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Abstract Detonation spraying is a technique that uses the
high-temperature, high-velocity detonation waves to
deposit the molten metal particles onto the target surface.
The effect of the detonation spraying is influenced by the
structure of the gun significantly. A series of detonation
spraying gun two-dimensional (2-D) numerical models
with various spray gun structures (slope lengths from 5 to
45 mm with a step of 10 mm) were established in this
work, to investigate the spray performance. During the
process of gas detonation, the interaction between the
detonation wave and obstacles results in the generation of
reflected waves, which exerts an accelerating effect on
flame. Simultaneously, collisions between the flame front
and obstacles introduce energy losses. Based on the above
factors, the following results can be obtained: when the
slope length at the nozzle diameter change point is 5 mm,
the maximum flow velocity is achieved at the spray gun
outlet. When the slope length at the transition point of the
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spray gun is 25 mm, the maximum temperature is reached
at the spray gun outlet. When the slope length at the
transition point of the spray gun is 45 mm, the maximum
pressure is reached at the spray gun outlet. This work can
contribute to the design of the detonation gun.

Keywords detonation spraying - flame acceleration -
numerical simulation - spray gun design - variable diameter

Introduction

Detonation spraying is a type of thermal spraying tech-
nology that can produce a well-bonded and dense protec-
tive coating by depositing powder at ultra-high speed and
various temperature regimes (Ref 1, 2). By using detona-
tion spraying technology, high-temperature metal particles
or vapors can be sprayed directly onto the surface of the
substrate material at extremely high speeds, and the metal
particles or vapors cool rapidly on the substrate surface to
form a coating with excellent mechanical properties (Ref
3).

The manufacture cost and gas capacity of spray guns
vary greatly with different designs. The flow rate, tem-
perature and pressure at the spray gun outlet after gas
detonation directly affect the performance of detonation
spraying since they determine the melt state of the intro-
duced powder particles. The actual process involves the
interaction of many complex physical and chemical pro-
cesses such as deflagration-to-detonation transition, two-
phase flow (Ref 4), solid-phase change, effects of thermal
boundary conditions and vitiation (Ref 5). The complete
schematic of the detonation spray coating process is shown
in Fig. 1. Gas is introduced into the gun on the left side and
ignited by a spark plug, followed by the generation of a
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Fig. 1 Complete schematic of the detonation spray coating process

combustion flame. This flame undergoes the deflagration-
to-detonation transition (DDT) process as it passes through
the spiral channel. Eventually, the detonation flame melts
the introduced particles and expels them onto the substrate.
Fikus et al. (Ref 2) estimated the kinetic properties and
thermal history of Fe40Al intermetallic compound particles
using propane detonation. They noted that only particles
with diameters smaller than 80 um melted under the con-
ditions studied. The particles used in particle image
velocimetry (PIV) techniques are typically in the range of a
few micrometers to tens of micrometers in diameter, which
is smaller than the characteristic scale of the flow field. In
this technique, the particles usually do not significantly
affect the velocity field of the fluid itself. In the same
principle as the PIV technique, the particles used in the
experiments were 15-45 pm in diameter, which is small
enough to be detected by optical imaging, which has a
negligible effect on the gas dynamics, and therefore the
simulation model was simplified by focusing on the gas
dynamics in the simulation, and not set up with a particle
pass-through. The optimum parameters can be obtained by
studying the velocity and pressure at the exhaust of the
nozzle.

Currently, researchers have conducted numerous studies
(Ref 6) on the detonation initiation conditions (Ref 7) and
flame acceleration (Ref 8) of common combustible gases in
a constant diameter structure of a spray gun through the-
oretical (Ref 9), experimental (Ref 10), and numerical
simulation methods (Ref 11-13). Ramadan et al. (Ref 14)
developed a two-dimensional axisymmetric transient flow
model for multi-component, variable gas properties to
analyze the pulse detonation thermal spraying process.
They suggested that in order to achieve high velocity,
particles should be loaded at a distance from the ignition
location, away from the vicinity of the explosion initiation.
Gavrilenko et al. (Ref 15, 16) presented a model of the
process in the cylinder of a powder coating explosion
device, which takes into account the changes in the com-
position of the working gas in the cylinder, and they
pointed out that the size of the cylinder, the volume of the
mixer, the degree of cylinder filling and the position of the
powder spraying have a significant effect on the parameters
of the particles, which is a great instructive useful for the
establishment of the model. Batraev et al. (Ref 17) gave the
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results of numerical simulation and experimental realiza-
tion of the effect of chemical reaction airflow on powder
particles in the process of combustion chamber mimicry
(diameter enlargement and capacity preservation) in the
cartridge of the explosion spraying device, which showed
that this mimicry allows a considerable reduction in the
body tube dimensions without affecting the technological
performance of the detonation unit, and also pointed out
that, in the studied range, the particle velocity at the exit of
the barrel is determined only by the diameter of the par-
ticles, practically independently of the depth of the loading.
The results of these researches are insightful and provide a
foundation for the selection of particle diameters. Ulianit-
sky et al. (Ref 18) have analyzed the parameters of gas
detonation and calculated the particle flight velocity and
temperature. They pointed out that detonation spraying
depends to a large extent on the accuracy of operational
parameters such as the composition of the explosive mix-
ture, the charge, the position of the powder spray, as well
as on the strict control of the process parameters, and also
provided the velocities that can be achieved by the deto-
nation products, which, for hydrocarbon fuel mixtures with
stoichiometric ratios, have a mass velocity of close to
1100 m/s, which is the upper limit of the particle velocities
for the detonation of these mixtures. This provided the
rationale for our study.

Kailasanath et al. (Ref 19) conducted numerical simu-
lations on an ideal pulse detonation engine with one end
closed and the other end open. The simulation results can
be used to elucidate the detailed characteristics of the flow
field and estimate the pulse of various combustible mix-
tures. Liu et al. (Ref 20) indicated that the presence of the
first obstacle in the pipeline can reduce the hindrance of the
wall boundary layer on the flame, thereby accelerating the
flame propagation speed. These simulation settings provide
significant guidance for the establishment of the model in
this study.

Detonation waves can release tremendous energy within
a short period of time, with propagation speeds reaching
magnitudes of several km/s, such as in pulse detonation
engines (PDEs) and rotating detonation engines (RDEs).
Building upon gas detonation technology, detonation
spraying has been successfully applied in engineering
practice. The physical model established in this work
operates similarly to a pulse detonation engine, utilizing
gas detonation to achieve thermal spraying. The high
temperature generated can heat the powder particles
injected into the barrel, accelerating them toward the sub-
strate. Therefore, studies on the detonation combustion are
very instructive for thermal spraying.

Researchers have conducted numerous studies not only in
numerical simulation, but also in experimental investiga-
tions of detonation wave propagation. J. Li et al. (Ref 21)
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studied the influence of pipe diameter on the initiation dis-
tance of deflagration-to-detonation transition (DDT) through
experiments. They found that the effect of pipe diameter on
DDT initiation distance depends on the type and composition
of the mixture, but the impact on temperature and gas
velocity at the spray gun outlet has not been studied. Liu et al.
(Ref 22) measured the detonation cell size of propane/oxy-
gen/nitrogen under different initial conditions and found that
increasing the initial pressure increases the concentration of
fuel and oxidizer, ultimately accelerating the detonation
speed. Wu et al. (Ref 23) investigated the effects of argon
dilution and expansion ratio on detonation wave propagation
characteristics through experiments. The results showed that
within the detonation limits, the detonation speed gradually
decreases with increasing initial pressure, but decreases
rapidly as the initial pressure approaches the limit. Ciccarelli
and Cross (Ref 24) conducted detonation experiments with
hydrogen/air in a 10-cm inner diameter tube and found that
the average detonation propagation velocity at the tube end is
much lower than the theoretical Chapman-Jouguet (CJ)
value. Xu et al. (Ref 25), through experiments conducted
with a custom-designed detonation apparatus, unveiled the
effects of ignition strength and pressure on the knock
intensity of internal combustion engines and the formation of
superknock. These findings provide valuable insights into
the temperature and pressure settings within the ignition
zone of this work. These experimental results provide sig-
nificant validation for the conclusions drawn in this work.
Previous studies have extensively investigated detona-
tion flame propagation and DDT processes, as well as
investigations into combustion chamber structures (Ref 26)
and nozzle outlet designs (Ref 27). But further research is
needed to understand the impact of variable diameter
structures in spray guns on gas detonation. In the design of
spray gun structures, a larger diameter at the front end of
the gun can meet the particle intake requirements, while a
smaller diameter at the rear can enhance the accelerating
effect of the gas. Additionally, when gas molecules and
detonation waves encounter obstacles, reflected waves are
formed, and the impact of different slope lengths (gradi-
ents) of the reflected waves on detonation varies. Further-
more, due to different blockage ratios, the formation of
precursor shock waves and the magnitude of energy loss
differ, resulting in variations in parameters such as gas
detonation velocity at the spray gun outlet. Therefore,
based on a detonation spraying gun with an overall diam-
eter of 26 mm and a constant 20 mm diameter, an inwardly
tapered slope structure is introduced at the middle position
of the 26 mm diameter gun to reduce the diameter to 20
mm. Numerical simulation methods are conducted to
investigate the effects of different slope lengths (5, 15, 25,
35, 45 mm) when the spray gun diameter changes from 26
mm to 20 mm. This includes studying the propagation of

detonation flame velocity, the variation process at the
variable diameter section, and the influence on gas flow
velocity, temperature, and pressure at the spray gun outlet.
The aim of this work is to determine, explore the structure
effects of spray gun on overall performance and provide
guidance for practical detonation spraying.

Numerical Methods and Computation Models
Conservation Equations

The detonation process of gases is described using the
Navier—Stokes equations for compressible gas reactions.
The conservation equations for mass, momentum, energy
and components of the mixture are expressed as follows:

op

L4V (o) =0 (Eq 1)
aaLt”+v.(puu):_vp+V-r (Eq 2)
Ot L T((pH +p)u) =V - (t-u) =V -g+ir (Eq3)
agfi+v-(pYiu)+V-Ji=cbi (Eq 4)
H:h+0.5u2—% (Eq 5)

where p is the density of the mixture; u is the velocity; p is
the static pressure; 7 is the viscous stress satisfying the
Stokes hypothesis; H is the total energy of the mixture and
h is the apparent enthalpy; @7 is the heat of combustion; Y;
is the mass fraction of the component (i = 1,...,n); w; is the
reaction rate of the component; J; and g are the mass dif-
fusion flux and heat flux of component /, respectively. (Ref
28, 29).

Based on the turbulent kinetic energy and turbulent
dissipation rate, and taking into account the effect of shear
stress on the wall of the turbulent gas in the confined space,
the transport equation with the limiting vortex viscosity of
gas transport is chosen in this paper, which is expressed as
follows:

d d d w\ 0

Ok
(Eq 6)
0 0 0 i\ Ow
~. ~ i) — A — | — w Yw
ot (pe) + Ox; (peous) Ox; K,u * aw> 6xj] +G
+ D(U
(Eq 7)
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Fig. 2 Two-dimensional
physical model of the spray gun

)
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where Gy is the turbulence fluctuation generated by the
velocity gradient; G, is the generation term of the turbu-
lence fluctuation frequency w; Y, and Y, are the con-
sumption term, respectively; D,, is the cross-diffusion term,
oy and o, are the turbulence Prandtl numbers of k and w,
respectively; ¢ is the length coefficient of the small-scale
vortices; C¢ is the volume ratio constant; Cz = 2.1377, v is
the kinematic viscosity and ¥;" is the mass fraction of t"
component i after the reaction time.
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*
|

(Eq 8)

(Eq9)

Physical Model

The geometrical model of the spray gun designed in this
paper is shown in Fig. 2 and 3. A two-dimensional
axisymmetric model (Ref 20, 30) was used to simulate the
effect of different gun configurations on gas detonation.
The right outlet boundary condition of the gun model is the
pressure outlet, and the rest of the boundary conditions are
adiabatic no-slip walls. The model consists of two sections
with different diameters, a 26-mm-diameter section with a
length of 550 mm, and a 20-mm-diameter section con-
nected to the first section using different reducer lengths (5,
15, 25, 35 and 45 mm). The total length of the nozzle is
kept at a constant 850 mm length. Based on the engi-
neering practice, propane was chosen as the fuel for the
simulations and experiments (Ref 33-34). Prior to the start
of the simulation, 21% oxygen and 79% nitrogen were used
as the ambient conditions in the full calculation domain of
the bursting gun, and the volume 7*#(0.013 m)* *0.54 m ~
287 ml before the reducer was filled with pre-mixed pro-
pane and oxygen to ensure that the same amount of gas was
used as fuel for different reducer gun configurations. The
mixture equivalence ratio @ was 1.0.

The initial pressure in the blast gun is atmospheric
pressure, and the initial temperature is 303 K. In order to
study the parameter changes at the exit of the gun, the
model ignores the initial stage of deflagration to detonation
in the spiral tube, high-temperature and high-pressure
ignition instead of the spiral tube channel to generate a
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Fig. 3 Comparison of different spray gun structures

detonation wave to achieve the same detonation effect. In
the current study, the detonation is triggered by setting the
ignition zone volume m*(13 mm)**10 mm ~ 5.31 ml at the
left end of the gun. The parameters of the ignition zone
were set by setting the temperature at 2500 K and the
pressure at 8§ MPa according to previous studies and esti-
mation of the energy required for direct detonation (Ref 34-
36), and this ignition condition was used for all simula-
tions. The time between the ignition of the gas mixture in
the blast gun and the formation of the blast wave is
extremely short so that the heat exchange process between
the flame surface and the wall surface of the blast gun
during the detonation process can be neglected (Ref 37).
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Table 1 Model settings in simulation

Turbulence model SST (Shear stress transmission) k—w

Combustion model Eddy dissipation concept (EDC)
PISO

Adiabatic non-slip

Algorithm
Wall conditions

Hence, the isothermal walls with a temperature of 303 K
were adopted in the model.

A reduced 26-component 34-step mixed-fuel chemical
reaction mechanism obtained by simplifying a 357-step
detailed chemical reaction mechanism (Ref 38) was used
for propane combustion. This mechanism can accurately
predict the chemical reaction characteristics in the fuel
bombardment process (Ref 20). The chemical reaction
model employs the Eddy dissipation concept (EDC) model
to address multi-step chemical reaction mechanisms.
Conservation equations were discretized by the finite vol-
ume method in the Ansys Fluent computational dynamics
software. Momentum equations are closed by the SST k-w
turbulence model and solved by the pressure-based PISO
algorithm. The time step of the calculation is chosen to be
le—6 s (Ref 2, 20).

The model settings are shown in Table 1.

To achieve a more precise calculation of the gas deto-
nation effects, the grid adaptive refinement feature is
activated to refine the calculation of flame front propaga-
tion, with the maximum refinement level set to 2.

The calculation zone is divided into different numbers of
cells uniformly. The grid size Ax = 0.2, 0.5, 0.8 mm is
chosen to derive the optimum grid scale for the computa-
tional domain. The time difference of the blast wave under
different grids is obtained by monitoring the temperature at
the gun outlet over time, as shown in Fig. 4. The generation
of the blast wave at Ax = 0.8 mm lags significantly behind
that of the blast wave under the grid sizes of 0.2 mm and
0.5 mm, and there is no significant difference between
Ax = 0.2 mm and Ax = 0.5 mm. Therefore, a grid size of
Ax = 0.5 mm was chosen to balance the computational
cost and accuracy.

Experimental Verification

To validate the constructed model, propane gas detonation
experiments were conducted in a spray gun with a slope
length of 5 mm. WC-12Co particles (particle size 15-45
pm) (Ref 2, 36) were introduced into the spray gun at a
distance of 350 mm from the gun outlet, melted by the high
temperature generated by the gas detonation, and expelled
from the gun during the gas detonation process. High-speed
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Fig. 4 Temperature changes at the spray gun outlet for different grid
sizes

camera X213M produced by Fuhuang Junda High Tech
Information Technology Co., Ltd was used to capture the
particles at the exit position of the spray gun, with an
exposure time of 1 ps, and lens with a focal length of 105
mm, with a frame rate of 37,037 frames. Utilizing ImageJ
software for the analysis of captured particle images
imports a calibration scale and applies color-coding and
numbering to the lines, as shown in Fig. 5. The image was
first pre-processed to greyscale, then the length of thin lines
in the image was measured to adjust the valve threshold,
and finally the overlapping thin lines were excluded using
the area selection method. The length of the trajectory lines
in the captured photographs was measured [18], and the
velocity analysis was performed using the velocity formula
V = L/t (where L is the length and t is the time), in order to
obtain the velocities at different stages of the pulsed flame.
The schematic diagram of the velocity measurement prin-
ciple is shown in Fig. 6.

Velocities were measured for particles sprayed from
propane gas detonations carried out in a gun structure with
a diameter of 26 mm. The measured velocity of particles at
the spray gun outlet is compared with the simulated gas
velocity [Refs 2, 36], as shown in Fig. 7. The trend of the
velocities obtained from the experiment and the simulation
was the same for a certain period of time, beginning with a
rapid increase in velocity and then changing to a steady
propagation. The average particle velocity calculated from
the experimental measurements is 1119.7 m/s, and the
average gas velocity in the simulation is 1106.97 m/s,
which is a very high degree of agreement of the average
velocities. The average velocities all exceed 1000 m/s, and
the relative error of the simulation is 6.39%. Due to the
particle melting, a portion of energy is consumed during
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Fig. 5 Capture particle images using a high-speed camera and perform post-processing
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Fig. 6 Schematic diagram of the measuring principle

the explosion process (Ref 39). Therefore, without con-
sidering this process, the simulation results show a slight
discrepancy compared to the experimental data calculated
using high-speed camera photographs. The reason for the
higher speed of the experimental measurements than of the
simulation calculation may be that the simulation setup
(heat conduction, ideal gases, etc.) produced small errors.
However, the error does not exceed 7%, which is within an
acceptable range.
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Results and Discussion
Multi-physics Fields Analysis

Analyzing the velocity, temperature, and pressure gener-
ated by gas detonation is crucial for understanding the
behavior and performance of detonations. These parame-
ters are significant because they provide valuable insights
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Fig. 8 Velocity variation at the outlet of different spray gun designs

into the efficiency, power, and safety of the detonation
process. To provide a clear illustration of the differences in
detonation between constant diameter and various variable
diameter gun structures, simulations are conducted using a
constant diameter gun model of 26 mm and 20 mm, as well
as five different gun models with varying slope lengths (5,
15, 25, 35, and 45 mm).

In depositing high-quality coatings, new technologies
promoting a high velocity of material deposition are nee-
ded. Higher velocity of sprayed particles usually leads to a
more compact surface on the sprayed structure, resulting in
improved performance. Figure 8 depicts the temporal
variation of gas velocity at the gun exit under different
throat slope lengths. Notably, the gun exit of a 20-mm-
diameter pipeline achieves its maximum velocity in the
shortest time. This phenomenon is attributed to the

influence of the boundary layer (Ref 4). The interaction
between the reflected shock waves and the incoming det-
onation wave creates a recirculation zone where the gas
flow is significantly disturbed. In this region, gases are
effectively trapped and recirculated, as shown in Fig. 9 at a
detonation time of 0.7 ms. Consequently, in cases of
smaller gun diameters, hot spots are more prone to form
within the boundary layer, intensifying chemical reactions.
This leads to a faster increase in gas velocity and a shorter
time to reach supersonic detonation.

Conversely, for a gun diameter of 26 mm, the time taken
to achieve the highest velocity at the gun exit is longer.
Moreover, the maximum attainable gas velocity is notice-
ably lower than that of a 20-mm gun diameter and the gun
with a diameter change. Three distinct peaks in the gas
velocity profile at the gun exit indicate the presence of
three acceleration cycles within the gun (attributed to three
turning points). Following three acceleration cycles, the
pipe with a length of 5 mm at the point of diameter vari-
ation reaches its maximum gas velocity at the gun exit in
1.80 ms, with a peak velocity of 1365.21 m/s. Subse-
quently, as the length of the slope at the gun’s transition
section increases, it sequentially attains its highest gas
velocities. The diameter change gun with a 5-mm throat
slope exhibits the highest variation, and its ability to
achieve higher flow velocities due to the compressibility
effects of gases is more obvious. The faster the velocity of
the spray gas flow generated by the gas detonation, the
higher the velocity of the sprayed particles carried can be
achieved, while the higher particle velocity leads to higher
coating density and adhesive strength, when other factors
are certain (Ref 40, 41).

A higher temperature means greater internal energy
within the gas, contributing to the overall energy output of
the detonation process. This is particularly important in
applications where high energy release is required. Fig-
ure 10 presents the temporal temperature profiles at the gun
outlet for various reducer slope lengths. Notably, the
20-mm diameter gun exhibits the most rapid temperature
increase, while a consistent temperature trend is observed
across all gun configurations at the outlet. On the other
hand, the 26-mm diameter gun displays the slowest rise in
outlet temperature and attains the lowest maximum tem-
perature compared to other gun setups. The gun outlet with
a 5-mm reducer slope length demonstrates the fastest
attainment of the highest temperature after three cycles of
temperature increase. However, the 25-mm reducer slope
length obtains the highest temperature at the gun outlet,
reaching a value of 2703.13 K.

The change in gas density directly affects the rate and
efficiency of combustion. The combustion process can be
better understood by investigating the changes in gas
density. Figure 11 shows the density as a function of time
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Fig. 9 Temperature and
streamlines at the hotspot at
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Fig. 10 Temperature changes at the outlet of spray guns with
different structures
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Fig. 11 Density changes at the axis of spray guns with different
structures

on the axis of different structures of spray guns. The
mixing of fuel and oxidant was more concentrated, and the
combustion reaction was more rapid in the 20-mm diam-
eter gun, with the shortest time for density to reach the
maximum value of 0.5 ms; the mixing and combustion
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Fig. 12 Variations of pressure with time at the outlet of spray guns
with different structures

process was relatively slower in the 26-mm diameter gun,
with the longest time for the density to reach the maximum
value of 1.0 ms. In the gun with the change of the diameter,
the densities of all the cases reach the maximum value at
0.9 ms. Maximum value of the slope length of 45-mm
structure in the process of detonation to provide a more
adequate mixing and larger combustion area reached the
largest gas density of 4.96 kg/m’; slope length of 25-mm
structure combustion efficiency is relatively low, and
reached the smallest gas density of 3.18 kg/m3. The gun
density reached the maximum value, with the detonation,
and the combustion product gradually occupies the more
space, and the gas density starts to decrease in all cases.
Studying and controlling the outlet pressure of a gas
detonation system is imperative for safety, operational
efficiency, and performance optimization. It prevents
accidents, and ensures predictable and controlled detona-
tion processes. Figure 12 presents the pressure—time curves
at the outlet of the gun for different lengths of reducer
slope. It is evident that the outlet pressure of the gun varies
depending on the configuration. Specifically, the gun with a
tube diameter of 20 mm consistently achieves a signifi-
cantly higher outlet pressure compared to the other con-
figurations. On the other hand, the gun with a tube diameter
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of 26 mm demonstrates the lowest outlet pressure. Notably,
among the spray guns with variable diameters, the maxi-
mum outlet pressure of 1.98 MPa is observed in the spray
gun with a variable diameter of 45 mm.

Effects of Different Slope Lengths

When the gun diameter undergoes alterations, it exerts an
influence on the detonation characteristics generated at the
gun exit. Furthermore, changes in the slope length (or
gradient) at the gun throat have distinct effects on the
propagation of the detonation wave. As the detonation
wave reaches the sloped obstacle at the gun throat, it
engenders a reflected wave, thereby impacting various
propagation characteristics of the detonation, including gas
flow velocity, temperature, and pressure.

Figure 13 illustrates the velocity contours of the gas at
0.7 ms for different lengths of the reducer slope. The
expansion wave produced by the deflagration collides with
the barrier, which can result in a more intense reflected
wave. This reflected wave impedes the flame propagation
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Fig. 14 Comparison of temperature under different spray guns with
variable diameter slopes at 1.0 ms

on the upper and lower sides, redirecting the flame toward
the center and causing deformation of the flame front.
Consequently, the curvature of the flame front undergoes a
rapid increase. Moreover, the chemical reaction rate and
turbulent kinetic energy intensity of the flame front are
enhanced, leading to an accelerated flame propagation
speed (Ref 22). The flame propagation speed continues to
increase as the flame front traverses the obstacle.

A comparison of the contour diagrams reveals that the
reflection of the expansion wave on the windward side of
the obstacle is most pronounced when the reducer slope
length is 5 mm, resulting in the greatest increase in flame
propagation speed and consequently the highest gas flow
rate. The increase in gas velocity decreases as the reducer
slope length becomes larger. This finding aligns with the
variations observed in the gas flow velocity at the gun
outlet, whereby the greatest gas flow velocity can be
achieved with a reducer slope length of 5 mm.

Flame front contours at the 1.0-millisecond time were
shown to investigate the impact of nozzle diameter varia-
tion on flame propagation. This time frame is chosen as the
flame front propagation velocity typically lags behind the
expansion wave propagation by approximately 0.3 mil-
liseconds. Figure 14 presents the temperature contour of
the variable diameter structures of different guns at 1.0 ms.
Analyzing the acceleration effect exerted on each gun
flame through the reducer in Fig. 14, and it becomes
apparent that a gun structure with a reducer slope length of
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Fig. 15 Comparison of pressure
under different spray guns with
variable diameter slopes at

0.7 ms
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(b) Pressure contours at the different slope lengths.

5 mm exhibits a more significant influence on flame
acceleration.

In comparison with the flame in the middle of the gun
pipe, the flame near the pipe wall propagates at a faster
rate, leading to the formation of a funnel-shaped flame in
the center of the pipe. At the gun reducer ramp, reflux
zones are formed on both the upper and lower walls. The
interaction between the expansion wave generated by the
flame and the wall of the gun pipe results in the formation
of a reflected wave. Under the influence of this reflected
wave, the chemical reaction rate gradually increases and,
consequently, the amount of heat released also increases.
As the length of the reducer slope increases, the reflux zone
formed by the reflected wave progressively diminishes,
leading to a decrease in the flame acceleration effect.
Collisions in gas detonation not only result in energy loss,
but also lead to lower temperatures in the region of action
of the reflected shock wave, thereby reducing the overall

@ Springer

temperature. Additionally, a comprehensive comparison
between the heating effect of the reflected shock wave and
the energy loss caused by collisions is conducted, and the
results indicate that gas detonation can reach higher tem-
peratures under a spray gun with a slope length of 25 mm.

Figure 15(a) illustrates the comprehensive pressure
distribution in the gun with various lengths of reducer
slopes at 0.7 ms. In Fig. 15(b), the pressure distribution is
displayed for different gun reducers. In gas detonation, the
detonation wave collides with obstacles on the windward
side as it passes through the nozzle throat, generating a
reflected shock wave. The detonation wave and the
reflected shock wave interact with each other in a finite
space. As a result, local pressure rapidly increases and
accelerates the propagation of shock waves. At the same
time, the reflected shock wave suppresses the forward
propagation of the detonation wave. Although smaller
slope lengths exhibit more pronounced shock waves within
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Fig. 16 Gas velocity contour in the gun at 0.01 ms

the spray gun, the shock waves do not fully convert into
forward-propagating expansion waves. Most of the shock
waves are consumed on the wall surface of the nozzle
throat. In the spray gun structure after the nozzle throat, the
structure with a slope length of 45 mm exhibits the most
significant promotion of gas pressure increase, leading to a
significant overall pressure elevation within the spray gun.

The Flame Propagation Process

In propane gas detonation stage shown in Fig. 16, the
propagation distance of the detonation wave at 0.01 ms is
about 0.024 m, and the calculated propagation velocity of
the detonation wave is 2400 m/s. The theoretical detona-
tion velocity of the propane mixture is 2358 m/sec (Refs
42, 43), and the simulations at the beginning of the deto-
nation exceed the theoretical detonation velocity of the
mixture. Then, focus on the study of the process of change
of the detonation wave through the gun reducer.

To provide a clear depiction of the changes in the
bursting gas flame before and after passing through the gun
reducer, a gun structure with a reducer slope length of 5
mm was chosen to illustrate the gas flow rate, temperature,
and pressure changes occurring within the first acceleration
cycle from 0.6 to 1.2 ms in Fig. 17(a)-(c). The contour
diagrams show the variations in gas flow rate, temperature,
and pressure during the initial acceleration phase.

During detonation, the flame front moves at a velocity
faster than the expansion wave. At ¢ = 0.8 ms, the expan-
sion wave encounters an obstacle at the changing diameter,
resulting in the formation of a reflected wave. This colli-
sion hinders the flame from spreading toward the inclined
wall of the nozzle, causing deformation in the flame front.
Upon passing through the nozzle, the depth of the funnel
shape decreases, accompanied by a reduction in nozzle
diameter, diminishing the impact of the upper and lower
wall surfaces on flame propagation.

After the flame front passes through the area of change
in gun diameter, the flame front experiences a rapid
increase in velocity, leading to an increase in pressure
wave. The intensity of the pressure wave surpasses 1 MPa,
thereby forming a shock wave. The leading shock wave
enhances the thermodynamic state of the unburned gas
mixture existing between the flame and the shock wave,
consequently elevating the reaction rate and accelerating
flame propagation. Simultaneously, as the flame traverses
the transition point of the spray gun, the temperature and
pressure of the flame front decrease due to energy loss
caused by the slope of the spray gun.

These findings align with the alterations observed in gas
flow rate, temperature, and pressure at the spray gun outlet,
with the maximum achievable values serving as the basis
for adjusting various spray gun structures.

Conclusions

This work presents a detailed study of the propagation
characteristics of propane/oxygen/nitrogen mixed gas det-
onation flames and the parameter changes at the nozzle
outlet under different spray gun structures using two-di-
mensional CFD simulation. At a constant detonation gun
tube diameter, a smaller nozzle diameter achieves higher
flow rates, temperatures and pressures at the gun outlet
because it promotes the formation of hot spots in the
boundary layer. The exit velocity, temperature, and pres-
sure of the 20-mm diameter gun increased by 1.36, 1.36,
and 1.25 times, respectively, compared to the 26 mm. The
use of variable diameter structures has a significant effect
on the detonation process. Different slope lengths in the
gun yield varying acceleration effects on the detonation
wave and flame front, leading to significant disparities in
the velocity, temperature, and pressure generated by the
gas detonation within the gun. The maximum gas velocity
at the gun outlet is the highest when the gun reducer slope
length is 5 mm, and the detonation wave exhibits the most
effective acceleration in this configuration. The peak tem-
perature at the gun outlet is maximum when the gun
reducer slope length is 25 mm, and the local hot spot
generates the most efficient temperature increase in this
configuration. The gun outlet pressure is maximum when
the length of the reducer slope is 45 mm, and there is a
minimal loss of energy in this configuration. For temper-
ature and velocity requirements of spraying different sub-
strates and particles, the selection of suitable gun
configurations can be based on the results obtained from
this simulation.
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Fig. 17 Contours of velocity, Velocity/m/s
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