocity Air Fuel (HVAF) spraying 
technology (Figure 2).

According to Figure 2, there is a brief description 
of the technological process: propane 1 enters the 
gas distribution unit 6, and sprayed through nozzle 7, 
ignites under the impact of a heat source and forms 
torch 3; mixture of air and composite charge 2 enters 
the gas distribution unit and then enters the torch zone 
through nozzle 7; UHMWPE powders 4 melt under 
the impact of the temperature and collide with base 8 
to form a coating. The ratio of the fuel, oxidizer and 
working raw materials, i.e. variable technological 
parameters, are regulated respectively by valves 
5. The burner torch must provide the necessary 

Figure 2 – Schematic diagram of polymer spraying by the gas-thermal method

technological mode for the processing of UHMWPE 
particles. To obtain coatings with the possibility of 
varying their properties, it is necessary to provide an 
adjustable temperature gradient of the torch, which 
can be achieved by changing the geometry of the 
nozzle and the ratio of fuel and oxidizer.

The most important problem of optimizing the 
torch burning process is the efficient use of the energy 
released during the combustion of the combustible 
mixture. In addition, special attention is paid to the 
compliance with the spraying temperature mode 
during the spraying polymer coatings. 

Figure 3 – Dependence of the physical and chemical properties of the torch on the 
geometry of the nozzles and the mass fractions of the fuel and oxidizer
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Figure 3 shows the changes in the physical and 
chemical properties of the torch depending on the 
geometry of the nozzles and the mass fractions of the 
fuel and oxidizer. 

Table 1 shows boundary conditions.
It can be seen from the above data, that the 

temperature distribution along the axes of the torch is 
sensitive to the ratio of the diameter of the nozzle and 
the gas flow velocity.

Table 1 – Boundary conditions of the experiment

Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5
Jet diameter, mm 0,9 1 1,1 1,2 0,9
Gas consumption 

(propane) 0,01 0,03 0,05 0,04 0,035

Experiment 6 Experiment 7 Experiment 8 Experiment 9 Experiment 10
Jet diameter, mm 1 1,1 1,2 0,9 1
Gas consumption 

(propane) 0,001 0,03 0,01 0,001 0,005

3.2 The dependence of the heat flow density, the 
temperature gradient of the burner torch, the type of 
reaction during combustion in various modes on the 
mass fractions of fuel and oxidizer 

According to Figure 2, the ratio of fuel, oxidizer, 
raw materials (variable technological parameters) is 
regulated by valves 5

Figure 4 shows the calculated data of the temperature 
gradient of the gas-thermal burner torch. As can be seen 
from the diagram, the designed finite element model 

allows receiving the data at any point in the torch space. 
Depending on the ratio of the combustible substance 
and oxygen, the gas flame is divided into [12-14]:

•	 oxidative – with oxygen excess;
•	 regular – with a parity ratio of combustible 

matter and oxygen;
•	 recovery – with an excess of combustible gas.
The torch flame consists of three components: 

the neutral zone (red), the recovery zone (green) and 
oxidizing (light blue color) (Figure 5).

Figure 4 – The torch temperature gradient 
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Figure 5 – Colored zones, which show the type of combustion reaction

a) b)

Figure 6 – Change in the excess coefficient of oxidizer (a) and fuel (b) along the flame axis 

From the data in Figures 5 and 6, it can be seen 
that the powder is in the area of the oxidizing flame 
in the melting zone. In [15,16] it is noted that due to 
thermal oxidation processes, the coatings even from 
inert polymers, such as polyethylene, have good 
adhesion. However, too high flame temperature (up 
to 1500 ° C) in an unstable mode adversely affects the 
other, practically important properties of coatings. 
For example, the mechanical properties and chemical 
resistance of the coatings are lower than that of the 
coatings made by other methods [17-19].	  

The heat flow density is an important 
technological parameter. The determining of the heat 
flow density is necessary to determine the optimal 
trajectories of powder particles in the torch. Figure 
6 shows a general picture of the distribution of heat 
flow density along the torch longitudinal axis.

Figure 8 shows the calculated gradient of the heat 
flow in the particle deposition area. Figures 7 and 8 
show the dependence of the heat flow density on the 
deposition distance. It can be seen that at a distance of 
0.8 m the average value of the flow density is 38 kW/
m2. The heat flow density corresponds to the modes 
that are calculated when modeling the heat exchange 
process in the “torch – polymer particle” and “thermal 
jet-base” systems.It is necessary to study the “torch 
– polymer particle interaction” because of the low 
thermal conductivity of the UHMWPE, thermal 
destruction. Powder losses in this technological 
process may be caused by:

- the amount of powder that did not melt in the 
flame,

- the amount of powder that has been destructed 
due to a high temperature.
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Figure 7 – Picture of heat flow density

Figure 8 – Change in heat flow density along the torch central axis

This may occur with non-optimal trajectories 
of the powder particles in the torch. Namely, 
a particle has a path in the torch that does not 
correspond to its physical and chemical properties. 
The particle does not fall into the torch. The 
thermal power of the torch is less than necessary 
to melt the entire amount of particles arriving per 
a unit of time.

3.3 Modeling of heat transfer processes in the 
“torch – polymer particle”, “thermal jet-base” 
systems

In the result of the calculated work, the trajectories 
of a particle motion in the torch have been obtained 
(Figure 9). It can be seen that the powder particles 
are placed along the cylinder axis and move in the 
calculated central axis of the flame, the powder 
heating is uniform and lies within the specified limits 
of the temperature and destruction. 

Picture 10 shows the change in the heating 
temperature of UHMWPE particles along the 
trajectory of their movement at a powder feed 
velocity of 1 kg/min.



65

M.K. Skakov et al.                                                                                   Phys. Sci. Technol., Vol. 9 (No. 3-4), 2022: 59-68

 

Figure 9 – Picture of the of UHMWPE particles trajectory in the torch 

Figure 10 – Particle temperature distribution along the torch length 

Figure 10 shows that the particles reach the 
required temperature at a distance of 0.8 m. At 
the same time, the temperature of the particles is 
almost the same, which should ensure a uniform 
structure of the coatings obtained from UHM-
WPE. The melting point of UHMWPE is 135 – 
1500С. Theoretically, the short-term temperature 
limit without destruction is 1.5 Tpl. The values 
obtained by us satisfy the specified interval. It 
also follows from the data obtained that it is nec-
essary to choose a spraying distance of 800 mm, 
which ensures the exposure of a given tempera-
ture range.

Figure 11 shows the change in the temperature 
gradient along the particle cross-section depending 
on its diameter. The boundary conditions are: the 

heating time of a powder particle is 0.2 s, the average 
heat flow density is 38 kW/m2

.
It can be seen that, the particle core has a 

temperature below melting point by 120 C0 for a 
UHMWPE particle larger than 0.2 mm at a given heat 
flow density, which will result in incomplete powder 
melting. Therefore, it is advisable to use powders 
with a particle size of about 0.05-0.2 mm, which 
corresponds to the physical and chemical properties 
of the particles during the spraying [20-21].

Figure 12 shows the “thermal jet-base” 
interaction. The temperature distribution fields are 
visible depending on the geometry of the bases. It can 
be seen from the diagrams that the optimal spraying 
distance is 0.8-1 m, since then the torch is less stable 
and the particles fall into the turbulent flow. 
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а) b) c)

Figure 11- Temperature gradient along the cross-section of the particle,  
depending on its diameter: a) d= 0.1 mm; b) d=0.2 mm; c) d=0.3 mm

а

b

Figure 12 – Temperature gradient in the interaction of a thermal jet  
with a flat (a) and cylindrical (b) geometry of bases 
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4 Conclusions

Thus, in the result of the conducted research, a 
significant impact of the technological parameters 
of the gas-thermal equipment to the physical and 
chemical properties of the burner torch during the 
processing of SMPE (HVAF method) has been 
established. The values of the heat flow density 
and the temperature gradient of the torch, the type 
of a reaction during the combustion in various 
modes (recovery, neutral, oxidizing), depending 
on the mass fractions of the fuel and oxidizer, have 
been determined. The significant role of the torch 
temperature as one of the most important factors 
determining the quality of the polymer obtained 
coatings has been established. A spatial model of 
a gas-thermal burner which makes it possible to 
obtain the thermal modes at a specified technological 
parameter.has been designed. A physical model of 
the interaction “torch-polymer particle”, “thermal jet 

–base” has been developed. The necessary heat flow 
density for the complete melting of the UHMWPE 
particles which does not exceed the destruction 
threshold has been determined. The required rate of 
the UHMWPE powders input into the burner flame 
has been determined. The optimal geometry of the 
torch, the trajectory of particles in the torch and 
the spraying distances have been determined based 
on the calculations of the “torch-polymer particle 
interaction”. The obtained results of 3D modeling 
will make it possible to design an experimental 
installation of UHMWPE high-velocity spraying.

The work has been carried out within the 
framework of the grant project of the Science 
Committee of the Ministry of Education and Science 
of the Republic of Kazakhstan No. AP09259925 
“Development and Implementation of a Highly 
Effective Technology for Applying an Anticorrosive 
Coating Based on Ultra-High Molecular Weight 
Polyethylene”, 2021-2023. 
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