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Abstract: HVAF (High Velocity Air Flame) flame spraying can generate supersonic high-temperature
gas jets, enabling thermal spraying at unprecedented speeds. However, there is a problem with the
energy cost of this device. This study focused on combustors that used cheap liquid fuel (kerosene) as
the fuel for HVAF. In this research, we have developed a compact combustor with a narrow channel
as a heat source for the HVAF heat atomizer. Using this combustor, the stability of the flame formed
in the combustor, the morphology of the flame, and the temperature behavior in the combustion
chamber were investigated in detail. As a result, the magnitude of the swirling airflow had a great
influence on the structure of the flame formed in the combustor, and the stable combustion range of
the combustor could be determined. As the swirling air flow rate changes, the equivalent ratio of the
entire combustor changes significantly, and the flame structure also transition from the premixed
flame to the diffusion flame. From this study, it was confirmed that the temperature inside the
combustor has great influence on the flame structure.

Keywords: diffusion flame; curved impinging jet combustion; narrow region; stable combustion;
temperature fluctuation

1. Introduction

Thermal spray technology is showing progress in the areas of thermal spray processes,
thermal spray equipment, and thermal spray materials. Fields of application are diverse,
and major progress is also being made in mass production technology, mainly in the
automotive field. Due to this technical progress and broadening of applications, the
characteristics required of thermal spray coatings have gone beyond simple protective
functions, and various sophisticated functions are now required. HVAF (High Velocity
Air-Fuel) flame thermal spraying [1], developed by Browning in the 1980s, can produce
supersonic high-temperature gas jets, thus enabling thermal spraying at unprecedentedly
high speeds, and this has allowed major improvements in coating quality. There are
two types of HVAF thermal spraying: the type using gaseous fuels such as natural gas,
propane, propylene, ethylene, acetylene, or hydrogen, and the type using liquid fuels
such as kerosene. The biggest distinguishing feature in the liquid fuel case is the high
particle speed, and by spraying solid particles onto a substrate at high speed, it is possible
to provide coatings with compressive residual stress. Therefore, the method is outstanding
for forming thick films and producing high-hardness coatings, and the thermal spray speed
is also high, so the method is used for purposes such as coating large rolls in the steel and
paper manufacturing fields, where thick films of high-hardness carbide cermet are used.
Additionally, the fuel is liquid, and thus has the advantage of being easier to handle than
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gas. With the liquid fuel method, on the other hand, there is a narrower range of thermal
spray conditions for maintaining normal combustion, compared to the gas fuel method,
and this has a major effect on the temperature and speed of thermal spray particles, and,
as a result, on coating performance as well [2—4]. In addition, liquid fuel is sprayed in a
limited space due to the size of thermal spraying equipment, and if complete combustion
is not achieved, soot is also produced.

Spray combustion is widely used in combustors such as the engines of automobiles,
ships, and other vehicles, gas turbine engines, and industrial furnaces. Improving com-
bustion is a crucial point for improving the efficiency of these combustors and achieving
cleaner exhaust gas, and the key here is to improve the atomization characteristics of
the fuel injection valve. Methods employing liquid films are widely known as ways of
promoting liquid atomization. A thin liquid film can be easily formed by using a technique
where the liquid jet is made to collide with a wall surface, or a method where liquid jets
are made to collide with each other. Therefore, there are high expectations for improved
atomization characteristics, and a wide range of research has been carried out [5-16].

Now, let us gain a general overview of basic research on liquid film atomization.
Tokuoka et al. [9] experimentally and analytically examined smooth liquid films formed
by collisions between liquid jets. They carried out a detailed examination of factors
such as speed distribution of liquid film, thickness distribution of liquid film, and the
liquid film splitting mechanism due to the balance of surface tension and inertial force.
Tanasawa et al. [10] experimentally and analytically examined liquid films formed by the
collision between liquid jets. They discussed the liquid film splitting process, and derived
a relation between liquid jet speed and liquid film particle size.

Now, let us conduct an overview of applied research on practical injection valves
for liquid film atomization. Inamura et al. [11-13] experimentally examined liquid films
formed by collision of a liquid jet with a wall surface. They carried out a detailed exami-
nation of the thickness distribution of the liquid film at the wall surface, and the size of
droplets. Shiga et al. and Horikoshi et al. [14,15] experimentally examined techniques of
applying liquid films formed through wall collision of liquid jets to air blast fuel injection
valves for jet engines. They showed the possibility of promoting atomization in regions
with low air flow velocity, which are a weak point for air blast fuel injection valves.

These studies have shown the basic characteristics of liquid film atomization, and the
possibility of applying liquid film atomization to practical injection valves. In research on
applications to practical injection valves in particular, researchers have considered use of
liquid jets with high speeds of the order of 102 m/s [14,15]. One key to applying liquid
film atomization to practical injection valves is thought to be increasing liquid jet speed.
Elucidation of atomization characteristics of liquid films formed by the collision of these
high-speed liquid jets is thought to be vital for applications in practical injection valves.

Menghini et al. [17] and Qian et al. [18,19] investigated the operating characteristics of
combustors for biomass fuels, and the total of the equivalent ratio, excess air amount and
secondary air amount is large in combustion temperature and exhaust gas characteristics,
which have been shown to have an impact.

In this study, in order to promote efficient mixing of fuel and air in a limited space, we
proposed an impinging spray combustor with swirl airflow, and examined the characteris-
tics of flame stability and transition flames when the fuel flow rate and the swirl airflow
rate were varied.

2. Experimental Method
2.1. Experimental Equipment

Figure 1 shows a conceptual diagram of the proposed combustor. First, the liquid
fuel is injected from a fuel nozzle mounted in the radial direction of the combustor. The
atomized fuel then collides with the combustor wall, and mixing with the surrounding
air is started. On the other hand, the air oxidizer is supplied into the combustor from two
pipes mounted in the tangential direction of the combustor, and it flows while swirling
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along the combustor wall surface. The combustor we propose has a structure in which

this flow of fuel spray from the radial direction of the combustor is combined with a swirl

airflow that flows through the inside of the combustor. There is a possibility that, by using

this combustor, liquid fuel atomization and fuel/air mixture will be promoted (greater

combustor compactness), and it will be possible to freely control the flame position inside
]!

the combustor.
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Figure 1. Conceptual diagram of the proposed combustor.

Figure 2 shows a detail of the upstream part of the combustor used in this study. The
upstream part of the combustor, where the fuel spray nozzle is installed, is cylindrical with
a diameter of 40 mm and a length of 30 mm. Swirl airflow is supplied from the tangential
direction at two points (diameter 2 mm) on the cylinder. The biggest distinguishing
feature of this combustor is that, as shown in Figure 1, the fuel nozzle is mounted in
the radial direction instead of the axial direction of the combustor. We expected this to
further promote fuel-air mixing. Two glow plug ignition devices (NGY, Chino, CA, USA,
Y-204TS-1) were installed in the axial direction, which is at the center of the combustor.
Additionally, the fuel nozzle (EVERLOY, Osaka, Japan, MMA10) shown in Figure 3 is used
as the fuel nozzle, and the kerosene fuel is supplied to the center part, while compressed
air to assist fuel spraying is supplied from the nozzle side surface. In the combustion
experiment, a fused quartz combustion cylinder with outer diameter 74 mm and length
300 mm was mounted at the lower end of the combustor upstream part.
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Figure 2. Upstream of the combustor.
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Figure 3. Fuel nozzle (fuel nozzle using compressed air).

This study focuses on the heat source of the HVAF sprayer, which has not received
much attention so far, and the flame form formed in the combustor, which is the heat source,
changes greatly depending on the mixing ratio of fuel and air supplied. Additionally, we
will discuss the temperature change inside the combustor.

Figure 4 shows all of the experimental equipment. The compact combustor used in
this experiment consists of a fuel nozzle, a main unit which blows in the swirl airflow, a
combustion cylinder, and supporting parts. Kerosene fuel is stored at constant pressure
using a pressurization tank employing a compressor, adjusted to the specified flow rate,
and supplied to the fuel nozzle. Compressed air for assisting fuel spray and swirl airflow
supplied to the combustor are, respectively, pressurized using two compressors, adjusted
to the proper pressure with regulators, adjusted to the specified flow rates with flowme-
ters, and then supplied. For fuel and air, precision valves were used, the fuel flow rate
was measured using a Coriolis flow meter (Keyence, Osaka, Japan, FD-5502A), and the
compressed air amount and swirling air amount were measured using a flow meter (Azbil,
Tokyo, Japan, MCFO080ARNDO1). When investigating flame stability in the experiment,
photography of flame behavior was carried out with a high-speed camera (KATO KOKEN,
Kanagawa, Japan, k7-USB) in order to observe the flame morphology from the combustor
side. Additionally, when measuring temperature inside the combustor, the combustion
cylinder was switched from fused quartz to SUS. R-type thermocouples of diameter 1.5 mm
were inserted into sockets installed in the side of the combustion cylinder at positions
30 mm and 230 mm from the upstream part of the combustor, and data were gathered with
a data logger (Keyence, Osaka, Japan, NR-1000) with the sampling time set to 10 msec.
Additionally, the direct photograph of the flame was taken using a digital video camera
(SONY, Tokyo, Japan, HDR-SR8). To measure the length of the flame, the captured video
data were input into a personal computer and the flame was taken from the image data for
about 10 s. The lengths were measured and their average was defined as the flame length.
In addition, in order to observe the flow field that collides with the curved wall from the
fuel injection nozzle inside the combustor, the flow field by the shadow graph method
is used for the non-combustion field using a transparent container of the same size that
models the actual combustor. Visualization and velocity distribution using particle image
velocimetry (PIV) were performed. A laser (KATO KOKEN, Kanagawa, Japan, G1000,
532 nm, 1 W) was used as the sheet light source of the PIV, and the image was taken with a
high-speed camera (KATO KOKEN, Kanagawa, Japan, k7-USB).



Energies 2021, 14, 7171

50f16

Thermocouple (¢1.5)

Compressed air flow
-fuel flow nozzle

230

Combustion chamber (SUS315) Combustor

Case for measuring the temperature in the combustion chamber

P69

V

Gas Analyzer

Glow plug
300
Quartz glass Flowmeter
| Regulator
1= ] \ ‘ ] ﬁ T
LJ WVJ r > m
Fuel lél
Twouid nozzle
Flowmeter Regulator
Combustor
I Needle valve
High-speed camera Swmm.g air
Compressor No.1
PC
Compressor No.2 Pressurized tank

Figure 4. Experimental apparatus.

2.2. Experimental Condition

In all of the experiment conditions, the flow rate of fuel spray assist air was fixed at

Qair = 20 L/min. Experiment conditions for each experiment item are indicated below.

1)

)]

®)

In investigating the stable combustion range of flame formed in this combustor after
ignition, the fuel flow rate was varied in the range Qg,e] = 2-7 mL/min, and the swirl
airflow rate was varied in the range Qg1 = 0-70 L/min. The same experiment was
performed 5 times near where quenching occurs, and the lower equivalent ratio was
recorded. As for the flow rate range of fuel and air, the range in which the flame is
formed in this combustor was identified from the preliminary experiment, and the
flow rate range was determined from that range.

To ascertain the morphology of flame formed in the combustor, flame observation
was performed at each equivalent ratio indicated in (1) above. Flame behavior was
photographed with a high-speed camera, and then the average length of flames from
the upstream part of the combustor was determined from the captured images.
Proceeding in the same way for temperature in the combustor, data were collected
for each equivalent ratio at positions 30 mm and 230 mm in the length direction from
the combustor upstream part in order to measure the temperature in the center of the
combustor for each equivalent ratio indicated in (1) above. The sampling cycle for
this data was 10 ms, and the sampling time was 10 s.

3. Experimental Results
3.1. Visualization of Flow in the Curved Impinging Jet Field

When considering practical use of a combustor, flow near the ignition plugs in the

ignition process is crucial, and there is a need to ascertain the flow field inside the burner
with this combustor too. However, it is difficult to determine this through experiments
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using actual equipment, and thus collision with the combustor wall of fuel sprayed from
the fuel injection nozzle was visualized using a container simulating the fuel injection part
of the actual equipment.

Figure 5 shows a shadowgraph photo capturing the combustion field in which fuel
sprayed from the fuel injection nozzle collides with the curved surface. This figure shows
the state at (a) t = 3 ms and (b) t = 10 ms after the start of injection. In the results in Figure 5a,
it is evident that the spray flare angle and fuel-air mixture near the curved surface are
adequate. Figure 5b, where time has elapsed, shows how the fuel-air mixture has spread
throughout the entire inside of the container.

Figure 5. Shadowgraph photo capturing the combustion field in which fuel sprayed from the fuel
injection nozzle collides with the curved surface at each time. (a) t =3 ms. (b) t = 10 ms.

Figure 6 shows the results when the condition of spray from the fuel injection nozzle
was directly photographed, and high-speed measurement was carried out using PIV
(Particle Image Velocimetry). Judging from these results, the fuel spray develops, after fuel
injection, while involving the surrounding air, and after collision with the wall, the fuel-air
mixture curls up. At t=5.0 ms in particular, it is evident that the fuel-air mixture that has
curled up along the wall is entrained again by the spray.

t=0.4ms t=0.9ms t=1.2ms

t=5.0ms

lul [m/s]

D~

Figure 6. Velocity field of curved impinging spray analyzed by PIV.
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3.2. Ignition Characteristics of the Combustor

Ignition of the liquid fuel spray must be reliably realized by providing combustor
function. In addition, that ignition happens due to a complex interplay of various factors
such as state of the fuel spray, state of the surrounding air, and ignition conditions. If this
ignition process is imperfect, the unit will not only fail to fulfill its function as a combustor
but there will also be a risk of discharge of toxic unburned gas, and of fire or explosion.
Thus, to improve these problems, it will be crucial to quantitatively evaluate ignitability
due to fuel spray, and to understand the relationships between ignitability and various
parameters which affect it.

With this combustor, the fuel nozzle is mounted in the radial direction of the combustor,
and two glow plugs that act as the ignition source are mounted at positions separated by
10 mm on the left and right from the center part in the length direction of the combustor
so there is intersection with the fuel spray. In this experiment, we examined the effect on
ignition time when we varied the number of glow plugs or their position relative to the
center. Figure 7 shows the relationship between glow plug position and time to ignition.
The effect of the number of glow plugs is also indicated as a parameter. Additionally, the
horizontal axis indicates the glow plug position, and the L = 20 mm position is the center
position of the fuel nozzle. As shown in the figure, at the glow plug position L = 20 mm,
time to ignition is less than approximately 1 s, but when the glow plug position is moved
away from the center part, it is evident that it is hard for the plugs to come into contact
with the mixed gas of fuel spray and air, and the time to ignition increases. Additionally,
in terms of differences due to the number of glow plugs, two glow plugs have a greater
effect on time to ignition than one in the range L = 15-20 mm, but it is evident that, when
L < 10 mm, the effect due to the number of glow plugs is smaller. This result shows that the
time until ignition is shortened when the glow plug position is near the fuel nozzle center
position, but considering practical equipment design, if the glow plug position is near the
fuel nozzle center position, a flame is formed in this region, and the glow plug is present
within the flame, so the plug is always overheated, and as a result there is a possibility that
plug burning deterioration will be hastened; therefore, we want to determine the optimal
glow plug position based on the results of these experiments.

12 T T T T

|
Com d airf @ onepiece | -
pressed air flow 10 - 4 4 Two piece |-
-fuel flow nozzle
— 4 ‘
"
— 8 ’ ‘ —
qé ]
o= 6 V] ‘
s °
=] \
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Pl = 4T \ ]
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Glow Plug : g
2 L P | ]
0 1 1 a
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Figure 7. Relationship between glow plug position and time to ignition.

3.3. Flame Stability of the Combustor

Figure 8 shows a flame morphology map for the combustor. The horizontal axis
indicates the fuel flow rate (Qg,e) and the vertical axis indicates the swirl airflow rate
(Qgwirl). The other numerical values given in the figure indicate the equivalent ratio ()
of the corresponding position. Here, the amount of air used to determine the equivalent
ratio defined in this study was the sum of compressed air and swirling airflow. The blue
solid line in the figure plots the values where the equivalent ratio decreases, immediately
before the flame blows out, and the red solid line plots the values where the equivalent
ratio increases, immediately before the flame is quenched in the fuel rich state. Therefore,
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the region bounded by the blue solid line and red solid line becomes the combustion region.
In this combustion region, a flame with luminous flames that emits soot is formed in the
red solid line region where the equivalent ratio is high, and, on the other hand, in the blue
solid line region where the equivalent ratio is smaller than one, a flame with blue flames
is formed.
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Figure 8. Flame morphology map.

Figure 9 shows a direct photograph (combustion chamber side surface portion and
combustion chamber outlet portion) of each equivalent ratio of flames at the positions
(A to H) shown in the flame morphology map of Figure 8. In ¢ = 0.75 (A) in Figure 9a,
the luminous flame disappears in the entire flame due to the increase in the swirling air
flow rate with respect to the fuel flow rate and, conversely, the blue flame is predominantly
formed to the vicinity of the upstream part of the combustor. The flame recedes and the
flame length becomes shorter. When ¢ = 1.33 (B) in Figure 9b, the flame transitions from a
blue flame to a luminous flame and approaches the combustion limit (lower part), so the
flame becomes unstable and begins to vibrate. When ¢ = 2.20 (C) in Figure 9c, the flame is
a luminous flame, so the flame becomes a spiral state due to the influence of the swirling air
flow and reaches the combustion limit (lower part), so it is in a very unstable state. become.
In ¢ =1.05 (D) in Figure 9d, the luminous flame is mixed in the blue flame, but it is in a
very stable state. In ¢ = 1.20 (E) in Figure 9e and ¢ = 1.45 (F) in Figure 9f, the luminous
flame gradually becomes dominant, and the length of the flame also extends downstream
of the combustor. Furthermore, at ¢ = 0.96 (G) in Figure 9g and ¢ = 1.02 in Figure %h,
the flame appears in the blue flame behind the luminescent flame, but it is approaching
the combustion limit (upper part). The flame oscillates in the length direction. For the
above reasons, it was confirmed that the swirling air flow is an important parameter for
stabilizing the flame.
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Combustion chamber Combustion chamber
Combustion chamber side outlet Combustion chamber side outlet

(d) 9=1.05 (h) 9=1.02

Figure 9. Direct photo of these typical flames.

3.4. Transition Flame and Temperature Fluctuations in the Combustion Chamber

From the combustion state with a stable blue flame where no soot is produced, the
swirl airflow rate begins to change due to external factors, and it is advantageous from
a practical standpoint to understand the process whereby combustion becomes unstable,
i.e., the combustion behavior of the transition flame. Thus, as shown in the flame map
indicated in Figure 10, temperature changes and flame morphology inside the combustor
were observed for regions A, B, and C when the fuel flow rate Q.. was fixed at 4, 5, or
6 mL/min, and the swirl airflow rate Qg1 was varied in the range 15-60 L /min.

80
70
60
50
40

30

stirl [L/mln]

20

10

Q fuel [mL/min]

Figure 10. Direct photo of these typical flames.
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First, focus on region A in which Qg is changed by fixing it at Qe = 4 mL/min.
Figure 11 shows a direct photograph of the flame and temperature fluctuations at each
point in region A. Figure 11a shows the result of Qg1 = 15 L/min (¢ = 1.70). This point
is near the limit of the red solid line region where the equivalent ratio is high, as shown
in Figure 10. This flame periodically oscillates and burns in the axial direction. When the
flame stays in the upstream part of the combustor, it is a blue flame, but when the flame
extends to the downstream part, it changes to a flame in which a luminous flame is mixed.
The temperature in the combustion chamber in this flame state is stagnant at around 600 °C.
Figure 11b shows the result of Qgyiy] = 35 L/min (¢ = 1.08). In the flame state, the vibration
combustion shown above is cured, and the flame is stagnant in the state of blue flame in the
upstream part of the combustor and is burning stably. It can be seen that the temperature
in the combustion chamber at this time is gradually rising because the flame is stagnant.
Figure 11c shows the result of Qg = 55 L/min (¢ = 0.79). The flame morphology shows
a blue flame near the upstream part of the combustor, but the flame gradually extends to
the downstream side, and the color of the flame becomes lighter. The temperature in the
combustion chamber in such a flame state tends to gradually decrease.
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Figure 11. Temperature fluctuation in the combustion chamber (Qg,e = 4 mL/min fixed).
(@) Qgwirt = 15 L/min. (b) Qgwirl = 35 L/min. (¢) Qgwir =55 L/min.
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Next, focus on region B where Qgyi,1 is changed by fixing Qgye; = 5 mL/min. Figure 12
shows a direct photograph of the flame and temperature fluctuations at each point in
region B. Figure 12a shows the result of Qg1 = 15 L/min (¢ = 1.86). Since this point is
near the limit of the red solid line region as in Figure 11a, the flame is very unstable. In
this region, blue flames and luminous flames extending to the downstream part of the
combustor repeatedly appear while vibrating, and then a small explosion occurs near the
upstream part. At this time, the temperature in the combustion chamber rises when the
flame is present but, once the flame disappears, the temperature decreases. Figure 12b
shows the result of Qgyir] = 40 L/min (¢ = 1.24). The flame morphology at this time
is similar to that in Figure 11b, and it can be seen that the flame stagnates in the state
of blue flame in the upstream part of the combustor and burns stably. Therefore, the
temperature in the combustion chamber is gradually rising. Figure 12c shows the result of
Qswirl = 60 L/min (¢ = 0.93). The flame morphology shows the same flame behavior as in
Figure 11c. Therefore, the temperature in the combustion chamber at this time also tends
to gradually decrease.
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Figure 12. Temperature fluctuation in the combustion chamber (Qg,e = 5 mL/min fixed).
(@) Qgwirl =25 L/min. (b) Qgyirl = 40 L/min. (¢) Qgyir = 60 L/min.
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Furthermore, the region C where Q] = 6 mL/min is fixed and Qgyiy is changed is
examined. Figure 13 shows a direct photograph of the flame and temperature fluctuations
at each point in region C. Figure 13a shows the result of Qg1 = 20 L/min (¢ = 2.24). Since
this point has the same flame behavior as described above in Figures 11a and 12a, the
temperature fluctuation inside the combustor is also similar. Figure 13b shows the result
of Qswirl =45 L/min (¢ = 1.38). As for the flame morphology in this state, as shown in
Figures 11b and 12b, the flame is stable in the state of blue flame in the upstream part of the
combustor, so the temperature in the combustion chamber also rises gradually. Figure 13c
shows the result of Qg = 60 L/min (¢ = 1.12). Since this point has not yet reached
the blue solid line region, as shown in Figure 10, the flame fluctuates slightly in the axial
direction of the combustor but remains relatively stable. Therefore, the temperature in the
combustion chamber fluctuates up and down as the flame repeatedly moves in the axial
direction of the combustor.

From the above results, it can be seen that the flame behavior formed in the combustor
due to the change in the swirling air flow has a great influence on the temperature inside
the combustor, and the approximate temperature change is determined by the form of the
flame morphology.
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Figure 13. Temperature fluctuation in the combustion chamber (Qg,e = 6 mL/min fixed).
(@) Qgwirt =20 L/min. (b) Qgwirl =45 L/min. (¢) Qgwir = 60 L/min.
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3.5. Effects of the Equivalent Ratio Variation on Flame Length and Temperature in the
Combustion Chamber

When a combustor is considered as a heat source for thermal spraying, the temperature
produced at the heat source part is extremely important. This becomes a crucial factor
for determining the melted and semi-melted state of the thermal spray material, and
has a major impact on coating performance. On the other hand, the temperature in the
combustion chamber has a major effect on flame morphology, as described above, and here
we varied the equivalent ratio, and examined effects on flame length and temperature in
the combustion chamber.

First, we examined the effect of changes in the equivalent ratio on flame length.
Figure 14 shows the relationship between the equivalent ratio and flame length when,
as parameters, swirl airflow Qg is fixed at 20, 30, 40, and 50 L/min, and the fuel flow
rate Qg is varied. It was found that, when the equivalent ratio is increased, the flame
suddenly begins to extend at around ¢ = 1.16 with Qg = 20 L/min, at ¢ = 1.5 with
Qswirt =30 L/min, and around ¢ = 1.6 with Qg1 = 40 L/min. Overall; when the flame is
backed up in the upstream part (L < 100 mm), the swirl airflow is more dominant than the
fuel flow rate, and thus the flame formed in the combustor is in the blue flame state but
when the flame extends, luminous flames mix in with the blue flames and, as the equivalent
ratio increases, so does the ratio of luminous flame. Due to the relationship between the
equivalent ratio ¢ and the flame length shown in Figure 14, the flame length changes
sharply from a specific equivalent ratio ¢ in general; until the equivalent ratio is around
one, the flame is a premixed flame. It forms a blue flame, which stagnates upstream of the
combustor. After that, when the equivalent ratio is increased, the bright flame is mixed in
the blue flame, and the flame becomes unstable by transitioning from the premixed flame
to the diffuse flame. It is considered that the length of the flame extends to the downstream
side at this time because the fuel that could not be burned in the upstream part of the
combustor moves to the downstream side and combustion occurs there. Furthermore, if the
swirling air flow, which is a variable, is increased, the flame is maintained in the upstream
part of the combustor even if the equivalent ratio is high, so it is considered that the rapid
change in the flame length is delayed.
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Figure 14. Relationship between equivalent ratio and flame length when the fuel flow rate Qfuel
is changed.



Energies 2021, 14, 7171

14 of 16

Figure 15 shows the relationship between the equivalent ratio, and the combustion
chamber internal temperature and flame length, when fixing at Qg,e; = 6 mL/min while
varying Qswir1. Representative photos of the flame morphology are also shown in the figure.
The position for measurement of temperature in the combustion chamber is 30 mm down-
stream from the upstream part of the combustion chamber, and 5 mm from the combustion
chamber wall in the radial direction; for the temperature measurement value, we time
averaged data collected at 10 s intervals with a sampling cycle of 10 ms. Furthermore, for
the measurement value of flame length, photos of flame behavior were taken at 1 s intervals
with a high-speed camera, and flame length was determined from the captured image
data and then averaged to obtain the final value. When the equivalent ratio ¢ is increased,
the flame gradually extends to the combustor downstream side, and from around ¢ =1.5
the flame suddenly extends to the downstream side and begins to vigorously pulsate.
Regarding the temperature near the wall of the combustion chamber corresponding to this
flame behavior, on the other hand, the flame is backed up in the combustor upstream part
up to @ < 1.5 and, due to the effects of swirl airflow, the flame fluctuates near the wall
of the combustion chamber, and thus the temperature exhibits a value of approximately
1000 °C. However, when ¢ > 1.5, it is evident that the effects of the swirl airflow diminish,
and flames concentrate overall in the center direction, so there is a sudden decrease in
temperature near the combustion chamber.
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Figure 15. Relationship between the equivalent ratio when the swirling air flow is changed, the
combustion chamber temperature, and the flame length (Qg,e) = 6 mL/min fixed).

Next, Figure 16 shows the relationship between the equivalent ratio, and the com-
bustion chamber internal temperature and flame length, when fixing Qg1 = 20 L/min
and varying Q1. Just as when Qgyiyg was varied while Qg,e; was kept fixed, as shown in
Figure 15, there was a sudden increase starting near ¢ = 1.2, and a gentle increase thereafter.
On the other hand, the temperature near the combustion chamber wall increases with in-
creasing ¢ and peaks at ¢ =1.16. After that, the temperature switches to a declining trend.
These results are the same as those for flame length and variation in temperature near
the combustion chamber wall shown in Figure 14, but when flame behavior is observed
for ¢ in the range 1.16 < ¢ < 1.5, the flame moves from the combustion chamber wall to
the combustion chamber center due to the increase in Qge; thus, it is thought that the
temperature near the combustion chamber wall suddenly starts to decrease.
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Figure 16. Relationship between the equivalent ratio when the fuel flow is changed, the combustion
chamber temperature, and the flame length (Qgyiy = 20 L/min fixed).

For the above reasons, the change in the equivalent ratio becomes a factor determining
the dominance of fuel flow or swirl airflow in the narrow combustion chamber and, for
this reason, flame behavior varies greatly; thus, it was found that the temperature in the
combustion chamber is also affected.

4. Conclusions

In this study, we developed a compact combustor with a narrow channel near the
actual combustion field as a heat source for HVAF thermal spray equipment. Using this
combustor, we carried out a detailed investigation of stability of the flame formed by this
combustor, flame morphology, and temperature behavior inside the combustion chamber.
We also determined the stable combustion range where soot is not produced in the practical
combustion field, and examined operating parameters needed for combustion control. As
a result, the following findings were obtained.

(1) Regarding the position of the glow plugs considered as an ignition source for the
combustor, the time to ignition is shortened near the center position of the fuel nozzle;
however, if the glow plug position is near the fuel nozzle center, there is a possibility
of burning deterioration, and thus, when considering practical design, we believe it is
best to divide it into a pilot combustion section and a main combustion section.

(2) The magnitude of the swirl airflow has a major effect on structure of the flame formed
in the combustor, and we were able to determine the stable combustion range of the
combustor.

(3) As the swirling air flow rate changes, the equivalent ratio of the entire combustor
changes significantly, and the flame structure also transition from the premixed flame
to the diffusion flame. From this study, it was confirmed that the temperature inside
the combustor has a great influence on the flame structure.
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