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Abstract: The process of shock wave focusing can make the strength of shock waves be continuously
accumulated and turned into detonation wave in Pulse Detonation Engine (PDE). However, its effective
application needs the inlet jets be in high temperature and velocity, which is difficult to be satisfied under
certain conditions. Therefore, in this paper, metal magnesium assisted detonation initiation is proposed and
the effect of magnesium particle addition on the shock wave focusing process in a kerosene-fueled PDE with
cavity configuration is investigated through numerical simulation. The result showed that when the
temperature of the premixed fuel/air jets injected in opposite direction was set as 650 K, the collision of leading
shock waves on the central axis was the main source of energy deposition and the shock wave focusing could
make the detonation be initiated in the cavity. When the temperature of jets is reduced to 550 K, fuel ignition
and detonation could not be achieved through shock wave focusing. Then adding metal magnesium particles
into the combustor made the energy deposition be enhanced and the detonation be induced. The diffusion of
metal particles can significantly change the structure, motion, merging and dissipation of vortices in the flow
field. Generally, the shock wave focusing process is basically not affected with metal particles injection.
Therefore, this method can be successfully employed for detonation initiation in the cavity when the fuel/air
premixed jet temperature is not high for PDE.

Keywords: magnesium particle; shock wave focusing; detonation wave; DDT

1. Introduction

Compared with deflagration, detonation combustion has the advantages of self-pressurization
and a fast combustion rate. In general, Detonation waves can be induced by deflagration-to-
detonation (DDT) or direct initiation [1-3]. Indirect detonation needs lower energy density and it is
a DDT process through the effect of various nonlinear instabilities phenomenon. Such the electric
fuse blown ignition method which is difficult to achieve is often employed to induce direct
detonation. In a high-speed flow, a shock wave forms after a strong compression process when the
flow velocity exceeds the local speed of sound [4,5]. Aiming at this key problem, Levin [6] proposed
to utilize the high-energy region generated by the shock wave focusing method to trigger detonation.
This method is a direct ignition method that does not require additional ignition devices. Compared
with other detonation methods, shock wave focusing has greater advantages in high energy
efficiency. In the actual process, the detonation failure will occur because the impact of the inlet jet
cannot provide adequate energy.

Therefore, powder fuels with low volatility and relatively stable physical and chemical
properties can effectively contribute to the understanding of detonation physics. Many scholars have
carried out numerical and experimental studies on this before and obtained some preliminary
conclusions. Alien J. Tuli and J. Robert Selman [7] performed detonation experiments of aluminum
particles in a cavity without space constraints, and obtained the effect of particle surface mass ratio
on the detonation process. The initial detonation law of aluminum particles in unrestricted space is
obtained. Bernard Veyssiere [8] conducted an experimental study on the detonation process of
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aluminum particles in vertical detonation, and observed a double-peak detonation wave
phenomenon. Sergey Lavruk [9] proposed a mathematical model to describe the kinetics of the
mixing of inhomogeneous aluminum particles in gas phase detonation. The analytical results are in
good agreement with the experimental data. B. Veyssiere [10] proposed a simplified model for the
initiation of aluminum particles. The numerical results successfully predict the ignition delay time,
which is in good agreement with the experimental values. T. Hsieh [11] studied the effect of adding
octogen (HMX) in the process of gas phase deflagration to detonation by numerical simulation
method. The numerical results are in good agreement with the experiments. Yiguang Ju [12] applied
theoretical derivation and numerical simulation to analyze the process of bending detonation wave
passing through gas mixture with particles. An expression is obtained that describes the combined
effects of heat and momentum losses due to particle interaction with the gas phase and wave
curvature on detonation velocity. Numerical simulation results show that particle heat loss,
momentum loss, and wave curvature significantly reduce the detonation velocity, causing detonation
quenching. When the particle volume fraction is fixed, the gas phase heat loss with smaller particles
is larger, the detonation velocity is lower, and the detonation range is smaller.

Metal powders such as aluminum and magnesium as fuels have high calorific value and the
advantage of easy storage. Compared with metal magnesium, aluminum has a higher energy density.
However, due to the lower melting point and boiling point of magnesium, it has better ignition
characteristics and combustion efficiency so that it can be expected to play a key role in the ignition
process [13]. Kofstad P [14] pointed out that the oxides on the surface of magnesium are porous so
that the oxide film does not protect the magnesium inside. The oxidation rate of magnesium is
independent of the quality of oxide formation. E. A. Gulbransen et al. [15] conducted an experimental
study and found that the oxidation reaction and vaporization of magnesium can be observed
simultaneously even in the state of magnesium solid. G. K. Ezhovskii et al. [16] conducted an
experimental study on the chemical reaction rate of magnesium particles with and without the
vaporization endotherm. The result shows that the heat loss of metal evaporation does not need to
be considered when studying the combustion limit. Abbud Madrid A et al. [17] carried out
experimental and numerical simulation studies. The chemical kinetic model was obtained for gaseous
magnesium with oxygen or carbon dioxide considering condensation.

In this paper, combined with the combustion characteristics of magnesium, the method to inject
magnesium powders is proposed for the problem that detonation failure in the process of shock
focusing process. Numerical studies were carried out on the detonation-assisting process of
magnesium particles and the interaction of particles and shock focusing.

2. Numerical Methods and Validation

In this paper, the governing equations solved are unsteady two-dimensional compressible
Navier-Stokes (N-S) equations and the k-w SST model is employed to close the equations. The finite
volume method is employed for discretization and the particle ejection was performed using the
DPM model. The governing equations are:

P 9. (pu) =0 M
PR (pU) =
a(pU
(gt)+V-(pUU)+VP+V-‘f=O ()
oE ,
E+V-((E+P)U)+V-(U-f)+V-(KVT)+pqa)=O ©)
a(pY
V) v (oYU) + V- (oDVY) — pid = 0 4)

Jt


https://doi.org/10.20944/preprints202305.2062.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 May 2023 doi:10.20944/preprints202305.2062.v1

P = pRT/M ()

A

Here p denotes the density, U is the velocity, P is the pressure, £ is the viscous stress tensor.
E stands for the energy density, K is the thermal conduction coefficient, T is the temperature, and
q is the total chemical energy release, w is the reaction rate, Y is the mass fraction of reactant, D
is the mass diffusivity and M is the molecular weight.

E is determined by the enthalpy H:

E=H-P/p (6)
where
H=h-|U]?/2 (7)

Previous studies have proved that the application of the global reaction mechanism in the
detonation problem is effective and feasible, and this can greatly improve the computational
efficiency. Therefore, the finite rate model is adopted for the fuel combustion reaction simulation,
and the global reaction mechanism of Ci2Hz3/Air is employed. The reaction rate is determined by
Arrhenius' law:

ay

dt
where A = 2.587 x 10%s7! is the pre-exponential factor. T is the temperature, E, = 1.256 X 108 ]/
kmol is the activation energy of reaction and R is the universal gas constant. The chemical reaction of
magnesium particles is divided into surface reaction and gas-phase reaction, and they are all one-
step reactions ,the chemical reaction rate is related to the physical state of magnesium particles. This
paper assumes that after the temperature of magnesium particles reaches the ignition point, there
will be gas-phase magnesium precipitation, and before reaching the ignition point, only surface
reactions occur on the magnesium particles. The rate of oxygen consumption is:

w=1.79%x10"Y,, ;exp(~170000/RT,)

=w = —ApY - exp(—E,/RT) (8)

; For gas phase reaction, the oxygen consumption rate in

®=1.05x10" exp(~69010/ RT,)(p> / MY, Y,,,

this reaction is: For this reaction rate,
magnesium oxide is applicable to both gas phase and condensate phase. Wang [20] conducted an
experimental study and found that for magnesium with a particle size of 1-11 um, the average
thickness of the oxide layer reaches 3.4 pm under an air environment. Therefore, in this paper, 30%
of the particles were considered as consumption for surface chemical reactions and the rest as
vaporizable mass. Shoshin Y et al. [21] conducted an experimental study on the volatilization rate of
magnesium particles at high temperatures. The volatility coefficients for magnesium particles
employed in this paper depends on the flame temperature of the flow field.

For verifying the accuracy of the numerical method, the shock-induced combustion experiment
was selected as the validation case [22]. In this experiment, a high-speed spherical projectile with a
diameter of 15 mm was shot into the stoichiometric hydrogen/air mixture at a pressure of 46626Pa
and a temperature of 286.6K. The reaction mechanism adopts the 9 component/27 reaction steps
hydrogen-air chemical reaction kinetic model established by Marinov, which has been proved
feasible in high-speed flow [23].

Figure 1 shows the temperature distribution in front of and behind the wave obtained by this
numerical simulation. The dots mark the position of the detonation wave in the experiment.
Compared with the experimental data, the numerical results have successfully captured the
detonation wave structure in front of the head of a high-speed projectile.


https://doi.org/10.20944/preprints202305.2062.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 May 2023

do0i:10.20944/preprints202305.2062.v1

| Temperature 350

15 (K) 2700

10 1900

5 1100

£ of o

-5 ;_ 1500

-10F 1000
_15 | ®Experiment -

220 EDensity Gradient X 0

Figure 1. Temperature distribution contour and comparison with experimental points.

Compared with deflagration, the typical characteristic of detonation is that the flame front
couple with the shock wave. The pressure and temperature distribution along y=0 mm through the
wave surface is shown in Figure 2. The position of jumps in temperature and pressure induced by
the wave is coincident, marking the formation of a detonation wave. Furthermore, the chemical
reaction takes place over a short distance and reactants behind the detonation wave almost run out.
This phenomenon is consistent with the theory that the reaction rate on the detonation wave is
infinite. Overall, this validation proves that the numerical method employed in this paper is
appropriate for the simulation of shock wave/flame interaction and ignition-initiation process.
Therefore, it is reasonable to apply the simulation method to the subsequent shock focusing and
detonation process.
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Figure 2. The verification of thermodynamic parameters on y=0mm [24-26].

Physical Models and boundary condition

Figure 3 shows the model engine configuration which has two axisymmetric inlets. It consists of
a semicircular cavity with a radius of 60mm and an equal-straight detonation wave propagation
channel with a length of 150mm. Fuel/air mixtures fed into the cavity through two inlets with a
diameter of 10 mm. Due to the symmetry of the physical model, only half of the region is employed
as the computational domain to improve efficiency.
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Figure 3. Geometric physical configuration (Unit: mm).

For studying the effect of metal powder fuel on detonation, three cases with different inlet
conditions are set up in this paper as shown in Table 1. The inlet pressure is Pi=150 kPa, the inlet
flow rate is Main=2, and the jet is kerosene/air premixed gas with a stoichiometric ratio of 1. The outlet
pressure is 1 atm. Two jet temperatures which are 650 K and 550 K respectively are chosen to
investigate whether the jet temperature can influence the shock wave focusing and detonation
initiation. The diameter of the added magnesium particles is set as 5 um, and its total mass is 0.15 g
for 550K inlet jets. Magnesium particles are placed at the center of the left semicircle, and their
velocity is zero. As for mesh, there are more than 200,000 grids. The initial flow field temperature is
the same as that of air flow, and the pressure is atmospheric.

Table 1. Cases and the result of detonation.

Parameters Casel Case2 Case3
Jet temperature/K 650 550 550
Particles N N Y
Detonation Y N Y

3. Results and discussion

3.1. Effect of jet temperature without metal powder addition

Figure 4 shows the temperature and pressure evolution of the flow field at the initial stage as
the jets are fed into the combustor. It can be seen that when the jets are injected into the combustor,
the leading shock waves in front of the jets are formed and move to the central axis. The temperature
behind the waves is increased to about 750K, which is not high enough for fuel ignition. At t=0.1 ms,
two vortex structures were formed on both sides of jets near the inlets (Figure 4b). As shown in Figure
4d, the area of the low-pressure region behind the vortex structure increases with the movement of
shock waves, and both the temperature and pressure in the central region continue to rise
correspondingly. As the leading shock wave continues to move forward to the central axis, they
approached at t=0.15ms and the temperature at the axis increased significantly to 850 K. In addition,
an obvious high-pressure region is formed as the leading shock waves collide to each other, which
induces the left-travelling and right-travelling shocks waves (Figure 4e).
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(a) Temperature at t=0.05ms
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(b) Temperature at t=0.1ms
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(c) Temperature at t=0.15ms
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Pressure(Pa): 50000 225000 400000 575000 750000

(g) Pressure at t=0.22ms

Figure 4. Temperature and Pressure distribution before detonation initiation for 650K jet
temperature.

At t=0.2ms shown in Figure 4f, a high-pressure region is generated in the core flow and expands
to the cavity bottom wall due to the compression induced by wall confinement and the jets.
Meanwhile, the right-travelling shock wave moves toward the outlet, and also creates a high-pressure
region near the outlet wall. At t=0.22 ms in Figure 4g, the pressure in the cavity further increases and
the temperature of the regions near the central axis reaches as high as 1000K.

As shown in Figure 5a, when the two high-energy regions are combined, the temperature is
increased to as high as 3500 K and the pressure reaches highest in the collision point at t=0.25ms,
which makes the fuel ignition and detonation is initiated. The formed flame surface is squeezed by
the jet and expands in a flat shape. It can be seen that the impact of jets causes the gas in the center to
be continuously compressed and forms a barrier that restricts the propagation of the flame to the
direction of the incoming flow from the inlet at t=0.25ms.

Pressure(Pa): 50000 225000 400000 575000 750000 Temperature(K): 300 600 900 1200 V(mfs): 0 450 900 1350 1800

(a) t=0.25ms
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(c) t=0.29ms

Figure 5. Flow field structure from t=0.25ms to t=0.29ms.

At t =0.27ms, four large-scale vortices are formed in the low-velocity region. Due to the cooling
effect with jet injection, the reaction region is dispersed, and the reaction product CO: is pushed
forward to the cavity and the exit, respectively. Compared with the flow structure at t=0.25ms, the
left vortex moves closer to the center due to the formation of the high-pressure region induced by the
detonation wave at t=0.27ms, and the right vortex deviates from the central area because of the jet
interference.

At t=0.29 ms, when the detonation wave collides to the cavity bottom wall, it then propagates
backward and a large amount of combustion products are generated. In Figure 5c for temperature
distribution, it can be seen that with the detonation initiation, fuel is ignited and most part of the
combustor are in high temperature. In addition, the injected jets not only induce a vortex structure
be produced between the jet and the Mach stem but also collide to the detonation wave to form
another set of vortex structures. Thus, the total number of vortex structures has been increased from
4 to 6 at this moment. The premixed gas enters the cavity again at t=3.5ms (Figure 6a). The exist of
the vortex structure cause the newly entering unburned gas to flow in a specific direction. This can
inhibit the emission of combustion products to the outlet at some extent.
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(a) t=3.5ms (b) t=2.5ms in Case2

Figure 6. Temperature distribution at t=3.5ms and at t=2.5ms in Case2.

When the temperature of the jet is reduced to 550 K, though with the shock wave focus process
both the temperature and the pressure of the injected fuel/air mixture can be enhanced, the increased
energy is not enough to induce detonation and fuel ignition (Figure 6b). Therefore, based on the
research of shock wave focusing with different jet temperatures (Casel and Case2), it can be
concluded that the ignition and detonation may not be triggered in shock wave focusing process if
the temperature of the injected fuel/air jets is not high enough under a certain cavity configuration.
The energy deposition produced by shock focusing with the use of lower temperature jet is
insufficient to achieve ignition and detonation. Therefore, other suitable auxiliary methods need to
be employed to make the detonation initiated in the combustor.

3.2. Effect of metal powder addition on shock wave focusing

In order to explore whether the addition of high energetic metal powder can help and improve
the start of detonation when the temperature of the injected fuel/air mixture is not high, a mass flow
of 0.5 kg/s magnesium powder is added into the combustor under the 550 K jet temperature condition
(Case 3). As shown in Figure 7, the injection of magnesium particles can obviously affect the flow
field characteristics. At t=0.11 ms, the leading shock waves collide on the axis to form a high pressure
region. Due to the low velocity inside this region, the metal particle did not diffuse broadly during
the collision. The generated left-traveling shock wave moves toward the left semicircular wall and is
gradually converged. When it collides with the left wall, the effect the shock wave focusing induce a
high-pressure spot be generated and a secondary collision shock wave is formed (Figure 7b). Then
this secondary shock wave spreads from the collision point to the surrounding fluids. After it collides
with the inlet jets, another two high-pressure areas are produced close to the left side of the jets at
t=0.29ms (Figure 7c). At this stage, the added magnesium powder basically has no strong interaction
to the flow and ignition.
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(a) t=0.11ms

Pressure(Pa): 50000 137500 225000 312500 400000

(b) t=0.17ms

Pressure(Pa): 50000 137500 225000 312500 400000

(c) t=0.29ms

Figure 7. Pressure changes under leading shock focusing process.

As shown in Figure 8, when the secondary shock wave spreads to the outlet, four small vortices
are generated in the central area at t=0.31ms. As the injected jets do not arrive to the central region,
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the two small vortices on the left side are gradually absorbed by the two large vortex structures in
the semicircular region. This can make the magnesium powder particles to diffuse widely in the flow
field. In Figure 8c, as the small vortices are completely merged to a larger vortex, a high pressure
gradient zone appears on both sides of the magnesium powder particle cluster. This causes the
magnesium powder particles to move and spread to the left side of the combustor, as shown in Figure
9a (t=0.4ms).

Pressure(Pa); 100000 175000 250000 325000 400000 Pressure(Pa). 100000 175000 250000 325000 400000 Pressure(Pa): 100000 175000 250000 325000 400000

(a) t=0.31ms (b) t=0.32ms (c) t=0.34ms

Figure 8. Pressure changes in the collision zone of the leading shock.

In Figure 9b at t=0.57 ms, the magnesium powder particles are gradually dispersed in the process
of moving to the left. Driven by the left two vortex, they gradually gather together at the bottom of
the cavity and move along the semicircular wall. At last, they moved to the jet near the semicircular
wall surface. After the intersection of the two jet streams at the axis, most of the particles return to
the semicircular area and the other particles move towards the exit.

Temperature(K): 300 450 600 750 9 Temperature(K): 300 450 600 750 9C

(a) t=0.4ms (b) t=0.57ms (c) t=1.5ms

Pressure(Pa). 100000 175000 250000 325000 4000 |Pressure(Pa): 100000 175000 250000 325000 40000 Pressure(Pa): 100000 175000 250000 325000 4000

(d) t=9.16ms (e) t=9.20ms (f) t=9.24ms

Figure 9. Temperature distribution and particle location during particle diffusion.

At t=9.16 ms (Figure 9d), detonation is triggered which make a high-pressure and temperature
region be produced at the top of semicircular wall near the inlet Then the newly formed detonation
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wave quickly sweeps across the cavity and rapid chemical reaction occurs with the magnesium
particles scattered in the flow. Compared to the shock wave focusing and detonation initiation under
higher temperature inlet jets, the method of magnesium powder assisted detonation at relatively low
temperature jet leads to a certain ignition delay in the start of detonation. The transient processes of
magnesium powder-assisted detonation initiation can be illustrated in Figure 9e from t=9.2 ms to
t=9.24 ms. Under the influence of jets, the detonation wave sweeps across the entire semicircular area
from top to bottom. Meanwhile, the original vortex structure is rapidly destroyed and causes a rapid
increase in the pressure gradient, which even drives part of the flame to block the inlet jets. After this,
the detonation wave continues to move towards the exit and gradually turns into a shock wave.
During this process, the temperature of the burned gas in the cavity can reach as high as 3000 K,
which means violent chemical reaction and heat release occur in the engine.

Therefore, it can be seen that the addition of magnesium particles has a positive effect on the
detonation initiation during the shock wave focusing process especially for the relatively low jet
temperature case. The position of the detonation start depends on where the magnesium particles are
added. For the combustor configuration and the operating condition employed in this paper,
detonation is triggered near the intersection of the inlets and the semicircular wall.

4. Conclusion

In this paper, the numerical simulation is employed to study the shock focusing process under
the pure gas-phase jet and the effect of magnesium particles addition for detonation initiation under
relatively lower temperature jets. The basic conclusions are as follows:

When the temperature of the premixed fuel/air jets injected in opposite direction is set as 650 K,
the shock wave formed by the jet collision in the central axis can lead to a large amount of energy be
deposited in a small region and the initiation of detonation through the shock wave focusing process
in the cavity. The collision of leading shock waves on the central axis is the main source of energy
deposition. However, when the temperature of jets is reduced to 550 K, fuel ignition and detonation
are difficult to be induced only relying on shock wave focusing process.

Adding metal magnesium particles into the cavity can improves the energy deposition level and
facilitates the occurrence of detonation initiation as the premixed injecting jets are in lower
temperature. The diffusion of metal particles can significantly change the structure, motion, merging
and dissipation of vortices in the flow field. However, the process of shock wave focusing is not
influenced a lot with metal particles addition, while the position of detonation initiation altered.
Thus, adding high calorific value metal fuel can effectively promote the energy deposition during
shock wave focusing, and this method can be used to achieve successful detonation initiation in the
combustor as the jet temperature is not high.
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