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Abstract 

High Pressure Studies of the Reaction of 

Ablated Aluminum Cloud and Its Afterburning 

Characteristics 

Lee Kyung Cheol 

Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 
 

Laser-metal interactions are influenced by various parameters, including 

laser wavelength and laser pulse duration. By proper adjustments of these 

parameters, one can create states that manifest different phenomena during 

laser ablation. We adapted laser ablation and laser heating technique for study 

of aluminum combustion in high pressure environment. The laser ablation 

method is used to generate oxide-free aluminum particles exposed to 

pressures ranging between 0.35 and 2.2 GPa. A continuous wave CO2 laser 

radiation heats the surface of the aluminum target until ignition is observed. 

We confirm ignition by a spectroscopic analysis of AlO vibronic band of 484 

nm wavelength, and the radiant temperature is measured with respect to 

various pressures for estimating the heating energy for ignition. The ignition 

characteristics of the oxide-free aluminum particles exposed to extremely high 

pressures are reported.  
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Modeling secondary burning of aluminum particles behind the primary 

detonation of high explosive is performed. A heavily aluminized 

cyclotrimethylene-trinitramine (RDX) charge with an excessive aluminum 

content (35%) is considered which is modeled by a pressure based detonation 

rate model that includes ignition and growth mechanism for shock initiation. 

Both primary and secondary blast wave signals are obtained from the pressure 

chamber test, and the reaction mechanisms are further validated against the 

data for estimating the response of the aluminum afterburning of the heavily 

aluminized high explosive.  

 

Keywords: Laser ablation, aluminum combustion, high pressure, high 

temperature, ignition temperature, reactive flow. 

Student Number: 2008-30861 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Radiation and laser 

In physics, radiation is a process in which electromagnetic waves (EMR) 

travel through a vacuum or through matter-containing media; the existence of 

a medium to propagate the waves is not required. A different but related 

definition says radiation is a subset of these electromagnetic waves combined 

with a class of energetic subatomic particles with very high kinetic energies; 

these are called ionizing radiation, and the particles are termed particle 

radiation.  

EMR is energy transferred by waves of combined electric charge and 

magnetic monopole, capable of traveling through a vacuum and traveling at 

the light speed in whatever media it is passing through. The speed is 

dependent on the media, and is fastest in vacuum. In quantum mechanics, 

these waves have been shown to have particle structure as well as wave 

structure; these particles are called photons. EMR includes radio and 

microwave signals, infrared (radiant heat), visible light and ultraviolet, and x-

rays and gamma rays. These are differentiated from one another by the 

frequency of the waves, which directly correlates with the energy carried in 
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each type's photons. This is the first definition of radiation stated in the 

opening paragraph. Radiant energy is the energy of electromagnetic radiation 

(EMR). The quantity of radiant energy may be calculated by integrating 

radiant flux (or power) with respect to time and, like all forms of energy. The 

term is used particularly when electromagnetic radiation is emitted by a 

source into the surrounding environment.  

One of representative tools using radiant energy is laser. A laser is a device 

that emits light through a process of optical amplification based on the 

stimulated emission of electromagnetic radiation. The term "laser" originated 

as an acronym for "light amplification by stimulated emission of radiation". 

Lasers differ from other sources of light because they emit light coherently. 

Spatial coherence allows a laser to be focused to a tight spot, enabling 

applications like laser cutting and lithography. Spatial coherence also allows a 

laser beam to stay narrow over long distances (collimation), enabling 

applications such as laser pointers. Lasers can also have high temporal 

coherence which allows them to have a very narrow spectrum, i.e., they only 

emit a single color of light. Temporal coherence can be used to produce pulses 

of light as short as a femtosecond. A laser consists of a gain medium, a 

mechanism to supply energy to it, and something to provide optical feedback. 

The gain medium is a material with properties that allow it to amplify light by 

stimulated emission. Light of a specific wavelength that passes through the 

gain medium is amplified (increases in power). For the gain medium to 
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amplify light, it needs to be supplied with energy. This process is called 

pumping. The energy is typically supplied as an electrical current, or as light 

at a different wavelength. Pump light is provided by a flash lamp or by 

another laser.  

The most common type of laser uses feedback from an optical cavity—a 

pair of mirrors on either end of the gain medium. Light bounces back and 

forth between the mirrors, passing through the gain medium and being 

amplified each time. Typically one of the two mirrors, the output coupler, is 

partially transparent. Depending on the design of the cavity (whether the 

mirrors are flat or curved), the light coming out of the laser may spread out or 

form a narrow beam. This type of device is sometimes called a laser oscillator 

in analogy to electronic oscillators, in which an electronic amplifier receives 

electrical feedback that causes it to produce a signal.  

Most practical lasers contain additional elements that affect properties of 

the emitted light such as the polarization, the wavelength, and the shape of the 

beam. 
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1.2 Laser applications 

Lasers have many important applications. They are used in common 

consumer devices such as optical disk drives, laser printers, and barcode 

scanners. They are used in medicine for laser surgery and various skin 

treatments, and in industry for cutting and welding materials. They are used in 

military and law enforcement devices for marking targets, measuring range 

and speed, and destruction. Laser lighting displays use laser light as an 

entertainment medium.    

Lasers also have many important applications in scientific research 

whereby applications depend on the laser-matter interaction. The laser-matter 

interaction research focuses on various physical response of materials to laser 

excitation. The non-resonant laser material processing is related to the laser 

irradiance and pulse duration as shown in Fig. 1.1 [1], and can be 

distinguished into two broad categories: laser ablation in the high irradiance 

regime (>109 W/cm2) which is mainly achieved by short pulse durations 

(<<10-6 s) and is accompanied by a rapid phase change, strong shock 

emissions and plasma shielding effect; and the low irradiance regime (∼103 

W/cm2) which is achieved by longer pulses (10-3 s), where the interaction can 

be explained by the heat transfer phenomena involving dynamic phase change 

that includes melting and vaporization of materials. 
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Fig. 1.1 Phenomenon of pulse duration vs. power density of laser [1]. 

 

Laser ablation using pulse laser is adapted in a wide field of research areas. 

Laser shock processing (-or laser shock peening: LSP) is an alternative 

method for introducing compressive residual stresses into the surfaces of 

metals. Originally developed in the early 70’s at the Battelle Columbus 

Laboratory [2] but never put into production until 1995, the process is now 

receiving more and more industrial attention. mainly due to the very attractive 

surface properties after treatment and, in recent years, due to the new 

generations of lasers that allow considerably higher frequency rates than a few 

years ago [3]. Laser peening uses shock wave induced by laser ablation for 

surface modifications. The effects of LSP compared with more conventional 

mechanical treatments [4] are as follows: i) deeper layers are affected due to 



 

 

 

6 

the slow attenuation of shock waves, ii) surfaces are smoother due to the 

absence of contact during deformation, and the short pulse durations, iii) 

usually, work-hardening levels are lower, except when surfaces are submitted 

to a large number of laser impacts. 

Investigation of the response of materials to dynamic loading such as the 

equation of state (EOS) and strength relies on experiments in which a well-

characterized load is applied and the response is measured. Most of these 

experiments have employed shock waves, induced by projectile impact or 

detonation of chemical explosives [5]. However, laser-driven shock waves 

have been used to measure the EOS at high pressure (∼1 to 10 TPa) [6], 

recently. 

Plasma induced by laser ablation is used for atomic spectroscopy analysis 

in many areas of research [7]. In the laser induced breakdown spectroscopy 

(LIBS), laser is focused to form a plasma, which atomizes and excites the 

sample. In principle, LIBS can analyze any matter regardless of its physical 

state, be it solid, liquid or gas. Because all elements emit light of characteristic 

frequencies when excited to a sufficiently high temperature, LIBS can detect 

elements, limited only by the power of the laser as well as the sensitivity and 

wavelength range of the spectrograph and detector. 

Laser ablation also has proven to be an effective method for producing 

nano-particles [8]. In contrast to other technologies, no precursors are required 

to produce particles during laser ablation and nano-particles can be formed 
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from most materials including materials with complex stoichiometry. In 

addition, particles generated from laser ablation have a narrow particle size 

distribution with a variable primary particle size and shape. The flexibility of 

the experimental setup also allows laser ablation and subsequent particle 

generation to be performed in vacuum, in background gases, and in liquids. In 

addition to single laser pulse ablation on a single material, the parallel 

combinatorial synthesis of nano-particles with various compositions is 

achievable with multiple laser pulses on different materials [8].  

Research in laser heating is mainly in industrial laser cutting, drilling, and 

welding materials, or military and law enforcement devices for destruction. 

The main physical process in these applications is the melting through a phase 

change by the radiant heat. Recently, lasers are used in the ignition study of 

the metal fuels. Laser ignition is a method that offers readily adjustable energy 

transfer to achieve a heating rate and to probe the particle combustion. Bucher 

et al. [9] used a 150W laser to ignite 230μm Al particles in pure N2O, pure 

CO2, and in a mixture of O2, N2, Ar, and He. Dreizin et al.[10, 11] studied the 

heating and ignition of micron-sized (3∼8μm) aerosolized aluminum 

particles at varied heating rates in the range of 106K/s using a CO2 laser. 

Lasers were also used to probe the size effect in the initiation of pressed 

powders of high explosives [12-15] and the correlation between size effect, 

light scattering, and critical diameter of detonation. Laser ignition of pyro 

composites was examined by [16-18].  
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The laser ablation and laser heating are the basis of the physics of laser-

metal interaction and metal combustion. 

   

1.3 Purpose of the research 

We investigate the laser-matter interaction in detail and focus on the laser 

ablation and laser heating. We construct an experimentally tested model which 

accounts for laser-induced metal evaporation and dynamic thermal transport 

with thermoelasticity during high power lasing from a 1.07μm wavelength 

fiber laser as included in Appendix I.  

We used both laser ablation and laser heating to study the aluminum 

ignition characteristics in the high pressure environment. Our aim is to 

investigate the ignition characteristics of aluminum particles exposed to shock 

pressures (0.3∼2.2 GPa) and radiant temperatures (5000∼9300 K). A laser-

induced ablation technique is adopted for generation and dispersion of oxide-

free aluminum particles in an air with the pressure approaching those in the 

early expansion of a detonating explosive. First, the generation and dispersion 

events of particles are visualized to analyze the behavior of particle cloud, and 

then the ablation is analyzed to predict the resulting pressure range. Secondly, 

the life time of the plasma induced by a pulsed laser radiation only is 

compared with that produced by both pulsed laser and continuous wave CO2 

laser. The cloud is ignited by a CO2 laser, and the emission spectroscopy is 

used to confirm the ignition and combustion of aluminum cloud. The CO2 
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laser energy provides a heat source or radiant heat for the ignition. The 

present laser-based ignition approach offers a novel control over the high 

pressure condition, and in particular, the CO2 beam provides a desired thermal 

condition suitable for a subsequent aluminum ignition.  

The ignition characteristics of aluminum in high pressure are related to the 

secondary initiation of heavily aluminized energetic material. We suggested 2-

step chemical kinetics of aluminum for the afterburning of a heavily 

aluminized RDX. The model is verified against the pressure chamber 

measurements.  
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CHAPTER 2 

INDUCED PHENOMENON BY LASER 

ABLATION USING NANO-SECONED PULSE 

LASER 

 

2.1 Laser ablation process 

 

 

Fig. 2.1 The ablation process using high power laser. 

 

Figure 2.1 shows the ablation process by a high power pulse laser, which is 

a process of removing material from a solid surface by the irradiated laser 

beam. At high laser flux, the material is heated by the absorbed laser energy 

and evaporated. It is typically converted to plasma. Phase explosion is 
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induced by a rapid evaporation, as such shock wave is generated and 

propagated through the ambient medium. Usually, laser ablation is directly 

related to a pulsed mode of laser irradiation, however, a continuous wave laser 

with high intensity is capable of ablating a target material.  

 

2.2 Shock generation  

Laser ablation of metals with pulsed laser is an innovative method of 

generating three-dimensional spherical blast waves that is well supported by 

the classical Sedov-Taylor theory [19]. The rapid vaporization of the 

irradiated surface gives rise to the formation of a laser-supported blast wave. 

Figure 2.2 shows shock generation and propagation induced by laser ablation 

of metals [20]. 

 

Fig. 2.2 Shock generation of copper, aluminum, brass by 20, 200 mJ/ pulse 
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laser intensities shown in the increasing order of time sequence [20]. 

The strong shock wave is induced by laser ablation. The strength of shock 

wave is related to laser irradiance.  

Also, laser supported detonation is observed in laser ablation of reactive 

metal. Figure 2.3 shows specific structure of laser supported wave at laser 

ablation of aluminum [21]. 

 

 

Fig. 2.3 Specific structure of laser supported wave at aluminum ablation 

[21]. 

 

As shown in Figs. 2.2 and 2.3, the laser ablation generates strong shock 

waves with its inner shocked state pressure being as high as the typical 

detonation pressure of high explosive.  

D. Batani [6] used strong shock wave by laser ablation for EOS study of 

metal. The experiment is performed using the Asterix iodine laser, which 

delivers a single beam, 30 cm in diameter, with an energy of 250 J per pulse at 
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a wavelength of 0.44 µm. The temporal behavior of the laser pulse is 

Gaussian with a full width at half maximum (FWHM) of 450 ps. From their 

result, the shock pressure is related to laser energy (irradiance). The 

generation of 10 TPa pressure is possible with the laser ablation technique. 

Figure 2.4 shows measured shock pressure and shock velocity of CH, Al, Au. 

 

 

Fig. 2.4 Measured shock pressure and shock velocity by laser ablation of 

CH, Al, and Au (triangles: CH, circles: Al, dots: Au) [6]. 

 

As shown from the previous findings, laser ablation is an useful method for 

generating high pressure environment. 
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2.3 Particle generation  

Laser ablation technique has been proven effective for generating 

micro/nano-size particles [22, 23] at high pressure environment [21]. Particles 

generated from laser ablation have a narrow particle size distribution with 

variable primary particle size and shape [8, 23]. The flexibility of the present 

laser ablation set up allows for a subsequent particle generation in air as well 

as in liquid. 

A procedure for particle generation via the laser ablation is as follows. 

Laser is irradiated on an aluminum surface, and a small amount of aluminum 

is ablated due to the phase explosion of a targeted surface. Plasma is formed 

and then starts to cool down. The molten particles are ejected from a resulting 

crater. Figure 2.5 is a visualization scheme of particles ejected using scattering 

method.  

 

Fig. 2.5 A visualization scheme of micro/nano-aluminum particle 

generation and ejection. 
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Aluminum is ablated by 1064 nm, Nd:YAG pulse laser shown in Fig. 2.5. 

The spot diameter is 1 mm, particles are ejected from a crater, and 532 nm 

pulse laser with time delay is irradiated on the ejected particle. Then 532 nm 

light becomes scattered by the lifted particle plume. Scattered light is 

collected by the camera and the particle visualization is achieved [24] .  

 

 

Fig. 2.6 The image of aluminum particles ejection 25 μs after 100 mJ 

irradiation. 

 

 Figure 2.6 shows the image of particles ejection at 25 μs after the incident 

100 mJ irradiation. The target is 5x5x0.5 mm size aluminum, and laser beam 

is 1 pulse incident. Produced aluminum particles are dispersed in vertical 

direction of an irradiated surface behind the generated waves. 

Figure 2.7 shows ejection of aluminum particles at different laser energies. 

The bright spot on the target surface is the plasma where a high pressure is 
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generated in the region during the ablation followed by the molten particle 

ejection at ~ 10 μs after the beam radiation.  

 

 

Fig. 2.7 Generation and ejection of aluminum particles via the laser 

ablation technique. Shown are 50, 100, 160 mJ pulsed irradiations. 
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CHAPTER 3 

IGNITION CHARACTERISTICS OF 

ABLATED ALUMINUM CLOUD IN HIGH 

PRESSURE ENVIRONMENT USING LASERS 

 

Aluminum (Al) powders are often added during high explosive (HE) 

synthesis to modify the responsive pressure impulse and temperature profile 

of otherwise well-characterized detonation behavior of an HE. The time scale 

of energy release for reaction of Al particles is typically several orders of 

magnitude slower than that for the HE. Thus understanding the reactivity of 

aluminum particles exposed to a hot product gas environment from an initial 

detonation of high explosive is critical for making full use of such energy 

efficient metal additives.   

The combustion of aluminum particles has been studied extensively for 

decades, mostly at pressure conditions below 10 MPa as these experiments 

were conducted in the pressure chamber and shock tube where there is known 

relation between the aluminum particles and the ambient pressure. On a 

contrary note, a metal combustion in the detonation of aluminized high 

explosives and propellants involve local pressures reaching several giga 

pascals (GPa). Often times, it is difficult to assure ideally detonative 
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conditions or smooth detonation transition from an ignition stimulus by the 

presence of the aluminum additives.  

Two distinct burning regimes, namely kinetics- limited and diffusion-

limited regimes based on the particle size, for aluminum particles have been 

identified from the past studies performed at atmospheric pressure. Particles 

larger than ∼20 μm combust in a diffusion-limited manner [25] with a 

detached diffusion flame close to the particle surface [9, 26, 27]. The reaction 

kinetics is fast and the overall burn time is limited by the diffusion of oxidizer. 

The dissociation temperature (∼3300K) of the oxidized particle controls the 

temperature peaks within the flame region [26]. As the particle size is reduced, 

diffusion becomes faster and the flame moves closer to the surface, 

heterogeneously [28]. A peak temperature in the flame exceeds the aluminum 

boiling temperature (∼2800K). However, combustion of a particle less than 

10 μm in size becomes strongly kinetics-limited. The oxidizer diffuses quickly 

into the particle core through the shell, with the reaction kinetics being the 

limiting factor. The peak temperature is achieved inside the particle in this 

case, but combustion temperature remains below the boiling point [29]. 

Although it has been known for some time that the pressure will play a little 

role in particle ignition and combustion, only a limited number of 

experimental studies have examined this important role. In a recent effort by 

Marion et al. [26], they measured the pressure dependence of heating and 

burning time of 40-μm aluminum particles in air in the pressure range of 
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0.1∼4 MPa using a laser for ignition. The high speed images are used for 

estimation of heating and burning time. The heating time for ignition and 

ignition delay are independent of pressure and are constant. The burning time 

increased weakly for increasing pressure. Nevertheless, experimental pressure 

range as considered in their work is much lower than the explosion pressure 

of aluminized explosive in a GPa range. 

The combustion of aluminum particles has been studied using numerous 

laboratory-scale methods that considered particle size, oxidizer concentration, 

pressure, relative velocity and temperature [25, 28, 30-32]. Using a gas burner, 

aluminum particles can burn in the exhaust gas products of the flame, 

consisting of H2O and CO2 as the oxidizing species [27, 33-35]. This creates 

an atmosphere similar to that of a burning solid propellant. Flame propagation 

in a mixture of aluminum dust and gaseous oxidizer was also examined [36-

41]. Tanguay et al. studied burning of 10∼100 μm particles in a high-speed 

detonation flow of a stoichiometric hydrogen/oxygen mixture at atmospheric 

pressure [42]. At relative velocities of 100∼200 m/s, burning times were 

found to increase as d0.5, which is consistent with a kinetics-limited 

combustion, rather than the classical d2-law or Beckstead’s d1.8-trend [43]. A 

polychromatic fitting of the spectrally dispersed emission was used to 

estimate the combustion temperature in the range of 2200 ∼ 2800K. 

 



 

 

 

20 

3.1 Generation of severe pressure environment induced 

by laser ablation 

In laser ablation, the laser supported shock wave (LSC) is produced, 

followed by the aluminum particle dispersion [21]. The lifetime of LSC is less 

than 1∼2 ms, and the shock strength depends on the expansion velocity 

which decays slowly [44]. In our experiment, ignition occurs within 10 s and 

thus LSC pressure has an influence on the particle ignition. The strength of 

LSC is estimated from the laser irradiation I [44] such that,  

 

1/3 2/3
3

14 2
1.18 10 [GPa]

10 W/cm

A I
P

Z
       
            

(3.1) 

 

A is the atomic number 26, and Z is the average degree of ionization 220.  

Figure 3.1 shows resulting pressure as a function of the laser irradiance for 

corresponding range of laser energy between 0.1 ∼ 1 joule per pulse. The 

irradiance ranges from 3 to 32 GW/cm2 with a spot size of 1mm in diameter, 

resulting in the maximum pressure of 2.2 GPa. 
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Fig. 3.1 Calculated ablation pressure of aluminum respect to pulsed laser 

irradiances. 

 

The generated aluminum cloud and the ablation pressure establish an 

environment similar to that of particles exposed to a detonation condition as 

intended in the present investigation.  

 

 

 

 

 

 

 

 



 

 

 

22 

3.2 Experiment of oxide-free aluminum cloud ignition 

using continuous laser heating at high pressure  

The laser ablation using a pulsed laser establishes a shock pressure 

condition for aluminum ignition while a continuous CO2 laser controls the 

desired temperature condition. Figure 3.2 is a schematic of the laser and 

detection system for studying the aluminum particle ignition at high pressure 

and temperature conditions.  

 

 

Fig. 3.2 Set-up of laser ignition of aluminum wire 

 

A CO2 laser beam with 30∼330 watts is irradiated on a 1 mm cross 

sectional area of an aluminum wire. The beam is aligned with the direction of 

particle ejection as such to maintain the elevated temperature of the surface. 
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The temperature is calculated from the radiant power as  

 

4
rq T

                   (3.2) 

 

where q is the laser irradiance, σ is the Stefan-Boltzmann constant (5.67ⅹ10-8 

W/m2K4) and Tr is the radiant temperature by the laser. Figure 3.3 depicts the 

calculated radiant temperature as a function of the laser power. For the given 

laser irradiance, resulting range of temperature is between 5000 and 9000 

Kelvins. 

 

 

Fig. 3.3 Calculated radiant temperature with respect to CO2 laser power. 
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3.3 Micro/nano aluminum particles generation at 

heated metal ablation  

 

 

Fig. 3.4 Ignition pattern of ablated aluminum particles changing with 

‘heated’ surface temperature of aluminum target. Images are recorded for 3 

seconds at 30 laser pulses. 

 

The diameter of aluminum wire used as a beamed target is chosen in such a 

way to allow surface temperature to rise quickly upon laser heating. The 

length is however kept sufficiently long to provide continuous ablative 

material for sustaining an ignition. Figure 3.4 shows ignited aluminum 

particles that depend on the initial temperature of aluminum wire. 

Here the surface temperature of a target is measured by an infrared 

pyrometer. The exposure time is 3 seconds, and a total of 30 laser pulses was 

considered. The captured ignition pattern consists of ‘dots’ of burning 
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particles for wire temperature below 830K. At above 830K, ‘streaks’ of 

burning particles are observed. The observed short burning time for ‘dots’ is 

mainly due to a small mass associated with the nano-sized particles of 

aluminum that burn in the solid phase. Whereas, most of the micro-sized 

particles are produced from ablation of the heated aluminum, and thus more 

particles are involved in the burning. In particular, vigorous ignition is 

observed when aluminum wire is heated above 900K. The particle size is 

sought to be responsible for such observations.  

The ablation particles are then collected for their size analysis. A glass 

substrate is installed at 3cm from the target even though not all dispersed 

particles are expected to be recovered by the substrate of 5 x 2.5cm in size. 

The particles are collected from a single pulse incident when the aluminum 

target is heated between 800∼900K.  
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(a) 

 

(b) 

 

(c) 

Fig. 3.5 Size vs. number of collected aluminum particles from 10 pulses 

incident: (a) 100 mJ, (b) 500 mJ, (c) 1000 mJ of pulsed laser energy. 
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Figure 3.5 shows size vs. number count of the particles collected from a 

total of 10 pulses. Collected particle samples are imaged using a SEM for 

particle size and number analysis.  

The particle size from laser ablation is usually less than 100 nm for most 

metals at room temperature [23]. In Fig. 3.5, majority of produced particles 

are within a range of 60∼90 nm. Noticeably, particles of 3∼4 μm in size are 

also produced from laser ablation of a ‘heated’ sample as opposed to a room 

temperature aluminum. The ignition of these micro-particles may explain the 

observed ignition pattern of Fig. 3.4 showing a longer burning time for micro-

particles of the present experiment.  

 

3.4 Spectroscopy analysis  

The plasma induced by the ablation via the pulsed laser, aluminum melting 

induced by a CO2 laser, and the burning aluminum particles by a combination 

of pulsed and CO2 laser irradiation are all visualized by using a high speed 

camera and compared of their emission spectrum. The plasma from the pulsed 

irradiation is probed for its life time and the elements of the discharged 

aluminum cloud. The ignition of aluminum particles is confirmed through the 

tracing of the AlO band. The spectroscopic analysis herein provides an 

effective means of detecting aluminum ignition and the subsequent burning 

[11, 41, 45-47].  

Andor Mechelle 5000 is used for spectroscopic analysis. The plasma is 
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generated by a pulsed laser beam (Continuum Inc., Powerlite), and the plasma 

light is collected by a quartz lens with a 100-mm focal length, which is 

perpendicular to the laser direction. The plasma light collected is sent to an 

echelle spectrometer with 0.1 nm resolution, and an ICCD (Andor iStar 1024 

x 1024) to record the signal. A various time delays and 1μs gate width are 

used for the measurements. For the detector used in the experiment, the 

detectable range was between 200nm and 975nm. The wavelength calibration 

using a mercury lamp was performed before the experiment. The measured 

peaks of mercury lamp are checked and calibrated through a comparison 

between the measured and the referred wavelength.  

 

3.4.1. AlO product tracing  

One of the intermediate products of aluminum combustion in air is AlO. As 

it is produced, the specific emission band with peaks at 447, 465, 484, 508, 

and 534 nm appeared as shown in Fig. 3.6. The band heads not clearly shown 

are due to a continuum noise commonly associated with the CO2 beam 

interaction during AlO detection. However, the range of measured band is 

within a broad distribution of 440 ∼ 560 nm wavelength including several 

well-known AlO bands. In particular the measured signal intensity of 484nm 

band is strong enough, and the delay time of signal was 100 μs to suppress 

any unwanted plasma effect. Thus the temporal intensity profile at 484nm can 

be chosen to quantify the burning time. Also, there are few strong peaks near 
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400 nm and 589nm, which are indicative of aluminum lines (394.4 nm and 

396.15 nm) and the sodium lines (589.0 nm - Na D2 and 589.6 nm - Na D1). 

 

 

Fig. 3.6 Measured spectrum of AlO emission bands at 447, 465, 484, 508, 

534 nm taken at 100 μs delay time. 

 

In the present experiment, high pressure and high temperature environment 

is established by using a pulsed laser and a continuous wave CO2 laser, 

respectively. The CO2 laser energy required for ignition is used to estimate the 

radiant temperature and consequently the ignition temperature of the 

aluminum at high pressure condition. Confirmation of ignition of aluminum 

particle and measurement of the burning time are made via the spectroscopic 

analysis.  
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3.4.2 Emission of aluminum cloud burning 

The visualization of the ignition helps to confirm appearance of aluminum 

particle flame and to measure and compare the burning time and the ignition 

delay [26, 27, 45, 48, 49]. The irradiation from 260 mJ pulsed laser alone (Fig. 

3.7(a)) shows periods of induction and decay of the plasma. The plasma is 

relatively small and its strength diminished rapidly by the plasma cooling [50]. 

The plasma by a pulsed laser disappeared after 150 μs. 330 W CO2 laser alone 

(Fig. 3.7(b)) shows only a small light spot and no burning at all while CO2 

laser is on. Subsequently this minute trace of emission is believed to come 

from the melting of a target. For combined system at 260 mJ pulsed 

irradiation with 330 W CO2 beam heating, Fig. 3.7(c) showed both plasma 

and burning. The initial plasma resembles case (a) of pulsed laser alone. 

However, plasma and burning are sustained for the duration exceeding 150 μs. 

The mass of particles of laser ablation starts to eject at 15μs, and it continues 

beyond 150 μs. We trace 484 nm AlO vibronic wavelength using spectroscopy 

to confirm the ignition and burning of aluminum particles.            



 

 

 

31 

 

 (a) Pulsed laser only   (b) CO2 laser only (c) Pulsed laser with CO2 laser 

Fig. 3.7 The b/w inverted emission images of ignition (Upper) and 

measured relative intensity ratio of AlO band-484 nm (Lower) for each 

system setup: (a) Pulsed laser only, (b) CO2 laser only, (c) Combined pulsed 

laser and CO2 laser. 

 

The relative intensity ratio is obtained by dividing the measured intensity 
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by the averaged background signal. The relative intensity ratio of AlO band 

(484 nm) in Fig. 3.7(a) rapidly decays beyond 10μs when a pulsed laser alone 

is used. However, the signal reaches its maximum at 11μs and is continued 

when CO2 beam is combined with a pulsed irradiation in case (c). If the 

emission spectrum of case (c) was of the plasma origin, it would have decayed 

after 11μs as in case (a). But because of emission growth due to the aluminum 

burning, the signal strength is unchanged. Furthermore the AlO intensity ratio 

spectrum for each test confirmed that the emissions do come from the 

aluminum burning as additionally verified through the captured high speed 

images of Fig. 3.7.  

 

 

Fig. 3.8 Extended time images of Fig. 3.7(c) up to 719 µs. 

 

Figure 3.8 shows extended time images of ignited aluminum particles and 

subsequent burning in air during pulsed irradiation combined with the CO2 

laser heating. Unlike the plasma which decays within 150 μs when pulsed 

laser alone is applied, burning continues well beyond 300∼400 μs in Fig. 3.8 

with particle ejection occurring at 10 μs. The concentration of particles 

decreases due to ejection from the burning cloud. The cloud becomes smaller 

with decreasing particle concentration. The burning time of aluminum 
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particles cloud in this case is twice longer than the pulsed laser alone. One 

possible cause for such burn time enhancement for aluminum may come from 

the interaction of plasma and CO2 beam. The lifetime of plasma is extended 

by the reheating via the CO2 beam.  

 

3.5 Ignition temperature and burning time at high 

pressure  

The equation of state (EOS) for aluminum reflects that the melting point of 

aluminum increases with pressure [21, 51] as the melting temperature of 

aluminum is 960 K at atmospheric pressure, and increases to 1100K at 2 GPa. 

This increase of melting temperature leads to a delayed onset of evaporation, 

thus requiring a higher temperature or energy for inducing ignition of 

aluminum in air.   

Pressure can be estimated for varying pulsed laser energy using Eq. (3.1) 

while radiant temperature of a CO2 laser is given by Eq. (3.2). A CO2 laser 

power reflects a desired radiant temperature for ignition in each calculated 

pressure condition, and then high speed camera images differentiate an 

ignition from a failure for the tests performed. Tests are repeated 10 times for 

constructing the error bar for each pressure condition. Figure 3.9 shows the 

resulting ignition boundary, plotted on a pressure vs. radiant temperature 

graph.  
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Accordingly, more radiant energy is needed for aluminum to ignite in 

higher pressure conditions. This means that the ignition temperature also must 

increase at higher pressure, and a faster heating rate is necessary for the 

ignition of aluminum particles. Thus one can expect to require a sufficient 

ignition energy for stable ignition of aluminum particles exposed to a shock 

pressure condition. This is particularly true when the aluminized high 

explosive undergoes afterburning following a primary detonation of its base 

charge.   

 

 

Fig. 3.9 Ignition curve for aluminum particle at high pressure condition. 

 

For measuring the relevant ignition temperature of aluminum particle or 

presumed its surface temperature at ignition, the experiments are quite 
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challenging since a very short time is involved in the heating, ejection of 

particles, and the life time of initial plasma. Instead, we make an estimation of 

the ignition temperature based on the semi-infinite surface analysis of a heat 

diffusion process [52],  

 

2

2

dT d T

dt dx


     
               (3.3) 

 

where x is a depth of aluminum surface and α is diffusivity. 0q  is absorbed 

laser beam energy which has 4% absorptivity. During the ablation of a heated 

aluminum wire, the ignition temperature would be equivalent to the surface 

temperature of a wire. Assuming constant surface heat flux with initial 

temperature, the temperature distribution can be analytically obtained as, 
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where T is ignition temperature, k is conductivity of aluminum (210 W/mK), 

and t is irradiation time (∼ 500 μs). Because ignition occurs at the surface 

(i.e., x=0), Eq. (3.4) reduces to  
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(3.5) 

 

and T is plotted on Fig. 3.10. 

The ignition temperature as shown is 975 K at 0.3 GPa. In atmospheric 

pressure, ignition temperature of 80nm and 3μm aluminum particles are 830 

K and 950 K, respectively [53]. However, ignition temperature at 2.2 GPa is 

2150 K which is twice the value at 0.3 GPa. This increase of ignition 

temperature is presumed characteristics of aluminum particles at a shock 

pressure condition.   

Now, to determine the effect of a pressure in the burning characteristics of 

aluminum particles, we measured the burning time by tracing the AlO band as 

previously explained. Figure 3.11(b) shows burning time vs. pressure for 

aluminum particles at 2000 K. Figure 3.11(a) is a reference data showing the 

burning time at low pressure [29]. In Ref. [29], the burning time for 80 nm 

particles decreased with increasing pressure and temperature, while for 

temperature above 2000 K, it remained constant regardless. The considered 

range of pressure was rather low at 0.8 and 3.2 MPa. Their results suggest that 

the burning time sensitivity to pressure and temperature is less significant at 

high temperature conditions above 2000K.  
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Fig. 3.10 Calculated ignition temperature from radiant temperature 

measurements plotted together with Ref. [53] data. 

 

In the present experiment, we considered the particles of 80 nm and 3 μm 

in size at ∼2000 K and 0.3∼2 GPa conditions and measured the relevant 

burning time. As illustrated in Fig. 3.11, the burning time for higher pressure 

range is reported to remain within 400 and 500 μs range. Making note of 

typical burning time for 3 μm aluminum particle being 500 ∼ 600 μs [45, 

53], the result in Fig. 3.11(b) is quite consistent.  
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(a) 

 

(b) 

Fig. 3.11 Measured burning time of aluminum particle. (a) Data shown are 

four different heating temperatures at pressures 0.8 MPa and 3.2 MPa for 80 

nm diameter particle. (b) Burning time measured for 2000 K heating 

temperature at varying high pressures.  
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Now, the burning response of aluminum cloud containing either nano- or 

micro meter sized particles, exposed to a detonation product environment, is 

considered, suggesting that 1) more energy (determined) for ignition is 

required and 2) burning time at such condition will remain essentially 

constant. These are important characteristics of an explosion of the fuel-rich 

mixture either under-oxidized or heavily metalized that undergoes an 

afterburning phase, following a primary detonation that gives rise to an 

elevated temperature and pressure condition similarly reproduced by the 

present laser experimental work. 
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CHAPTER 4 

AFTERBURNING MODEL OF ALUMINUM 

PARTICLES FOLLOWING A PRIMARY 

DETONATION  

 

A multi-purpose high explosive with its initial density after pressing being 

1.58 g/cc is characterized which is comprised of 50 % RDX 

(cyclotrimethylene-trinitramine, C3H6N6O6) and 35% aluminum powder with 

15% HTPB (hydroxyl-terminated polybutadiene) binder. To simulate the 

shock-to-detonation transition (SDT) that is dominantly driven by pressure, 

Kim et al. [54] developed the reactive flow model for the primary detonation 

of aluminized explosive that includes both ignition and growth steps while 

attempting to overcome limitations of aforementioned over-simplified JWL++ 

model. In addition, the unknown parameters are handled theoretically to 

minimize ambiguity of the numerical iterations. Additionally, we add 

chemical kinetics model and EOS for aluminum to model secondary ignition 

induced by aluminum particles.  In order to support the model validation for 

reactive flow response of a heavily aluminized RDX, two distinct experiments, 

namely the unconfined rate stick test and a pressure chamber test have been 

carried out in this work. 
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4.1 Problem description  

Although explosions/detonations have been studied for over a century, due 

to the complexities involved, several physical phenomena associated with 

their behavior still remain to be researched. The flow-field behind the 

detonation wave is not properly understood due to the experimental 

inaccessibility of the region in the periphery and interior of the fireball. 

Moreover, the short time scales of the problem under study makes it 

impossible for in situ experimental analysis. Thus, computational simulations 

offer a capability to simulate and understand the complex physics involved in 

the propagation of explosive blast waves and detonations. The most typical 

SDT models for analysis of detonation are Lee-Tarver  and JWL++(Jones-

Wilkins-Lee++) [54, 55] models. These models required the constant 

parameters, however, there are no known parameters for heavily aluminized 

explosive. Thus, the primary detonation modeling must be preceded. 

Aluminum particles in heavily aluminized explosive, when present along 

with explosive blasts, pick up heat either from the detonation products or from 

the shock compressed air, depending on which side of the contact surface they 

belong. Once these particles reach the ignition temperature, they start to 

evaporate and react in the gaseous phase. This reaction of gaseous aluminum 

can be by two different means [56].  
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Fig. 4.1 The schematics of secondary pressure induction by aluminum 

afterburning (Top) and computational problem set-up for pressure chamber 

test(bottom). 

 

Aerobic reaction refers to the reaction of aluminum with the oxygen in the 

shock compressed air, while anaerobic reaction refers to its reaction with 

oxidants in the detonation products (viz., CO2 and H2O). It is not possible to 

determine experimentally what proportions of aluminum combustion behind 
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blast waves occurs aerobically or anaerobically, and thus computational 

simulations can play a useful role in explaining the aluminum combustion 

process behind the primary detonation wave. This study is aimed at modeling 

the multi ignition of aluminum afterburning behind primary detonation wave. 

Figure 4.1 shows the schematics of multi-pressure induction by aluminum 

afterburning and the schematic of computational domain.  

For modeling of multi-ignition of 35 % aluminum based RDX, the reactive 

flow model for primary detonation must be preceded and the validation of the 

model is necessary. Additionally, chemical kinetics model and EOS for 

aluminum are necessary for modeling of secondary ignition of aluminum 

particles. Finally, the validation of the model for aluminum afterburning is 

done with comparison of pressure profile between experiment of pressure 

chamber test and computational result. 

 

4.2 Reactive flow model for heavily aluminized RDX  

The multi-material numerical simulation of shock-to-detonation transition 

is conducted with a hydrocode [57]. A level-set based reactive Ghost Fluid 

Method (GFM) that imposes exact boundary conditions at material interfaces 

is developed to reproduce the experimental size effect data of the unconfined 

rate stick tests.  

The conservative laws of mass, momentum, and energy equations in two-

dimensional axisymmetric coordinate are defined by   



 

 

 

44 

 

( )
U E F

S U
t z r

  
  

  

  
 

                 (4.1) 

 

where the vectors represent the conservative variables U, spatial fluxes in 

axial and radial directions E and F  and the source term S that represents a 

variety of multi-material loading conditions. In the Eulerian form, each vector 

is given as follows 
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where φ  = 0, 1 for rectangular and cylindrical coordinates, respectively. 

Here, ρ is density, uz, ur are velocity components in axial and radial 

coordinates. 2 2( ) / 2z rE e u u    is the total energy per unit mass with the 

specific internal energy, e and p is the hydrostatic pressure, respectively. The 
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governing equations are solved by a third-order Runge-Kutta in time, and 

convex ENO (essentially non-oscillatory) method discretizes the spatial fluxes 

[58].  

The rate of burnt mass production is governed by 

 

( )( ) i ji
i

j

u
w

t x

 
 

              (4.3) 

 

where wi is the reaction rate and λi is the reaction progress variable or burned 

mass fraction.  

The model is closed by specifying the equation of state, and the form for 

the rate law. Both Mie-Gruneisen EOS and JWL EOS are used to provide 

closure to the formulation. The parameters related to these constitutive 

relations are given in Table 4.1 [54]. 
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Table 4.1 Equation of state coefficients and rate law parameters for the 

heavily aluminized RDX [54]. 

 Model parameter Value 

Reactant 

C0 (mm/μs) 2.60 

S 1.86 

Γ 0.99 

Product 

A (GPa) 2633.31 

B (GPa) 8.59 

C (GPa) 1.09 

R1 6.68 

R2 1.11 

w (J/g-K) 0.09 

Chemical 

kinetics 

I (s-1) 3.178e8 

a 4.0 

G (s-1 Mbar-b) 3.531e7 

b 0.7 

 

The control of the time step increment is determined automatically, where 

the step size is given by 
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Here, the sound speeds for Mie-Gruneisen EOS (unreacted) and JWL EOS 

(reacted) are given by 
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         (4.6) 

 

The combined sound speed is then calculated by using 

 

2 2 2(1 )total unreacted reactedc c c               (4.7) 

 

The rate of product mass fraction consists of ignition and growth terms 

such that 

 

0
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                (4.8) 

 

Here, the model resembles a full ignition-growth model (Lee-Tarver) but it 

now includes the initiation step which is missing in the JWL++ model. Four 
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unknown parameters having the major significance in view of the detonation 

are kept, namely I, a, G, b. 

 

            ( )unreacted H HP P e e                        (4.9) 

 

1 2 (1 )R R
reactedP Ae Be C                  (4.10) 

 

Here PH, eH are pressure and internal energy of a reference state that 

follows the Hugoniot curve, and Γ is the Gruneisen gamma. PH and eH can be 

expressed as follows: 
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C0, S are the bulk sound speed and linear Hugoniot slope coefficient, 

respectively. Also the shock speed relations are useful such that  

 

shock particleS dU dU               (4.13) 
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 1/ 2

0 /C P                    (4.14) 

 

                     0shock particleU C SU               (4.15) 

 

where Ushock is the shock wave velocity, Uparticle is the material particle velocity. 

ν is the relative volume ratio given by ν=ρ0/ρ and A, B, C, R1, R2 are the 

material dependent JWL parameters with ω being the Gruneisen coefficient of 

Eq. (4.10). Equations (4.9) and (4.10) are combined into a single expression 

Eq. (4.16) using the product mass fraction (λ) and reactant depletion (1-λ). 

And standard mixture rule applies to the internal energy and volume ratio 

such as  

 

(1 )total unreacted reactedP P P               (4.16) 

 

(1 )total unreacted reactede e e                (4.17) 

 

(1 )total unreacted reacted                 (4.18) 

 

The Lee-Tarver model is comprised of i) ignition term that represents 
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formation of the hotspots by the rapid compression, and ii) first growth term 

that describes the effect of the propagation of the reacting waves in the 

substance and second growth term that represents completion due to a 

detonation transition.  

 

4.3 Rate stick test for validation of primary detonation 

To evaluate the predictability of a modeled SDT, the unconfined rate stick 

experiment is conducted. A series of cylindrical charges with 0.1 m in length 

and inverse radii being 0 mm-1 to 0.125 mm-1 is used and shock-initiated by an 

impact on one side with 300m/s. The prescribed impact was sufficient for 

pressure rise above the threshold value of the initiation. 

The C-J conditions for a heavily aluminized RDX are obtained by using a 

thermo-chemical code [59]. Most of the aluminum particles do not participate 

in the reaction during the detonation phase [60] as these particles in micron 

size require a significantly long time to be oxidized. Since the reaction time is 

ultra-short, these metal particles do not have enough time to participate in the 

reaction. The RDX would still follow its sole reaction path without the 

particle effect. For a different particle size distribution, however, smaller 

particles are ignited in a relatively shorter time, thus providing extra heat 

release of the reaction.  

Figure 4.2 shows computational domain. Two distinct materials which are 

void and explosive were initially brought to a contact by a zero level set 
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represented by a black line in the figure. Six different radiuses are considered 

in the simulation that was carried out on a uniform mesh of size 1/120 mm.  

 

 

Fig. 4.2 Computational domain of a 2-D cylindrical duct for unconfined 

rate stick simulation [54]. 

 

Figure 4.3 is a plot of the detonation wave structures illustrated according 

to grid resolution. The lines are represented by dotted (h = 0.05 mm), dashed 

(h = 0.0167 mm), and solid (h = 0.0083 mm). As seen from the figure, optimal 

mesh size of h = 0.0083 mm seems to support convergence of a detonation 

wave. 
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Fig. 4.3 Convergence of detonation wave front shown with grid resolutions 

[54]. 

 

 

Fig. 4.4 Density contours for unconfined rate stick simulation of 0 mm-

1(top), 0.075 mm-1(middle), and 0.125 mm-1(bottom)inverse radius cases with 

density range 0.1~2.4 g/cc [54]. 

 

Figure 4.4 depicts density contours that account for the detonation front 

propagation and expansion of exhaust gas outwards in the cases of infinite (0 
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mm-1), 13.33 mm (0.075 mm-1) and 8 mm (0.125 mm-1) radius. Behind the 

detonation front, most of reactants are consumed and high pressure product 

gas gives rise to an extended reaction zone length. The reaction starts at the 

shock front and ends along the sonic point (C-J state). The compression 

region occurs just ahead of the reaction zone in both cases. Results show that 

the detonation velocity is strongly dependent on the size of the charge.  

 

 

Fig. 4.5 Size effect curve of the unconfined rate stick simulation for heavily 

aluminized RDX [54].  

 

There is a difference in the detonation velocity of 0 and 0.125 mm-1 rate 

sticks. The mean ZND pressures in the steady region for these rate sticks are 

calculated as being   respectively. This suggests that pressure gradient 
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determines the detonation velocity of a rate stick as such that the chemical 

energy pumping in the shocked region is decreased as the stick diameter is 

reduced. The size effect curves showing detonation velocity versus inverse 

radius are shown in Fig. 4.5. The hydrocode simulation is shown to reproduce 

the detonation velocities of 6 sample radii of unconfined rate sticks (0 mm-1, 

0.025 mm-1, 0.050 mm-1, 0.075 mm-1, 0.100 mm-1, 0.125 mm-1). The size 

effect data using the present rate law and parametric study are in good 

agreement with the experimental data, suggesting that the model effectively 

reduced steps in the parameter determination and solved the over-

simplification issue related to JWL++ model.  

 

4.4 Pressure chamber test for aluminum afterburning 

Another validation of the model is pursued using the pressure chamber test. 

A spherical charge of 3.5 cm radius with 1.78 g/cc density is placed in a 

chamber maintained at 1 bar and detonated. Two pressure gauges are placed at 

two radial distances at 1.6 m and 1.9 m from the initial position of a charge. 

The purpose of the test was to obtain a primary detonation signal (pressure) 

followed by the sequent pressure peak representative of the aluminum 

afterburning. In order to simulate both chemical processes of detonation and 

aerobic reaction of aluminum, we use a multi-ignition reaction scheme for 

combined RDX and aluminum.  

As before, we assume that none of the aluminum particles reacted during 
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the detonation of RDX. The afterburning of the aluminum is modeled 

following the work of [62], which was originally applied for aluminum 

combustion in a gas phase. The aluminum ignition mechanism at high 

pressure condition is utilized to predict the afterburning of a heavily 

aluminized RDX. 

A two-step Arrhenius-type mechanism for modeling the subsequent burning 

of aluminum that follows a detonation of RDX is   
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where dp or the particle diameter is 5 μm, while all other constants are referred 

from [61]. λAl is the final product mass fraction of aluminum. A is the pre-
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exponential factor, and Ea is the activation energy
0Al  is the initial density of 

aluminum in the mixture, and Al is the calculated density of unreacted 

aluminum. a  is 0.35 for aluminum and b is 0.65 for combined RDX/binder, 

both of which represent the initial mass percent of the mixture. Then T  

represents total final product mass fraction. Also, the heat release due to 

aluminum reaction is Al Alw q  which is added to the energy source S of Eq. 

(4.2), where Alw  is aluminum reaction rate and Alq  is the enthalpy of 

reaction of aluminum (85000 kJ/kg) [62]. 

As for the equation of state (EOS) of gas phase aluminum, we adapted the 

Noble-Abel equation of the form 

 

               , ( :~ 0.75)
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a RT
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          (4.24) 

 

where R denotes gas constant, n is the number of moles per unit volume, and 

An is an empirical constant. Also, total pressure is defined as  

 

        (1 )Total RDX unreacted RDX reacted Al AlP P P P          (4.25) 

 

Figure 4.6 shows calculated pressures taken from gauges placed at 0.04 

(gauge 1), 1 (gauge 2), 1.6 (gauge 3) and 1.9 (gauge 4) meters along the radial 
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distance from a charge center at zero as Fig. 4.1. The radially detonating RDX 

in the chamber shows a rapid decrease in the pressure.  

 

  

Fig. 4.6 Calculated pressure history at each gauge. 
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Fig. 4.7 Detonation of RDX followed by the aluminum afterburning at 

different times: (a) Pressure, (b) RDX-product mass fraction, (c) Al-product 

mass fraction 

 

Figure 4.7 shows a series of timed images of the chamber test. Aluminum is 
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ignited at 650 μs behind the detonated RDX gases. The burnt aluminum mass 

propagates toward the center as well as radially outward, because the fresh 

aluminum fuel is distributed within the radius of the hot product gas of RDX. 

Both primary peak of RDX and secondary peak of the afterburning are shown 

in the simulations.    

 

 

Fig. 4.8 Comparison of pressure calculated and measured at 1.6 m gauge 

location. 



 

 

 

60 

 

Fig. 4.9 Comparison of pressure calculated and measured at 1.9 m gauge 

location. 

 

Figures 4.8 and 4.9 show comparisons of pressures calculated and 

measured at gauge locations 1.6 and 1.9 meters. Calculated RDX peak slightly 

over-predicts the measurement while the subsequent aluminum peak agrees 

well with the measurement. From these figures, the primary wave average 

velocity is 1730 m/s and the subsequent afterburning velocity is 410 m/s as 

estimated at gauge 1.9 m. One fourth of the RDX detonation wave speed 

approximates the average velocity of the afterburning of aluminum. 
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CHAPTER 5 

CONCLUSION 

   

Laser ablation and laser heating are the basic phenomena of laser-matter 

interaction. A focused beam gives rise to shock generation and subsequent 

micro/nano particle generation while shock state offers high pressure 

environment. An effective way of heating metal is via the continuous laser 

heating which is described in detail, Appendix I.  

Based on these studies, we adapted a laser-based technique to ignite 

aluminum particles at shock pressure conditions up to 2.2 GPa. The shock 

pressure induced by laser ablation resembles the detonating pressure of a high 

explosive (1∼2 GPa), which provides an initial condition for a subsequent 

afterburning of the aluminum particles. The present experiment described how 

the shock pressure affects the ignition temperature and the burning time. The 

aluminum cloud generation from the ablative mass ejection was confirmed by 

a visualization scheme. The CO2 laser beam was used to supply necessary 

radiant thermal energy needed to ignite the ejected aluminum particles in air.  

Based on this experiment, we found that first, radiant ignition temperature 

exhibits a log profile with respect to pressure, suggesting that more energy is 

required for ignition at higher pressure condition. This increasing ignition 

temperature with increasing pressure is presumed unique characteristics of 
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aluminum particles. Second, the calculated ignition temperature at relatively 

lower pressure (0.3GPa) is approximately 900K, which is a known value for 

the nano-sized aluminum particles. Whereas the ignition temperature at an 

elevated pressure, for instance 2GPa, is approximately 2000K which is about 

twice higher. Third, burning time of aluminum particles of sizes 80nm and 

3μm varies just slightly between 400 and 500μs for an entire range of 

pressures (0.3 ∼ 2.2GPa), suggesting that pressure has only a minor effect 

in the burning time. Instead, the burning time is directly related to a reaction 

time such that a short burning time implies a shorter reaction time. For a 

temperature ranging between 1200 and 2000K, the reaction time decreases 

with increasing pressure. For temperature above 2000K, this pressure 

dependence is insignificant such that the reaction time remains approximately 

constant. These findings on the burning time dependence on pressure for 

varying temperature provide an important range of pressure and temperature 

when building the reactive flow model of aluminum particles at high pressure 

conditions. Further tests are desired for examining the response of the larger 

particles, which is expected to be dependent on pressure.  

A reactive flow model is used to quantify the detonation response of 

energetic materials subjected to an external shock impact. Two validation 

experiments are performed using a heavily aluminized RDX. The unconfined 

rate stick experiment offered detonation velocity as a function of the charge 

radius. A pressure chamber test offered the time delay between first and 
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subsequent reaction peak. The hydrocode simulation that utilized the present 

chemical mechanism confirmed that the proposed reactive flow model 

reproduced experimental measurements, and it can overcome the limitations 

set by the earlier reactive flow models. 
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APPENDIX I 

MELT-THROUGH OF METAL USING HIGH 

POWER CONTINUOUS LASER HEATING 

 

Research in laser heating has been documented extensively in the 

literature[63-67], among which we note [65] that dealt with modeling of the 

laser heating of steel via 10kW continuous beam at 1.064μm wavelength. 

The airflow effects were studied to explain the increased ablation rate due 

to the removal of melted material and oxide layer [66, 67]. In [68], transient 

and steady state laser melting was simulated where the enthalpy 

formulation of energy equation was used while the momentum transport 

was considered only in the liquid (melted) region. The molten pool flow 

dynamics was analyzed to account for the differences in the pool shape and 

the surface tension. Ref. [69] suggested the keyhole model using the level-

set method. The model showed increase in the total laser absorption for 

laser drilling and welding due to keyhole effect. In [70], the increasing total 

absorptivity with multiple reflections was reported for which ray tracing 

and Fresnel absorption model was used, where the free surface tracking was 

done by the Volume of Fluid (VOF) approach. The model provided a 

detailed description of laser welding. 

In this work, we present experimentally verified model which accounts 
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for laser-induced metal evaporation and dynamic thermal transport with 

thermoelasticity during high power lasing from a 1.07μm wavelength fiber 

laser. 

 

1.1. Measurement of melt-through time of metals 

 

1.1.1. High power continuous laser 

In this study, we used very high power continuous lasers. one being 1.07 

μm wavelength continuous Ytterbium (Yb) doped fiber laser with spot 

diameter of 5.85 mm at maximum power of 1kW, and the second one being 

same continuous fiber laser with first one. However, second one has 15 mm 

spot diameter at maximum power of 10 kW. the third one being 10.6 μm 

wavelength continuous CO2 laser with spot diameter of 9 mm at maximum 

power of 330 W. Figure 1.1 is used lasers in experiment. 

 

    

Fig. 1.1 1.07 μm wavelength continuous Ytterbium (Yb) doped fiber 

laser(left) and 10.6 μm wavelength continuous CO2 laser(right). 
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1.1.2. Experimental set-up for measuring melt-through time and results 

The melt-through time of various sized coupons subject to high power 

laser beaming is measured for thermal transport analysis. Figure 1.2 is the 

schematic of beam penetration experiment and real set-up. 

 

 

 

 

Fig. 1.2 The schematic of beam penetration experiment(top) and real set-

up(bottom). 



 

 

 

73 

 

The beam penetration time is captured through the voltage drop using 

two 0.6 mm lead wires placed in front and back of the coupon. A coupon of 

100 x 100 x 2 mm in dimension, three K-type thermocouples (TC1, TC2, 

TC3) and data acquisition unit (MX-100) were used to measure the 

temperature evolution on the rear side of a coupon. TC1 recorded the 

temperature in the centerline of a beam. TC2 and TC3 were located at 

15mm and 30mm away from TC1 position. 

Prior to measuring the melt through time for 1.07 μm beam, a CO2 laser 

beam at 10.6 μm wavelength and 9 mm beam diameter is irradiated on a 

stainless steel coupon of size 12 mm height, 12 mm width and 1 mm 

thickness. The area of irradiation was set to 45% of the coupon surface. 

Three target irradiances were 328, 409, and 490 W/cm2. The melt-through 

experiment of 1.07 μm wavelength was performed with a fiber laser at the 

same irradiances as the first(10.6 μm) experiment. The area of irradiation 

on the coupon surface was also set to 45% of the whole coupon area, as in 

the CO2 case.  
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Fig. 1.3 Measured melt through time of stainless steel at 1.07 μm and 10.6 

μm beam tests with 9 % measuring error. 

 

Figure 1.3 depicts melt through times of both tests at different wavelengths. 

It shows that melt-through time of the 1.07 μm beam is about 2.7 times 

faster than that of the 10.6 μm beam. The absorption at 1.07 μm wavelength 

is 40 %, and that at 10.6 μm is 15 % [1], which indicates that the melt 

through of 1.07 μm beam based on the absorption is about 2.7 times faster 

than that of 10.6 μm wavelength beam. 

The conductive cooling effect is considered. The height of a test coupon 

is varied from 10, 30, to 50 mm to allow for conductive cooling, while the 

width and thickness were fixed at 10 mm and 1 mm, respectively. The 

irradiances were set to 1, 2.3, and 3.6 kW/cm2 at 1.07 μm wavelength. 

Figure 1.4 shows the measured melt through times with cooling under 
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conduction. 

 

Fig. 1.4 Melt through time comparison for y-dimensional cooling under 

conduction with 2 % measuring error. 

 

It shows that the varied height caused the cooling for cases of 30 and 50 

mm, as in noted delay of the melt through time in Fig. 1.4. In particular, the 

delay via conduction was not effective at 3.6 kW/cm2 irradiation; the reason 

being that the laser beam had already penetrated the coupon before the heat 

dissipated fully into the length rather than into the relatively thinner depth. 
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1.2. Measurement of temperature dependent 

absorptivity 

 

1.2.1. Set-up of measuring temperature dependent absorptivity 

The correct absorptivity that varies with temperature is necessary for the 

present thermal analysis that includes target phase change. High 

temperature measurement of absorptivity of stainless steel is provided from 

[71]. The optical measurement of absorption by the stainless steel is 

provided by the experimental setup as shown in Fig. 1.5.  

The reflectivity of stainless steel is measured with power detectors and 

infra-red pyrometers at four locations. The reference power of laser beam is 

marked as the incoming laser power. The angle of incidence beam on the 

samples is 45 degrees and the power of reflected laser beam is measured. A 

thin sample of 0.2 mm is used to minimize discrepancy in measured 

temperature from back and front side of the sample. Then the detector is 

placed far from the sample, and the power is measured again to confirm the 

result from previous steps. 
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Fig. 1.5 Optical measurement of absorption of 1.07 μm beam by a target 

[71]. 

 

Finally the absorptivity is evaluated as follows : 

 

    
0

P
a (1 )

P               (1.1) 

 

where P is the reflected beam power from sample and P0 is the probing 

beam power. 

 

1.2.2. Change of temperature dependent absorptivity of metals 

H. J. Kwon [71] obtained the absorptivity of metals at elevated 

temperatures and determined polynomial approximation fit to the data, as 
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shown Fig. 1.6 and 1.7. 

 

Fig. 1.6 Absorptance of metals for 1.07μm beam with temperature up to 

melting point [71]. 

 

 

Fig. 1.7 Absorptance of metals for 10.6μm beam with temperature up to 

melting point [71]. 
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For metals at elevated temperatures, the absorptivity for 1.07 μm laser 

beam were higher than the absorptivity for 10.6 μm laser beam. At room 

temperature, the absorptance for 1.07 μm beam was about 20% higher than 

the absorptivity for 10.6 um beam for SS304(stainless steel), and 

absorptivity for 1.07 μm laser beam was about 25 % higher than the 

absorptivity for 10.6 μm laser beam for Ti. For Al, the absorptivity for 1.07 

μm beam was about 12% higher than the absorptivity for 10.6 μm beam for 

all range of temperatures.  

The ordering of absorptivity for each metal did not vary by the 

wavelength. For 1.07 μm laser beam, the absorptivity of Ti was the highest 

among three metals, and the absorptivity of Al was the lowest. Also, we 

obtained the same result with the 10.6μm laser beam: the absorptivity of Ti 

was the highest, and the absorptivity of Al was the lowest.  

The absorptivity of Al did not vary noticeably to the melting point. 

However, the absorptivity of SS304 and Ti increased, evidently onward 

from a melting point where the oxidation effect is believed to cause this 

increase. For 1.07 μm beam, the absorptivity of SS304 and Ti remained 

steady at ~700 ˚C, and then started to increase toward the melting point 

(over 700 ˚C). For the 10.6 μm beam, the absorptivity of SS304 changed 

after about 1000 ˚C, and the absorptivity of Ti changed after about 600 ˚C. 
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For SS304, the absorptivity increased from 31 % to 59 % for 1.07 μm beam, 

and from 11 % to 14 % for 10.6 μm beam from room temperature to 

melting point. For Ti, the absorptivity increased from 41 % to 69 % for 1.07 

μm and from 14 % to 28 % for 10.6 μm case from room temperature to 

melting point. 

In support of these observations, a blackened ring on the surfaces of the 

SS304 and Ti were observed due to the oxidation, and there was no change 

on the surface of the Al. Also, according to [71], absorptivity of oxidized 

metals is much higher than the one of non-oxidized metals and oxidation 

effects is the one of the main factors that affected on absorptivity of metals. 

Thus, the surface oxidation effect is believed to be responsible for a 

pronounced absorptivity variation in the SS304 and Ti samples over Al. 

By comparison with other studies in the literature, the present data are 

confirmed consistent. The absorptivity of nonferrous alloy, Al, for 1.053 

μm is 16 % at room temperature according to [71], which is identical to our 

measurement. The absorptivity of SS304 for 1.053 μm is 32.4 % according 

to [72], which is about 1% higher than our result. One notes however, the 

composition of SS304 may vary from sample to sample, and such 1 % 

difference may be tolerable.  
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1.3. Modeling of melt-through of metal induced by laser 

heating 

 

1.3.1. Enthalpy transfer analysis 

In the low irradiance regime, the laser-metal interaction is manifested by 

the thermal transport phenomena and vaporization of the metal surface. The 

energy conservation model includes thermal diffusion and phase 

transformation of metal from solid to liquid (and vapor) upon laser 

irradiation [72]. The height of the rectangular targets in the model is about 

20 times longer than heating diameter; therefore, the heat diffusion effect 

on a rectangular geometry is negligible. The 2-D axis symmetric equation 

in cylindrical coordinate system is given as 

 

                

2 2

2 2

dH 1 H H H
( )

dt r r r z
   

  
  

        (1.2) 

 

Here, H is the enthalpy, α is thermal diffusivity, and t is time. ρ, k and Cp 

are the density, conductivity and specific heat of stainless steel, respectively. 

 

1.3.2. Boundary condition considered radiation and flow effect 
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Fig. 1.8 Two-dimensional domain of calculation with the heat flux 

orientation at center node (i,j). 

 

The boundary conditions consist of heat fluxes at node (i,j) of Fig. 1.8.  

The control volume is centered at (i,j), and heat fluxes are calculated on 

four sides. The total enthalpy at (i,j) is calculated by summing up the fluxes 

as in the following algorithm: 
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where f is the heat flux vector on each direction and massij is mass of a 

control volume centered at (i,j). Qlaser, Qconvection and Qradiation are the laser 

heat flux, convective heat flux, and radiation heat flux from the metal as 

defined below, 

 

               

(  exp(- ) ))  2 2
laser laser laser 0 0Q aI , I I 2r / ( w / 2    (1.4) 

 

    convection air ijQ h(T T )                               (1.5) 

 

    
4 4 radiation air ijQ S(T T )                             (1.6) 

 

where I0 is the irradiance of laser and w0 is beam diameter for Ilaser Gaussian 
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beam. Aij is the beamed area of the target, and Tij is boundary temperature at 

node ij. a and ϵ are absorptivity and emissivity, respectively. h is convection 

coefficient of air which is set to 500 W/m2K. S is Stefan-Boltzmann 

constant at 5.67x10-8 W/m2K4. 

We specify Tm as the melting temperature, and p as a phase identifier 

where p=0 and 1 represent solid phase and the melting-vaporization phase 

of the metal, respectively. Then the temperature field is obtained from the 

calculated enthalpy with the specified conditions of temperature as follows: 

 

( I )    /  if  or 0p mT H C T T p                      (1.7) 

 

( II )     if C    Cm p m p m fT T T H T L                 (1.8) 

 

( III )    / /  if  or 1P f P mT H C L C T T p            (1.9) 

 

where Lf is the latent heat. Figure 1.9 illustrates this concept through three 

distinct temperature regions, ( I ), ( II ) and ( III ).  
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Fig. 1.9 Flow chart for the correction of the roll forming process design. 

 

Temperature profile is recorded on rear face of a 1 mm thickness coupon 

in the centerline of 3.5 kW/cm2 irradiation beam. Temperature increases 

until reaching the melting point. T is held constant at Tm from the latent heat 

of ( II ). Temperature increases again following ( III ) [72]. 

The process of laser heating induces thermal stress that results in 

temperature gradients and the deformation of the target. Based on 

thermoelasticity theory, the thermal stress of the metal induced by the laser 

heating follows the stress-strain relationship for r, z, θ directions such as 
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where E, ψ and ν are the Young’s modulus, thermal expansion coefficient 

and Poisson ratio, respectively. For convenience of formulation, stains are 

expressed in terms of displacement field such that 
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where u and w are displacements in r and z directions, which are solved in 

the force balance equation for steady thermo-elastic response of metal as 

follows [73, 74]: 
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The Alternative Direction Implicit (ADI) method [75, 76] was used to 

compute the governing Eq. (1.2), (1.15) and (1.16). The conductivity and 

specific heat of a stainless steel may vary with respect to temperature 

following Fig. 1.10, and Table 1.1 summarizes the material properties. 

 

Table 1.1. The properties of stainless steel. 

Parameters Value Unit 

 　ρ (density) 8,000 kg/m3 

Tm (melting temperature) 1,430 Celcius 

Lf (latent heat) 290,000 J/kg 

E(Young’s modulus) 193 GPa 

ψ(thermal expansion coefficient) 1.73x10

-5 

- 

ν (Poisson ratio) 0.29 - 
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Fig. 1.10 The temperature dependent conductivity and specific heat of 

stainless steel [77]. 

 

1.3.3. Comparison with experimental results for validation 

The reliability of the model is first checked against the controlled heating 

experiment using a CO2 laser of 10.6 μm at 390 W/cm2 on a sample. The 

temperature and strain are measured on rear face of a sample and 30 mm 

away from the beam center line. Figure 1.11 and 1.12 shows validation of 

calculated temperature and strain.  

The strain is determined from the distribution of the temperature gradient. 

The process of thermal straining follows initial thermal expansion of a 

rapidly heated area on the front, while the expansion on the back follows 

relatively slower rate. This causes the sample to bend backward, slowly 

increasing the strain on the back. When the high temperature reaches the 

back, the expansion on the back takes place rapidly.  
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Fig. 1.11 Validation of calculated temperature of 10.6 μm beam test. 

 

Fig. 1.12 Validation of calculated strain of 10.6 μm beam test. 
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The strain increases fast and the flatness is restored. The sample is yet 

recovered completely, because temperature on the front is still higher from 

the laser heating. Since strain depends on temperature gradient, the strain 

rate at the measured point has a peak value if the corresponding 

temperature gradient is a maximum. The present thermal stress model 

simulates this process as shown in Fig. 1.11 and 1.12, which demonstrates 

the validity of the model. 

The modeled absorptivity of material must reflect as closely the physical 

response of stainless steel target upon beam irradiation. The absorptivity of 

stainless steel at 1 μm wavelength is 0.4 [1], and its maximum is reached 

after melting is occurred at 0.6 as in Fig. 1.13(a). Also the radiative cooling 

[63] is considered using modeled emissivity as shown in Fig. 1.13(b). 

 

  

Fig. 1.13 Absorptivity in 1.07 μm wavelength (a) and emissivity (b) for thin 

stainless steel (modeled). 
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We considered a fully developed conduction. The size of the coupon was 

of height of 100mm, width of 100 mm and varied thicknesses of 0.1, 0.2, 

0.5 mm. When the melting phase front reaches the opposite end of the 

material, we say the material has melted through. We compare the 

measured and calculated times in Fig. 1.14 with this assumption.  

 

 

Fig. 1.14 Measured melt-through time in various thicknesses and 

calculations with 5 % measuring error. 

 

The melt through time is inversely proportional to irradiance. The case of 

0.2 mm thickness is not included since it is similar to the 0.1 mm case. The 

calculations follow experimentally measured times for 0.1mm coupon at 1 

kW/cm2 irradiation. However, the calculation is consistently faster than the 
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measured value, particularly for 2.3 kW/cm2 and 3.5 kW/cm2 irradiations. A 

weak plasma plays an interrupting role of beam absorption on the metal 

surface [78]. The melt through time is long for the 1 mm thickness, such 

that similar plasma shielding effect is not significant for the thin sample 

case. 

1.3.4. Multiple-reflection effect 

Temperature is measured on the back surface of coupon (100 x 100 x 2 

mm). Figure 1.15 illustrates the measured and calculated temperature 

profiles of TC1, TC2 and TC3. A full temperature measurement is not 

given in the case of 3.5 kW/cm2 irradiation because of the measurement 

limitation on thermocouples. The measurements shown are from 1000 

W/cm2 irradiation at each thermo-couple location (TC1, TC2 and TC3). 

The temperature rise of the finite sample is calculated with ∼40 % 

absorption of 1.07 μm wavelength beam. A keyhole growth is noted at 

1000 W/cm2 irradiation, such that it remains for a period of time. The 

effect of multiple reflections within a keyhole is expected in the longer 

melt-through case. In order to accommodate increased absorption when 

and beyond melting occurs as there will exist multiple beam reflections 

within a key hole of a thicker sample(>1 mm), the optically measured 

absorptivity is used to compensate for a 40 % rise in its value(0.4 to 0.8) 

as shown in Fig. 1.16. This correction is necessary for temperature beyond 
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melting at 1430 OC for thicker samples. The strong plasma and melt 

ejection are assumed negligible since quasi-heating of sample by laser is 

dominant in the experiment. Ray tracing technique and Fresnel absorption 

are used to analyze multiple-reflection on keyhole surface in [70]. Instead, 

we trace temperature and phase boundary of melting with temperature 

dependent absorptivity correction to account for the effect of multiple 

reflections. 
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Fig. 1.15 Measured temperature profiles at TC1, TC2, and TC3 and 

calculations. 
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Fig. 1.16 Modified absorptivity for model. 

 

The temperature from TC1 of Fig. 1.15 is in agreement with the 

calculation. For temperatures measured away from the center, calculations 

without the absorptivity correction underestimate the measurements (Figs. 

1.15b and 1.15c). In both TC2 and TC3 for 40 % absorption, the initial rise 

is well captured through the calculations while the measurements 

consistently rise at a steeper curve away from the center beyond 9 and 22 

seconds. The modeled absorption with multiple-reflection provides remedy 

for the discrepancy noted in TC2 and TC3. 

 

 

1.3.5. Thermal stress analysis 
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Figures 1.17 and 1.18 are calculated temperature and phase of a coupon of 

size 100 x100 x1 mm using the present model.  

 

Fig. 1.17 Calculated temperature 0.2 s, 3.0 s and 4.8 s at 3.5 kW/cm2 

irradiation. 

 

 

Fig. 1.18 Calculated phase field 0.2 s, 3.0 s and 4.8 s at 3.5 kW/cm2 

irradiation. 

The figures show heating of the coupon and the phase change beyond the 

melting point. The melt-through process is reproduced in experiment where 

the measured melt through time is about 5.1 sec while the calculated time is 
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4.8 sec.  

 

 

Fig. 1.19 Calculated strain and stress in r-direction at 0.2 s, 3.0 s and 4.8 s 

at 3.5 kW/cm2 irradiation. 

 

 

Fig. 1.20 Calculated strain and stress in z-direction at 0.2 s, 3.0 s and 4.8 s 

at 3.5 kW/cm2 irradiation. 
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Fig. 1.21 Calculated shear strain and shear stress at 0.2 s, 3.0 s and 4.8 s at 

3.5 kW/cm2 irradiation. 

 

 

Fig. 1.22 Calculated von-Mises stress at 0.2s, 3.0s and 4.8s at 3.5kW/cm2 

irradiation. Higher compression on the back as opposed to lower expansion 

stress state in the front of target shown. 

 

In Fig. 1.19, a significant stress loading is incurred due to large thermal 

gradient in the irradiated sample. Figures 1.19 ∼ 1.22 show calculated 
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strains, Cauchy stresses and von-Mises stress of the stainless steel sample 

in the 3.5 kW/cm2 irradiation test. A sample is heated on a surface of 

irradiation and thermal flux propagates toward the back side. Temperature 

remains steady at melting temperature during the phase change. Figure 1.19 

shows strain and stress in r-direction at three different times. High 

temperature gradient is induced on the surface of heating, causing the 

sample to expand. A large sample expansion induces localized deformation 

toward the irradiated beam center. Z-directional thermal response of the 

target is shown in Fig. 1.20. The middle of a sample undergoes minor 

compression where the expansion in z-direction is small. Figure 1.21 shows 

calculated shear strain and stress where the sample is expanded on the 

heating side as following the temperature gradient, and the back side 

undergoes compression. Figure 1.22 shows the von-Mises stress that 

explains the isolated stress (compression) in the rear as opposed to 

expansion on the front of a sample. The deformation caused by thermal 

stress is explained by the resulting temperature gradient of the present 

model. Thus the thermal transport and stress analysis using absorptivity 

correction method show potential for accommodating additional metal 

samples subject to a high power infra-red laser beaming with a good 

accuracy. 
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초 록 

 

레이저와 금속간의 상호 작용에는 레이저 파장이나 펄스 듀

레이션을 포함한 많은 요소들이 영향을 끼친다. 이러한 요소들

은 레이저 삭마 과정에서 다른 현상을 발생 시키는 요인이 된

다. 본 연구에서는 레이저 삭마 기법과 레이저 가열 기술을 이

용하여 고압 환경에서 알루미늄의 연소 특성을 연구하였다. 펄

스 레이저를 이용한 레이저 삭마 기법을 사용하여 0.35~2.2 

GPa 범위의 압력 환경을 생성하고, 이와 동시에 산화막이 없

는 순수한 알루미늄 입자를 방출시킨다. 이때, CO2 연속 레이

저를 방출 부위에 조사하여 5000~9300 K에 달하는 복사 환경

을 공급한다. 방출된 알루미늄은 고압 환경하에서 CO2 연속 

레이저 가열에 의해 점화 된다. 점화된 알루미늄 입자의 연소 

형태를 초고속 카메라를 이용하여 가시화하였으며, 분광기를 

이용한 AlO 생성 파장 분석을 통해 알루미늄 점화와 연소 시

간을 측정하였다. 고압력에 대한 점화 온도를 산출하여, 압력

이 올라갈수록 점화 온도가 높아지는 알루미늄의 점화 특성을 

실험적으로 밝혀냈으며, 이는 고압 환경에서 알루미늄의 녹는

점과 끓는점이 증가하는 상태방정식 특성과 일치함을 확인하

였다. 

레이저에 의해 생성된 충격파 내부에서의 고압 연소 특성 

현상은 알루미늄 입자가 첨가된 폭약이 폭발 할 때, 입자가 폭

굉파의 고온, 고압에 노출되어 폭굉파 후방에서 점화 및 연소 
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되는 현상과 유사다. 때문에 실험 결과는 알루미늄 입자가 첨

가된 폭약이 폭발시 알루미늄 입자에 의한 2차 점화 현상을 

설명해 준다.  

알루미늄 입자의 2차 점화 현상을 모델 하기 위해 알루미늄

이 35% 함유된 RDX를 대상 화약으로 하였다. 알루미늄이 함

유된 RDX 폭약에 의한 1차 폭굉파 모사를 위해 압력을 기반

으로 하는 Kim et al. (2014)의 점화 성장 모델을 도입하였으며, 

비구속 반응 막대 실험과의 비교를 통해 검증을 수행하였다. 

본 문제는 2차원 Eulerian 기반의 Hydrocode를 이용해 해석되

었으며, 검증된 1차 폭굉파 모델과 함께 알루미늄의 열반응 점

화 모델과 Nobel-Abel 상태방정식을 추가하여 알루미늄의 2차 

점화를 모사하였다. 알루미늄의 점화 모델은 거대한 압력 챔버 

실험과의 비교를 통해 검증을 수행하였다. 본 연구는 알루미늄 

점화에 의한 2차 압력 생성과 전파 예측이 가능한 모델을 제

시하였다. 

 

주요어: 레이저 삭마, 알루미늄 연소, 고압, 고온, 점화 온도, 

반응성 유동 
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