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Abstract — The characteristics of the combustion flame spray gun are its velocity and temperature distributions. All these data are 
essential to model the movement and heating of particles in the flame. The flame temperature varies substantially with a small 
displacement either in axial or radial direction. The flow field shapes and distributions will change according to the flow 
parameters. Optimizing the flow parameters will have a major beneficial effect on coating quality. It is possible to select reasonable 
positions and flow rates with the aim of controlling the temperature distributions. The average temperatures of the cross-sections 
of the flame describe the effective working temperatures. The research results are useful to optimize the flow parameters and 
improve the coating quality. 
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I. INTRODUCTION 

Combustion flame spray can be applied in many areas. It 
has a low heating potential and the lowest mean-particle 
velocity compared to the other thermal spray processes. 
Combustion flame spray is used to process metallic, polymer 
and composite coatings for wear resistance and resurfacing 
of severely worn materials. Major benefits of this process 
include high portability and lower capital intensity. For 
materials with low melting point such as polymer and 
composite coatings, flame spray is the best option. 

II. EXPERIMENTAL PROCEDURE 

A. Combustion Flame Spray Gun 

The combustion flame spray gun used in the experiments 
is shown in Figure. 1. The detailed nozzle structure of the 
combustion flame spray gun is shown in Figure. 2. Acetylene 
and air are mixed in the fuel chamber and sprayed from 20 
small spray nozzles with diameter of 0.5mm. The carrier air 
brings the particles and injects into the combustion flame[1-
2]. 

 

 
Figure 1. Flame Spray Gun and Nozzle 
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Figure 2. Cross-Section Division Of Combustion Flame Torch 

The nozzle geometry and their flow parameters are listed 
in Table 1. In powder nozzle, there are protective air and 
powder carrier air flows in one nozzle. The volumetric flow 
rate of protective air is 17.5 ( l /min) and the volumetric flow 
rate of the powder carrier air is about 20-30 (l /min) which 
depends on the powder properties. 

TABLE I. NOZZLE GEOMETRY AND VELOCITIES 

Nozzle 
diameter  d (m) 

Nozzle length  
L (m) 

Volumetric flow rate Q   ( l 

/min) 
Fuel nozzle       

0.0005 
0.008 

fuel 4-7( l /min),  air 5-12(l/min) 
(velocity v 42.46-84.92 m/s) 

Powder nozzle    
0.040 

0.017 
17.5-50( l /min) 

(velocity v 59.35 m/s) 

B. Fuel Injection Flow 

The frame of the flame area is formed by 20 small fuel 
jets and protective air jet (or protective air + carrier air + 
particles). The two adjacent fuel jets will merge together in 
their boundaries. Some protective air is injected through the 
powder nozzle in the flame centre. So the temperature at the 
centre of the flame should be lower compared with the one at 
the fuel spraying position[3-4]. 
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C. Temperature Measurements  

The basic method of temperature measurement was 
carried out by using a type R thermocouple protected by a 
ceramic tube. The thermocouple tube was held on a two-
dimensional travelling unit which was mounted on a 
purpose-designed experimental base. So the axial and radial 
temperatures of the flame jet could be measured. The upper 
temperature limit of this thermocouple is 1540 C0 . 

D. Physical Chemistry of Combustion in Gaseous Fuels 

Flames can be generally subdivided into two categories: 
Premixed flames, where the fuel is mixed with oxygen 

prior to burning. 
Diffusion flames, where the fuel and oxygen are initially 

separate but burned in the region where they mix. 
For the combustion flame spray gun used, the fuel, 

namely acetylene, and air(oxygen) is mixed in the chamber 
of the gun with the fuel rich ratio so the flame will be stable 
at the exit of the fuel nozzles. Under this condition, the 
combustion process is partly premixed and partly a diffusion 
flame. The combustion flame boundaries are the free jet 
flows. So the analysis of combustion flame spray process is 
more complex[5-6].      

In the spray flame the rate of burning is expressed as the 
rate of the supply of gaseous fuel which for gas jet flames is 
independent of the combustion process. The release of heat 
in combustion causes substantial changes in the temperature 
of the surroundings as results of the heat transfer from the 
flames and the products of combustion formed at high 
temperatures[7-8].. 

E. Measurement Points and Cross-Section Divisions 

The measurement cross-sections are divided as Figure. 2. 
For the purpose of comparing, the whole flame jet is divided 
into several cross-sections. These cross-sections should 
represent the characteristic points and areas of the 
combustion flame. Cross-section A represents the process of 
the initial fuel heat-up and fire, cross-section B is the start of 
the core flame zone while C is the exit of the particles. 
Powder particles are injected into the flame. The temperature 
at this position is for the heat transfer and mass transfer 
calculation of particle-gas in flame. Cross-sections D, E, F, 
G, H are the main heating areas for the particles. The 
temperature distributions in these areas represent the 
characteristics of the flame. Cross-sections I and J are the 
end of combustion flame. The movement unit for point to 
point measurement should be small enough to show the 
temperature changes in one cross-section and to capture 
essential features of the flow fields. The thermocouple 
movement unit in this research selects 0.2-0.5mm, depending 
on the features of the cross-section. The maximum 
movement range depends on the flame diameters in each 
cross-section.  

III. RESULTS AND DISCUSSION 

A. Temperature at Powder Nozzle Exit 

When measuring the temperature at the powder nozzle 
exit, the fuel flow rate is kept constant with different air rate. 

The experiments are repeated for different values of the fuel 
flow rate. The fuel flow rate is varied the temperature at the 
powder exit has significant changes; both in temperature and 
slope of the graphs occuring with respect to a constant air 
flow rate, but it is noticed that three of the curves tend to 
originate from the same point in the graph when air flow rate 
is the lowest possible for sustaining the flame. This infers 
that for each fuel flow rate there is an air flow rate for which 
the temperature attains maximum. This relationship can be 
better expressed by the air-fuel ratio and temperature graphs. 
As it is a common practice to plot the combustion 
characteristics with air-fuel ratio and temperature the 
subsequent four graphs represent relation. The values are 
obtained from the constant fuel. With lower fuel flow rate, 
e.g. 4, 5 and 6(l/min), the air flow rate available is 4, 5 and 6 
respectively. When fuel flow rate is increased to 7(l/min) , 
the air flaw rate available becomes 6, 7, 8, 9, 10, 11and 12. 

To get the starting temperature of particle into flame, the 
pre-mixed acetylene and air will be selected with different 
combinations under normal working conditions. Here the 
thermocouple is kept fixed at the nozzle exit. The 
combustion air is increased by unit till the flame 
extinguishes. Initially the fuel flow rate is kept constant with 
4 ( l /min) and the combustion air is increased by unit and for 
each pair of values the temperature is measured.  

B. Temperature Distribution in Sprayed Flame 

1) Selection of Flow Parameters 
The flow parameters are selected (fuel pressure 1.2(bar), 

premix air 3.0(bar)).  These parameters are usually for 
polymer coatings. The premix air is adjusted to 6 ( l /min). 
The fuel is adjusted to 4 ( l /min). The air-fuel ratio is kept 
constant at 1.5 throughout the experiment. 
2) Flame Temperature at Radial and Axial Directions  

The flame spray gun was fired and the thermocouple was 
moved backwards radially from the axis of the thermal spray 
gun. The position of the thermocouple tip was noted and the 
temperature was recorded by a digital device. Point by point, 
the temperature distribution on one radial cross-section was 
obtained. This process was repeated and the temperature 
distributions in the whole flame area were recorded.  

C. Results and Analysis  

All the results, which are collected from the experiments, 
will be analyzed in order to get some useful information. The 
temperature distributions of jet flame cross-section E and J 
are as shown in Figure. 3(a) and (b). 

The graphs below correspond to the experimental values 
of the radial temperature measured on cross-sections A-J 
(Figure. 2) along the flame.  
1) Temperature Distribution on Cross-Section E (58.5 mm 

from the fuel nozzle) 
 The highest temperature occurs at the position of 6 mm 

in the axial direction. The temperature exceeds the value 
measurable by the instrument. Comparing to all other graphs 
the heat energy released is the maximum at this point of the 
cross-section. The temperature at the axis here is around 
1500   and has risen to its peak value at about 6mm in the 
axial direction before falls down. Whereas on the cross-
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section C, it is only 300 at centre before it has risen to the 
peak value at 4mm.This region (from cross-section C to D) is 
very good for the particle to be heated and accelerated. This 
region provides sufficient heat energy for the particles to 
melt and make a high quality coating on to the substrate. The 
boundary of the area above 400  is 18.5mm in the radial 
direction from the axis centre of the thermal spray gun.  

In Figure. 3(a), the flame tends to become wide. 
Moreover the high temperature range becomes narrow and 
the boundary of area above 400   increases which is 18.5mm 
from the axis of the thermal spray gun. The temperature 
profile tends to become a large cross-section. 
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(a) Cross-sections E (at 58.5mm)                                                        (b) Cross-sections J (at 108.5 mm) 

Figure 3. Radial Temperature Distributions at 58.5 mm and 108.5 mm From Fuel Nozzle Exit 

 
2) Temperature Distributions on Cross-Section J (108.5 

mm from the fuel nozzle exit) 
 On cross-section H, I and J, the combustions are fully 

developed and the temperature profiles become flat. It is 
expected that most of the fuel has been used up. Moreover 
substantial amount of the heat energy released is dissipated 
to surroundings. Figure. 3(b) shows the temperature profiles 
of cross-section J.  

D. Flame Temperature Distribution at Axial Direction 

The difficulties aroused by combustion problems stem 
from a large number of dependent unknowns including the 
nonlinear character of the partial differential equations. 
Combustion problems involve temperature and fluid 
dynamic variables and dozens of the chemical species 
identified at each grid point throughout the flame. Figure. 
3(a),(b) show the temperature distributions in axial direction 
of the thermal spray gun. In these graphs the values of radial 
distances is incremented by 1mm and the corresponding 
temperature at that point is taken into account so that the 
accuracy is not affected and the graphs are presentable and 
less complex. 

These graphs give a representation of the temperature 
contours prevailing through out the flame. The particles 
projected into the flame are heated while passing through 
these high temperature regions and the amount of heat 
energy absorbed by the particles is a function of temperature 
along the trajectory of the particles and the time of the in-
flight in the flame. In thermal spray process, the coating 
properties mainly depend on the temperature of the particles. 
A good understanding of flame temperature along its axial 
direction is necessary.  

E. The Average Temperatures on the Cross-section A-J  

The average temperatures in cross-section A-J are shown 
in Figure. 4. Due to the structure and powder particle 
distribution ranges, the temperature on cross-section A-J are 
selected from r=(3-10)mm, (2-16)mm, r=18mm and r=20mm 
respectively. The average temperature on every cross-section 
will be the representing temperature as particles passing the 
corresponding areas. So the calculations of the powder 
trajectories and the temperature distribution in r=20mm form 
an effective calculating cylindrical range. Its length is from 
the powder exit to the substrate. 
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Figure 4. Averge Temperature on Cross-Sections A-J 

F. Visible Flame Boundary and 50 C0  Temperature 
Boundary 

Because the ignition point of acetylene is at 335 C0 , so 
the 400 C0  temperature measurement points can be used to 
distinguish the visible flame boundary zone and the invisible 
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combustion products zone. The room temperature is 25 C0 , 
so the 50 C0  (ΔT=25 C0 ) temperature measurement points 
can be used as the δ97% temperature boundary of the flame 
jet. The curves of the visible flame boundary and 50 C0  
temperature boundaries are shown in Figure. 5. The reason 
for the two pinnacles in Figure. 5 is that a large amount of 
environmental air have been entrained into the open flame by 
the time the distance of over 78mm was reached.  
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Figure 5.  Temperture Boundary Profiles 

G. Low-temperature Oxidation of a Polymer Particle 

Polymer materials have good coating qualities in flame 
thermal spray process. Figure. 6 shows polymer particles 
heated zone in the combustion powder thermal spray 
process. Polymer particle-gas calculation is an important 
engineering problem in which the heat and mass transfer 
processes are coupled, and the equations governing each 
process often must be solved simultaneously. In diffusion-
controlled combustion, the chemical kinetics are so fast that 
mass transfer considerations control the rate of combustion, 
while heat transfer considerations control the rate at which 
the heat of combustion can be removed. Considering the 
combustion of a polymer particles in an air stream in the 
temperature range 1000-1600 K at 1 atm, for which the 
reaction is[9-10] C + O2   CO2. 

 

 
Figure 6. Polymer Particle Heated Zone 

The combustion is diffusion controlled; that is, the 
kinetics are so fast that the gas mixture at the s -surface is in 
chemical equilibrium with solid carbon. Equilibrium data for 
the reaction indicate that the resulting concentration of 
oxygen at the s-surface is essentially zero. Figure. 7 shows a 
schematic of the situation. Analysing this problem will be on 
a molar basis[11-12].  

 
Figure 7.  Polymer Particle Heating Model 

Since one mole of carbon is consumed for each mole of 
oxygen crossing the s-surface, Eq.(1) gives the rate at which 
carbon is consumed in kmol/m2 s. A mass balance on the 
carbon particle requires that 
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              (1) 

As shown in Figure. 7, hot polymer particles of initial 

diameter 100 m  are entrained into an acetylene air mixture 
which contains 10% of oxygen by volume at 1370 K and 1 
atm. The particle temperature is defined as a function of 
particle size, and hence estimate the time for a particle to be 
consumed. Take   = 0.9 for the polymer particle and 

CH  = 
3.94 x 108 (J/kmol) polymer particle consumed. 

IV. CONCLUSION 

According to calculations on acetylene combustion and 
the structure of the flame spray gun, the combustion flame 
can be divided into three zones. The three zones are pre-
heating zone, core zone and developed zone. The positions 
of these three zones depend on the volumetric flow rates, the 
nozzle positions and the diameters. The developed zone is 
the main concerning area in the flame thermal spray.  

It is of great interest to note that the flame temperature 
varies substantially with a small displacement either in axial 
or radial direction. It is assumed that the flame at the 
measured point has one temperature corresponding to 
specific air and fuel flow rates. It has been observed that 
there are three temperature turning points in the powder 
spraying zone that correspond to the calculated results of the 
turbulent length scales. As a result, the velocity whirls will 
exist in the same zone. The flow field shapes and 
distributions will change according to the flow parameters. 
Optimizing the flow parameters will therefore have a major 
beneficial effect on coating quality.  

There are temperature-increasing and temperature-
decreasing zones in the sprayed flame. These zones have 
close relationships with the structure of the flame gun and 
the flow parameters. The separating line is at the highest 
temperature point which locates at the axial centre of the fuel 
nozzles. There are multi-nozzles injecting fuel and air into 
the combustion zone and the temperature distributions are 
controlled by the injecting positions and injecting flow rates. 
So it is possible to select reasonable positions and flow rates 
with the aim of controlling the temperature distributions.  

The average working temperatures of the cross-sections 
of the flame describe the effective working zone 
temperatures. These data have been analyzed in terms of heat 
and mass transfer together with the flame density, the 
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thermal conductivity and the viscosity to understand and to 
model the motion and heating of particles.  

The visible flame boundary (400 C0 ) and 50 C0  
temperature boundary of the flame jet have been obtained. 
The 50 C0  temperature boundary can be simplified as the 
flow boundary of the jet which spreads along this boundary 
(δ97% temperature boundary). The flow boundary locates 
outside the visible flame boundary. This means that the 
temperature decrease is faster than the flow decrease in the 
flame jet boundaries. The spreading angles of these two 
profiles and their positions provide practically useful 
information.  

The mass transfer from particle to hot gas have been 
provided to estimate the powder mass loss in the combustion 
flame torch. The original diameter of the calculated particles 
is 100 m . The combustion loss of the powder particles in-
flame with 10ms resident time at 1370 K , which has 4.7% 
reduction in diameter and 13.45% decrease in volume. 
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