Underwater Pressure Pulses Generated by
Mechanically Alloyed Intermolecular
Composites

by

Geoffrey C. Maines

Thesis submitted to the
Faculty of Graduate and Postdoctoral Studies
In partial fulfillment of the requirements
For the M.A.Sc degree in

Mechanical Engineering

Ottawa-Carleton Institute for Mechanical and Aerospace Engineering
Faculty of Engineering
University of Ottawa

(© Geoffrey C. Maines, Ottawa, Canada, 2014



Abstract

Recently, the use of thermite-based pressure waves for applications in cellular transfec-
tion and drug delivery have shown significant improvements over previous technologies.
In the present study, a new technique for producing thermite-generated pressure pulses
using fully-dense nano-scale thermite mixtures was evaluated. This was accomplished
by evaluation of a stoichiometric mixture of aluminium (Al) and copper(II)-oxide (CuO)
prepared by mechanical alloying. Flame propagation speeds, constant-volume pressure
characteristics and underwater pressure characteristics of both a micron-scale and me-
chanically alloyed mixture were measured experimentally and compared with conven-
tional nano-scale thermites. It was determined that mechanically alloyed mixtures are
capable of attaining flame propagation speeds on the same order as nano-scale mixtures,
with flame speeds reaching as high as approximately 100 m/s. Constant-volume pressure
experiments indicated that mechanically alloyed mixtures result in lower pressurization
rates compared with conventional nano-scale mixtures, however, an improvement by as
much as an order of magnitude was achieved compared with micron-scale mixtures. Ther-
mochemical equilibrium predictions for pressures observed in constant-volume reactions
were found to capture relatively well the equilibrium pressure for both low and high val-
ues of relative density. Generally, the predictions over-estimated the measured pressures
by approximately 60%.

Results from underwater experiments indicated that the mechanically alloyed samples
produced peak shock pressures and waveforms similar to those for a nano-scale Al-Bi;O3
mixture reported by Apperson et al. (2008). In an effort to model the pressure signal
obtained from the underwater reaction, calculations were performed based on the rate
of expansion of the high pressure gas sphere. Predicted pressures were found to agree
fairly well in terms of both the peak pressure and pressurization rate.

The present study has thus identified the ability for mechanically alloyed thermite
mixtures to produce underwater pressure profiles that may be conducive for applications

in cellular transfection and drug delivery.
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Résumé

Récemment, l'utilisation d’ondes de pression produite par des mélanges de thermite
pour des applications dans la transfection cellulaire et I’administration de médicaments
ont démontré des améliorations importantes par rapport aux technologies précédentes.
Dans ’étude ci jointe, une nouvelle technique pour produire des impulsions de pres-
sion générée par un mélange thermite, soumit a de 'alliage mécanique, a été évaluée.
Ceci a été accompli par I'évaluation d’'un mélange stoechiométrique d’aluminium (Al)
et de l'oxyde de cuivre(Il) (CuO), préparé par mécanosynthese. Les vitesses de propa-
gation de la flamme, les caractéristiques de pression pour la combustion a volume con-
stant et les caractéristiques de pression pour la combustion sous I'eau ont été mesurées
expérimentalement et comparés avec les thermites conventionnel a 1’échelle nano. Nous
avons déterminé que les mélanges alliés mécaniquement sont capables d’atteindre des
vitesses de propagation de flamme du méme ordre que les mélanges a I’échelle nanométrique,
atteignant jusqu’a environ 100 m/s. Les expériences de combusition a volume con-
stant, indique que les mélanges alliés mécaniquement induit des taux de pressurisa-
tion inférieures a celles des mélanges de nano-échelle conventionnel, cependant, une
amélioration de pres d’un ordre de grandeur a été atteint par rapport aux mélanges
d’échelle micronique. Prédictions thermochimiques des pression de combustion se sont
révélés capable de relativement bien saisir les valeurs observées dans les expériences a
volume constant. En regle générale, les prévisions sur-estimé les pressions mesurées par
environ 60% .

Les résultats des expériences sous-marines ont indiqué que les échantillons alliés
mécaniquement ont produit des pressions et des profils d’onde similaires a celles pro-
duites par un mélange de Al-Bi;O3 de nano-échelle, comme indiqué par Apperson et al.
(2008). Pour modéliser les pressions obtenues dans les expériences sous-marines, des cal-
culs basés sur le taux d’expansion de la bulle de gaz a haute pression ont été obtenus. Les
pressions prédites ont été trouvés d’étre relativement en accord avec la pression maximale
et le taux de pressurisation observé.

Cette étude a ainsi identifié la possibilité pour I'utilisation des mélanges de thermites
alliés mécaniquement pour produire des profils de pression sous ’eau propices pour des

applications de transfection cellulaire et I’administration de médicaments.
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Chapter 1

Introduction

1.1 Background

In recent years, pressure pulses produced by piezoelectric generators, gas-driven shock
tubes and lasers have shown the capability of transferring genetic material into biological
cells. This comes as a result of numerous studies that have identified the ability to
delivery drugs and genetic material by pressure-induced permeabilization of the target
cells (Lee et al., 2000; Kendall, 2002; Kodama et al., 2003; Koshiyama et al., 2006).
Early on, Kodama et al. (2000) evaluated the effectiveness of laser- and shock tube-
generated pressure pulses on the transfection of two fluorophores into HL-60 leukemia
cells. Results indicated that pressure pulses produced by shock tube-based systems
were able to successfully deliver both fluorophores into the target cells, while laser-based
systems were not. Furthermore, higher peak pressures of the leading wave were found to
have little to no effect on transfection rates although survivability rates were significantly
compromised. Highest transfection rates were found for waves with the longest impulses,
reaching a maximum of approximately 47% for the shock-tube driven pressure waves.
These waves had pulse durations of up to 10 us compared to approximately 200 ns for
laser-driven waves.

Since then, advancements in the design of shock tube-based drug delivery systems
have been made, most notably by Kodama et al. (2002) who were able to increase trans-
fection rates by exposing target cells to multiple pressure pulses and increasing the con-
centration of fluorophores in the solution. In their investigation, shock waves were used
to effectively deliver macromolecules of fluorescein isothiocyanate-dextran (FITC) to

NIH:OVCAR-5 cancer cells. In particular, the effects of increasing the number of shock
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Figure 1.1: Effects of (a) increasing number of shock/centrifuge cycles and (b) in-
creasing concentration of FITC on the permeabilization of living cells with FITC. The
efficiency of permeabilization (®) is shown on the left axis while the mean fluorescent
uptake (MFU) of the cells ([J) is shown on the right axis, modified from Kodama et al.
(2002).

pulses transmitted to the target cells and increasing the concentration of FITC in the
solution on the permeabilization of the cancer cells were evaluated. To illustrate the
benefits of pressure pulsing, a comparison was made between cycles of shock pulsing and
centrifuging. The results of this study are presented in Fig. 1.1. Results indicated that
transfection efficiencies as high as approximately 35% could be obtained by exposing cells
to 3 pressure pulses, and 45% by increasing the concentration of fluorophores from 7.5
to 200 M. While shock pulsing yielded significantly higher permeabilization efficiencies
compared to an equivalent number of centrifuge cycles, modest transfection rates were
still observed in all cases. Furthermore, increasing the number of pressure pulses resulted
in a decrease in the cell survivability by as much as 5%. As a result, the authors discussed
the success of the technology concluding that a compromise between achieving sufficient
delivery and causing excessive cellular damage must be made.

While limitations on the control of the pressure dynamics for shock tube-based sys-
tems have led to low transfection rates or survival rates of the target cells, significant
improvements have been made by implementing thermite mixtures as the constitutive
material in generating the pressure waves. This comes as a result of a relatively new

finding that certain nano-scale thermites have combustion velocities lower than conven-
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Figure 1.2: Activation energy as a function of Al particle diameter for an Al-Ni inter-

metallic composite, modified from Hunt & Pantoya (2005).

tional explosives with lower pressures than predicted by Chapman-Jouguet (CJ) theory
(Apperson et al., 2007; Shende et al., 2008). Nano-scale thermites, while having energy
densities similar to conventional explosives, have less gas production. Furthermore, cer-
tain reactive characteristics such as peak pressure and rate of pressure increase have been
shown to be modulated by the burning rate. These unique and tunable pressure profiles
have been found to be conducive to applications in cellular transfection (Apperson et al.,
2008). In their study, pressure pulses produced by the ignition of nano-scale thermites
were used to transfect fluorescent plasmids into primary cells, cell lines and tissues. Mi-
crochips formed by the consolidation of nano-scale Al-Bi;O3 and Al-CuO were used as
the driver in generating pressure pulses. In all cases, survivability rates were upwards
of 99%, while transfection rates were as high as 99% for primary cells and 60% for cell

lines.

1.2 Mechanical alloying

While reductions in particle sizes continuously offer potential advancements in nano-scale

energetics, the safety precautions and cost of equipment necessary for proper production,
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Figure 1.3: Effect of the oxide passivation layer on the active aluminium content of

nano-scale particles, modified from Granier et al. (2004).

handling and storing of the materials are extensive. One particular issue is the increased
sensitivity to thermal ignition for nano-scale mixtures. Compared to micron-scale inter-
metallic composites, the ignition delay times for nano-scale mixtures are approximately
two orders of magnitude shorter while the activation energies are as much as 10 times
lower (Hunt & Pantoya, 2005). Results for the activation energy of an aluminium-nickel
(Al-Ni) intermetallic composite for increasing Al particle diameter are shown in Fig. 1.2.
It was found that the activation energy follows a logarithmic function with aluminium
particle diameter. Furthermore, mixtures with smaller Ni particles had significantly lower
activations energies. While technological advancements continuously result in smaller
particle diameters, these associated lower activation energies increase the material’s sen-
sitivity to spontaneous reaction. To avoid complications, special equipment is necessary
for proper handling and storing of the materials. As a result, the costs associated with
nano-scale materials are significantly amplified compared to their micron-scale counter-
parts.

Another issue in the preparation of nano-scale mixtures is the presence of an oxide
passivation shell surrounding the metal particles. For aluminium, this oxide layer typi-
cally has a thickness between 1 and 4 nm (Campbell et al., 1999; Granier et al., 2004).
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Figure 1.4: Peak flame temperature as a function of Al;O3 in the reactants, modified
from Granier et al. (2004)

As the size of the grains decrease, the content of active aluminium within each particle
is exponentially reduced, compromising the purity of the mixture. This effect is shown
in Fig. 1.3 where the active content of aluminium particles is shown as a function of
the particle radius. In these calculations, the particle sizes were assumed to be spherical
with a uniform passivation layer thickness. To evaluate this effect, Granier et al. (2004)
produced Al-Ni intermetallic composite samples consisting of larger quantities of nano-
scale Al and thus Al,O3 passivation layers. The peak flame temperatures of the resulting
mixtures were evaluated as a function of the Al,O5 content. Results indicated that a loss
in temperature from approximately 3000°C to 850°C occurred for an increase in Al,O3
from 0 to 10%. These results are shown in Fig. 1.4. The loss in reaction temperature
for higher AlyO3 content was primarily attributed to reductions in the volume of pure
Al within each particle.

Recently, a novel method for producing micron-sized, fully dense powders in which
the reactive components are uniformly mixed on the nano-scale has shown to be effective
in the production of both intermetallic and thermite mixtures (Suryanarayana, 2001).
This process, termed mechanical alloying, involves the cold welding of metal powders

induced by energy deposited into the raw materials by hardened balls in the form of
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kinetic energy. In this process, micron-sized powders are formed containing reactive
components mixed on the nano-scale. The development of these mechanically alloyed
energetic formulations is largely attributed to the pioneering research at the New Jersey
Institute of Technology, where the technique has been adopted in the production of a
wide variety of energetic formulations. In an early investigation, Schoenitz et al. (2004)
produced energetic mixtures of Al-Fe;O3 and AlI-MoOj3 with particles in the range of 1-50
pm containing layered assemblages of the reactants mixed on a 10-100 nm scale. This
was accomplished using a technique of arrested reactive milling (ARM), in which the
initial materials are mechanically milled to the point just prior to ignition. The resulting
increased surface area between the fuel and oxidizer was shown to significantly increase
the reactivity of the mixtures, as shown by evaluations of the burn rates.

Since these early investigations, further research on the characterization of the process
and resulting material have led to improvements in their production and performance
(Schoenitz et al., 2005; Umbrajkar et al., 2006a,b, 2007; Aly et al., 2013). Most promi-
nently, these studies aimed at optimizing the preparation of the material by identifying
the role of milling parameters on the resulting material. In one study, Umbrajkar et al.
(2006b) refined and optimized the process for producing a mechanically alloyed Al-CuO
mixture. In their investigation, a highly-pure micron-scale mixture consisting of nano-
scale layers of Al and CuO was produced. Mixtures were prepared by use of a shaker mill
paired with a process control agent (PCA), which was found to significantly improve the
process by inhibiting reactions during milling. A comparison between the initial materials

and the resulting mechanically alloyed powder is shown in Fig. 1.5.

Figure 1.5: SEM images comparing the (a) unmilled and (b) milled 2A1-3CuO mixtures
produced by Umbrajkar et al. (2006b).
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Since then, a significant effort has been made towards identifying the thermal and
mechanical properties of these materials. Interestingly, it has been shown that the onset
of ignition for mechanically alloyed thermite mixtures occurs at relatively low temper-
atures compared with conventional mixtures (Umbrajkar et al., 2006b; Schoenitz et al.,
2007; Umbrajkar et al., 2008). In particular, it was determined that the highly exother-
mic reaction between Al and CuO starts at temperatures as low as 400 K and can be
well-described by four parallel reaction steps. Although the bulk energy release was
found to occur during the strongest, fourth reaction step, which was found to occur at
temperatures of approximately 900 K, it was found that the reaction is primarily driven
by the lower-temperature oxidation process. Similar results for the ignition tempera-
ture were obtained by Williams et al. (2013) and Stamatis et al. (2008) who evaluated
various mechanically alloyed Al-based mixtures using varying heating rates. Results of
their investigations determined that thermal runaway for a mechanically alloyed Al-CuO
thermite mixtures occurs at temperatures of approximately 820 K to 980 K for heat-
ing rates between 250 K/s and 17,500 K/s. In another investigation, Stamatis et al.
(2011) evaluated the mechanical properties for consolidated pellets of fully dense nano-
scale Al-CuO and Al-MoOj3 prepared via ARM. Results indicated that higher tensile and
flexural strengths were observed for higher relative densities, while the strength of com-
posite materials was comparable to that of consolidated aluminium powders. In terms
of yield strength, composite materials were found to show higher strengths compared to
micron-scale powder blends and consolidated aluminium.

While significant research has been devoted towards investigating the mechanisms
governing the reaction kinetics for mixtures prepared by mechanical alloying, minimal
effort has been made towards evaluating their combustion performance compared with

traditional mixtures.

1.3 Objectives

The present study evaluates a new method for producing thermite-generated pressure
pulses in water for applications in cellular transfection. A mixture of aluminium (Al) and
copper(II)-oxide (CuO) is prepared via mechanical alloying and compared with results by
Umbrajkar et al. (2006b). Initially, the combustion performance of the assembled mix-
ture is evaluated and compared with conventional micron- and nano-scale thermites via
open-channel flame speed measurements and constant-volume pressure measurements.

The viability of mechanically alloyed mixtures on attaining flame propagation speeds
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and constant-volume pressurization rates similar to conventional nano-scale energetics
is discussed. With the performance of the assembled mixture well-characterized, the
underwater pressure signatures for both micron-scale and mechanically alloyed mixtures
are obtained and compared with results by Apperson et al. (2008). Predictions of the
constant-volume pressure characteristics of thermite mixtures were obtained using ther-
mochemical equilibrium calculations and compared with experimental data. Finally, a
method for estimating the underwater pressure signature from the rate of growth of the
gas-bubble is discussed and compared with experiment.

This thesis is organized as follows. The experimental apparatus used in the vari-
ous experiments is documented in Chapter 2. Details on the experimental procedure
are provided in Chapter 3. Results of the mechanical alloying, flame propagation speed
measurements, pressure and pressurization measurements at constant-volume and under-
water measurements are presented and discussed in Chapter 4. A method for predicting
the pressures observed in constant-volume measurements is presented and compared with
experimental results in Chapter 5. A method for estimating the pressure profile formed
by the expansion of the high-pressure gas bubble in underwater experiments is presented
and compared with actual measurements in Chapter 6. Finally, Chapter 7 summarizes
the current investigation and draws conclusions from the experimental results and cal-

culations.



Chapter 2
Experimental apparatus

The physical apparatus used to prepare and characterize thermite mixtures are outlined
in this chapter. Some equipment was designed and manufactured specifically for these
experiments. Descriptions of all major components and their associated instruments are

provided.

2.1 Mechanical alloying

2.1.1 Fritsch Pulverisette 7 planetary micro mill

To prepare mechanically alloyed mixtures, a planetary ball mill (Fritsch Pulverisette
7, Fig. 2.1a) was used. The mill consists of a rotating drum supporting two 80 mL
tempered steel vials. Each vial contains a quantity of hardened steel balls that crush and
re-shape the materials. The vials are sealed using lids mounted with a thermocouple and
pressure transducer (Fritsch Easy-GTM). These sensors allow for continuous monitoring
of thermal and pressure effects within each of the vials, capturing the onset of chemical
reaction of the reactive materials. The vials and lid assembly are rated to a maximum
pressure of 1 MPa, which restricts the amount of reactant material that can be refined
at once. An additional set of lids was constructed by Akbarnejad (2013) for use in the

cleaning phase. The vials and lids are shown in Fig. 2.1b.

2.1.2 Inert atmosphere glovebox

An argon environment was created using a Labconco Precise Controlled Atmosphere

Glovebox when loading milling vials with reactant materials. The glovebox consists of
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Easy-GTM lid

80 mL vial Custom lids
(b)

Figure 2.1: Photographs of the (a) Fritsch Pulverisette 7 planetary ball mill and (b)

vials and lids used in the mechanical alloying process.

a transfer chamber and a main chamber, both connected to the inlet gas and a vacuum
pump. Each chamber is mounted with a pressure gauge to monitor the internal pressure.
Argon was used as the inert gas in the preparation of mechanically alloyed samples. The

glovebox and its accessories are shown in Fig. 2.2.

s

Transfer chamber

Figure 2.2: Labconco Precise Controlled Atmosphere Glovebox used in creating an

argon environment for mechanical alloying.
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2.2 Flame speed measurements

Measurements of the flame propagation speed were conducted using a steel channel
(Fig. 2.3). The channel consists of two sections; a smaller ignition section, and a mea-
surement section with dimensions 2.5 x 2.5 x 70 mm. All measurements on the flame
propagation speeds were conducted in the measurement section of the channel.

In an investigation by Akbarnejad (2013), the effect of heat losses on the flame propa-
gation speed of an Al-Ni intermetallic mixture was evaluated. Heat loss effects were found
to be negligible for the channel size used in the current study permitting for accurate
measurements of flame propagation speeds.

To capture the reaction event, a Phantom V1210 high-speed camera with an AF
Nikkor 80-200mm lens was used. A mirror located approximately 3.0 m from the camera
was set at an angle of 45° with the optical table’s surface. The filled burn-channel was
placed below the mirror during experiments. A schematic representation of the physical

setup is shown in Fig. 2.4.

2.3 Combustion vessels

Pressure experiments were conducted using two different combustion vessels, each de-
signed for a specific application. These combustion vessels were designed and manufac-
tured for the current investigation. Details of each combustion vessel are discussed in

the following sections.

Measurement section

Ignition section

Figure 2.3: Burn-channel used in flame speed measurements.
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mirror
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sample high-speed
camera

Figure 2.4: Schematic representation of the setup for the measurement of flame prop-

agation speeds.

2.3.1 3.96-mL-custom-designed miniature pressure cell

The 3.96-mL-combustion vessel was primarily used to measure constant-volume combus-
tion characteristics of energetic materials, namely peak pressure and pressurization rate.
The vessel contains a cylindrical reaction chamber with a diameter and height of 17.2
mm. The material used in its construction is AISI 304 stainless steel. The vessel con-
sists of two components: a body containing the reaction chamber, an o-ring and a spark
plug, and a head containing a pressure transducer. The spark plug’s center electrode
is attached to a steel rod insulated from the outer walls by a Delrin sleeve that is flush
with the base of the reaction chamber. A PCB pressure transducer (Model 113B24)
with a maximum pressure of 7 MPa and a rise time of less than 1 us was used to record

pressure data during the experiments. The sensing element was covered with a 1 mm

Spark plug

/

Pressure sensor

3.96.mL cell

,,"\\\
\\ -8 O-ring

-t Iy v

AISI 304 Stainless steel

(b)

Figure 2.5: Features of the 3.96-mL-combustion vessel depicting the location of the (a)

pressure sensor, test cavity and o-ring, and (b) spark plug.
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thick silicone film in order to minimize the loss of signal due to heat transfer. The walls
of the chamber are 29.5 mm thick, which permits for internal pressures upwards of 20
MPa. The apparatus is shown in Fig. 2.5 identifying the major components and features
of its construction. Detailed drawings for the design and construction of the vessel are

shown in Appendix D.

2.3.2 1.06-L-custom-designed combustion chamber

The 1.06-L-combustion vessel was used for underwater experiments measuring character-
istic wave speeds, bubble expansion rates, and pressures. The vessel has a rectangular in-
ternal cavity with dimensions of 101.6 x 101.6 x 95.25 mm and a wall thickness of 60.325
mm. The chamber is constructed from aluminium 6061-T6 and is designed to withstand
internal pressures upwards of 50 MPa when sealed with 44.45 mm thick aluminium plates.
Six aluminium plugs penetrate the chamber; two for wall-mounted pressure transducers,
two for gas- and liquid-handling, one for the ignition system, and one for the submerged
pressure transducer. The wall-mounted pressure transducers (PCB Model 113B24) have
a maximum pressure of 7 MPa and a rise time of less than 1 us, while the in-situ pres-
sure transducer (Neptune Sonar Model T11 underwater shock-gauge) has a maximum
pressure of 275 MPa and a rise time of less than 4 ps. A spark-plug mounted in a

threaded plug on one of the side walls acts as the igniter for the experiments. When op-

Wall sensors

Fluid-handling ports

Igniter \(

e
1 i

Al 6061-T6

Free-field sensor

(b)

Figure 2.6: Features of the 1.06-L-underwater combustion chamber depicting the lo-
cation of the (a) pressure sensors and windows, and (b) igniter plug and fluid-handling

ports.
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Figure 2.7: Schematic representation of the 1.06-L-combustion vessel showing the ex-

ternal and internal features of the apparatus.

tical measurements were to be made, aluminium plates were replaced with optical-grade
acrylic windows, which allow for observations of the combustion event and subsequent
phenomena. Photographs of the apparatus detailing its features are shown in Fig. 2.6.
A schematic of the vessel is provided in Fig. 2.7. A complete set of detailed drawings is

provided in Appendix E.

2.4 Ignition system

The ignition system for both combustion vessels consists of a variable power supply
(Hewlett-Packard Harrison 6434B) capable of supplying up to 30 A at 50 V. The power
supply was connected to the spark plug housed in the combustion vessel. The reaction
event was initiated by hot-wire resistance heating of a tungsten wire. For the miniature

pressure cell, a 30 gauge (0.254 mm) tungsten wire running through the sample mixture
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was connected between the spark plug and the outer casing, while for the underwater

combustion vessel a pre-existing hot-wire filament was embedded in the samples.

2.5 Data acquisition and optical systems

For constant-volume pressure measurements, pressure signals were recorded using a Na-
tional Instruments data acquisition system (Model PXIe-1073 hub with PXIe-6358 card)
connected to a personal computer. The signals from the pressure transducers were am-
plified and conditioned using a signal conditioner (PCB Model 482C16). A LabVIEW
program was used to record the pressure data and control the sampling rate. A schematic
representation of the data acquisition system for the miniature pressure cell is shown in
Fig. 2.8.

For underwater measurements, pressure signals were recorded using a National Instru-
ments data acquisition card (PCI-6133) connected to a personal computer. The signals
from PCB transducers were amplified and conditioned using a signal conditioner (PCB
Model 482C05), while the signal from the Neptune Sonar shock-gauge was amplified by
a charge amplifier (Kistler Model 504D). Again, the number of samples and sample rate
were set within the LabVIEW program.

Schlieren visualization was achieved using an optical setup consisting of a Phantom
V1210 high-speed camera, a 1600 W Newport Xenon arc lamp, and two parabolic mirrors
arranged in a Z-type pattern (Settles, 2001). A knife-edge in front of the camera cuts

the light entering the lens, permitting density gradients within the flow to be visualized.
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supply b amplifier
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Figure 2.8: Schematic representation of the 3.96-mL-miniature reaction vessel and the

corresponding data acquisition system.
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Figure 2.9: Schematic representation of the physical apparatus, optical setup and data
acquisition system for the 1.06-L-underwater blast chamber.

The camera and data acquisition system were triggered by a timer box (BNC Model
575 Pulse Generator). The camera was connected to a personal computer outfitted
with the Phantom PCC software while the data acquisition system was connected to a
personal computer with the LabVIEW program. A schematic representation of the data
acquisition system and optical setup for the underwater combustion vessel is shown in
Fig. 2.9.




Chapter 3
Experimental procedure

In this chapter, the details of all experimental procedures are provided. Methods uti-
lized in the preparation of mechanically alloyed materials, conduction of open-channel
flame propagation speed measurements, measurement of constant volume pressure and

pressurization rates and underwater experiments are presented.

3.1 Material preparation

3.1.1 Synthesis

In the present study, aluminium (Al, Atlantic Equipment Engineers AL-101, 99.9% pure,
-325 mesh) and copper(Il)-oxide (CuO, Atlantic Equipment Engineers CU-602, 99.9%
pure, 1-5 um) were used as the constituent materials. Aluminium powders were sifted
for particle sizes less than 32 um. Properties for both powders are provided in Table 3.1.
The microstructure of each individual powder was evaluated using a scanning electron
microscope (SEM, Model EVO MA-10, Carl Zeiss NTS GmbH, Germany) equipped
with a back-scattered electron (BSE) detector and an energy dispersive spectrometer
(EDS) probe (INCA-x-act, Oxford Instruments, United Kingdom). The morphology
and particle size of the aluminium and copper(II)-oxide powders are shown in Fig. 3.1a
and 3.1b, respectively.

To prepare the sample mixture, raw powders were mechanically blended in stoichio-
metric proportions of 2:3 by mole of aluminium and copper(II)-oxide. This corresponds
to a mixture containing 18.4% Al and 81.6% CuO by mass. To accurately control the
amount of each powder used in the mixture, a digital scale accurate to 1 mg was used.

The synthesized mixture was then evaluated using scanning electron microscopy to ensure

17
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Table 3.1: Properties for the metals used in the present study.

Property Al | CuO

Purity (%) 99.9 | 99.9
Particle Size (pum) <32 15
Density (kg/m?) 2700 | 6310
Molecular Weight (g/mol) | 26.98 | 79.55
Melting Point (°C) 660.1 | 1326

proper mixing.

3.1.2 Mechanical alloying

To produce mechanically alloyed ball-milled samples, blended powders were placed inside
the milling vials containing fifteen hardened steel milling balls of 9.3 mm diameter.
Owing to the rated pressure of the vial assembly, the amount of mixture capable of
being processed was restricted to approximately 1 g, as estimated using NASA’s chemical
equilibrium with applications (CEA) package (see Chapter 5). Once the powders were
added, the vials were transferred to the glovebox. To ensure that an argon environment
was present, argon was cycled through both the main chamber and transfer chamber

three times. An oxygen sensor was used to determine the concentration of oxygen in

(a) Alumi'nium (Al) o (b) Copper(II)-oxide (CuO)

Figure 3.1: Microstructures of the constituent powders obtained using the scanning
electron microscope (SEM).
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Table 3.2: Details of the samples prepared via mechanical alloying.

Sample No. Speed Cycl.e Duration No. Cycles Mill Dl}ration V Hewane | Mpowder No. balls
(rpm) (min/cycle) (min) (mL) (g)
1 450 2 8 16 4 1 15
2 450 2 15 30 4 1 15
3 450 2 23 46 4 1 15
4 450 2 30 60 4 1 15

the glovebox, which was sufficiently low (< 0.25% Oy by volume) after three cycles. In
a process similar to Umbrajkar et al. (2006b), Hexane (CgHy4) was used as a process
control agent (PCA) to inhibit reactions during the milling procedure. Once in the
glovebox, 4 mL of Hexane was added to each vial and the vials were sealed. Vials were
then placed in the planetary mill. The mill operated at a rotational speed of 450 rpm
with a cycle duration of 2 minutes. The direction of rotation was set to reverse at the
end of each cycle. The number of cycles was varied to evaluate the mixture at numerous
stages of milling. Four milled samples were investigated in this study. Details on the
milling parameters are highlighted in Table 3.2.

The pressure sensor and thermocouple on the lid of the vials allowed for continu-
ous monitoring of the milling process. Typical pressure and temperature measurements

for a milling cycle are shown in Fig. 3.2 in which pressure and temperature slowly in-
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Figure 3.2: Typical curves for the (a) pressure and (b) temperature of the milling vials

during mechanical alloying.
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crease owing to the dissipation of energy in the form of heat from the grinding balls and
surrounding surfaces.

Prior to every milling operation, a cleaning cycle was used to ensure that the grinding
balls and vials were free of contaminants. Approximately 10 mL of ethanol (CoHgO) was
added to each of the vials, which were sealed with the custom lids. Vials were placed
in the mill, which operated at a rotational speed of 450 rpm for 15 cycles of 2 minutes,
reversing at the end of each cycle. Once completed, the grinding balls, vials and lids

were rinsed with water and dried using compressed air.

3.2 Flame propagation speed measurements

To conduct flame propagation speed measurements, powders were added to the channel
described in Section 2.2. To ensure that powders were equally distributed within the
channel, cycles of adding and agitating small quantities of the sample mixture were
implemented. Once filled, the mass of the sample was recorded using a digital scale. In
all cases, the mass of the sample was 530 £ 69 mg corresponding to 26.5 & 3.5% of the
theoretical maximum density (TMD). A glass slide was placed over the measurement
section of the channel to reduce the volume of gas-phase products expelled in the field of
view of the high-speed camera. The setup used for the burn channel is shown in Fig. 3.3.

To initiate the reaction, a butane torch was placed over the ignition section of the

Insulating foam

Figure 3.3: Experimental setup for the burn-channel in flame propagation speed mea-

surements.
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channel. Depending on the sample, the capture speed of the high-speed camera was ad-
justed. Capture speeds between 6,000 and 20,000 frames per second (fps) were necessary
to accurately capture the reaction event. The aperture of the lens was set to f/2.8 while
focal length was adjusted such that the channel was completely in focus. The zoom was
set such that the channel occupied the entire width of the frame at the set resolution.
Once captured, the frames were extracted from the high-speed videos using FFmpeg,
an open-source command-line multimedia conversion software (Bellard, 2000). Analysis
of the images was conducted using ImageJ, a java-based image processing software devel-
oped at the National Institutes of Health (Rasband, 1997). Using this software, locations
of the flame front were accurately measured as a function of time. Linear regressions of
the distance-time data allowed for measurements of the average flame propagation speed.

Details of the conducted measurements and their results are shown in Table A.1.

3.3 Pressure cell measurements

Pressure cell measurements were conducted in the 3.96-mL-miniature pressure cell dis-
cussed in Section 2.3.1. Varying amounts of the sample mixtures were placed inside the
cell cavity to determine the effect of relative density on the constant-volume combus-
tion behaviour. Measurements were conducted for relative densities from approximately
0.4% to 5.3% TMD. To measure the mass of the sample, powders were placed on a glass
tray and weighed using a digital scale accurate to 1 mg. Once inside the cell cavity, the
tungsten wire was coiled and attached to the center electrode and the outer casing, as
shown in Fig. 3.4. The vessel was then sealed and attached to the power supply. Data
sampling rates of 10-20 kHz and 50 kHz were used for the unmilled and milled powders,
respectively.

Upon completion of one experiment, the combustion products were removed from the
pressure cell using a rotating wire brush. The cell was then cleaned prior to the next
experiment.

To analyze the pressure data, a Python-based script was created to filter the raw
data, calculate relevant information and store it in data files. Pressure data was filtered
using a simple infinite impulse response filter with a smoothing factor (0 < a < 1) of
0.2. This filter is a time-discretized realization of a low-pass RC filter and is expressed
by

yi=ax; + (1 — )y (3.1)
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Tungsten wire

Figure 3.4: Experimental setup for the pressure cell in constant-volume pressure mea-

surements.

where y is the output signal and x is the input signal. To obtain the pressurization rate,
a forward-difference scheme was implemented on the filtered pressure data. This pressur-
ization rate was then further refined using a smoothing factor of 0.5. The results of the

filtering process are shown in Fig. 3.5. The unfiltered pressure and pressurization curves
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Figure 3.5: Results of the filtering process on the pressure and pressurization rate of a

constant-volume reaction (Table B.1, No. 9).



Chapter 3. Experimental procedure 23

are shown in Fig. 3.5a, while filtered curves are shown in Fig. 3.5b. The filtering process
was used to acquire accurate measurements of the peak pressure and peak pressurization
rates to be withdrawn from the data. Details of the implemented script are shown in
Appendix F.3.

3.4 Underwater measurements

Underwater experiments were conducted in the 1.06-L-combustion vessel discussed in
Section 2.3.2. Samples consisted of miniature light bulbs filled with the reactive mixture.
In this investigation two light bulb types were used: cylindrical and nearly-spherical light
bulbs as shown in Fig. 3.6a and 3.6b, respectively. Figure 3.6a shows the cylindrical bulb
while Fig. 3.6b shows the nearly spherical bulb. The bulbs had approximate volumes
of 0.20 + 6% and 0.10 £+ 5% mL, respectively, measured using an equivalent volume of
water.

Prepared mixtures were loaded into the light bulbs via a 1-2 mm diameter hole cut
into the side of the glass. Holes were cut using a diamond-tip dremel tool. Powders were
then carefully loaded into the light bulb by addition and agitation until completely filled.
The mass of powder added to the bulbs was measured using a digital scale. In all cases,
the relative density of the sample was 23.0 & 5.1% TMD. Once filled, the hole was sealed

using 30-minute epoxy and cured for 24 hours. A filled sample is shown in Fig. 3.7a.

(a) Cylindrical (b) Nearly spherical

Figure 3.6: Types of light bulbs used in the preparation of samples for underwater

pressure measurements.
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Samples were then loaded onto the igniter plug using a custom-designed holder, which
connects the sample to the two electrodes of the spark plug (Fig. 3.7b). The igniter
plug was then inserted into the water-filled combustion vessel. In all experiments, the
free-field pressure transducer was located approximately 35 mm away from the charge.

Upon completion of one experiment, the sample was removed from the igniter plug
and the water was removed from the combustion vessel. The water was then flushed
three times to sufficiently remove combustion products from within the vessel. Once
completely evacuated, the next sample was loaded into the vessel.

The data sampling rate for the experiments varied from 50 to 500 kHz. The exposure
time of the high-speed camera was set to 0.46-0.468 us with a capture speed of 100,000
fps. A resolution of 256 x 256 was used in all experiments to maximize the number of
frames that could be captured. The aperture of the lens was set to f/2.8 with an infinite
(00) focal length necessary for Schlieren systems owing to the presence of parallel light.
The zoom was set such that the internal cavity of the apparatus filled the entire frame
at the set resolution.

To analyze the pressure data, a Python-based script was created to calculate relevant
information and store it in data files. In particular the peak pressure of the leading wave,
the maximum pressure of the pressure signal and the overall impulse were calculated.

In all cases, the values were extracted from data obtained from the free-field sensor.

Filled sample
Sample holder

Igniter plug

y ,\‘ e
0.1 mL light bulb

(b)

Figure 3.7: Photographs of the (a) prepared samples and (b) sample holder used in

underwater pressure measurements.
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Impulses were calculated based on Equation (3.2) and evaluated from the initial pressure
rise to the time at which the pressure signal dropped below a specific value. This value

was selected based on experimental data and is described in Section 4.4.

I= / pdt (3.2)

Numerical integration for the impulse was achieved using a trapezoidal scheme given
by Equation (3.3). Details of the implemented script are shown in Appendix F.4.

fla) + f(b)}

/a b f(x)dz ~ (b— a) [ . (3.3)

Once captured, the frames were extracted from the high-speed videos using FFmpeg
and analysed using ImageJ. Linear regressions of the distance-time data for the acoustic
wave and the high-pressure gas bubble provided estimates of the acoustic wave speed
and volumetric expansion of the gas. Details of the conducted measurements and their
results are shown in Table C.1 and C.2.
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Results

4.1 Material preparation and mechanical alloying

The synthesized stoichiometric mixture of Al and CuO is shown in Fig. 4.1. Aluminium
particles are shown in dark grey while copper(II)-oxide particles are shown in light grey.
The prepared mixture has particle sizes between 1-32 um, resulting from the powders
used in its production. TMD for the mixture was calculated via Equation (4.1) to be
5061.9 kg/m?. Particle distributions were inspected by SEM to ensure that proper mixing

was achieved for the prepared mixture.

Figure 4.1: SEM photograph of the unmilled mixture depicting the size, morphology
and distribution of Al (dark grey) and CuO (light grey).

26
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PAIPCuO
TMD = 4.1
Yaipcuo + Ycouopa (4.1)

To evaluate the mechanically alloyed mixtures, the SEM permit for monitoring the
small-scale structures obtained at each of the different milling times. The overall particle
distribution for the samples prepared via mechanical alloying are shown in Fig. 4.2.
Figures 4.2a to 4.2d correspond to samples 1 through 4 from Table 3.2. A magnification
of 2500 times was used in each of the photographs.

Results indicate that there is a general trend toward reductions in the overall grain
size with increased milling time. Samples corresponding to 16 minutes of refinement

were found to have particle sizes on the order of 1-10 ym as shown in Fig. 4.2a. Particles

(c) 46 min (d) 60 min

Figure 4.2: SEM photographs of the mechanically alloyed mixtures illustrating the size

and distribution of particles.
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corresponding to 60 minutes of refinement (Fig. 4.2d) were found to have averaged par-
ticle sizes on the order of 1-2 pum or less. In addition to reductions in the particle sizes,
small-scale structures were also found to be reduced with increased milling times. To
evaluate this effect, Fig. 4.3 shows the small-scale structures of Al and CuO within the
individual grains of the mechanically alloyed mixtures. A magnification of 8500 times

was used in each of these photographs. In all cases, CuO particles were found to retain

(c) 46 min (d) 60 min

Figure 4.3: SEM photographs of the mechanically alloyed mixtures illustrating the
small-scale structures of Al (dark grey) and CuO (light grey) within the particles.
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their shape compared with Al owing to their higher yield strength. This results in each
particle consisting of CuO particles embedded in an Al-matrix.

After 16 minutes of refinement (Fig. 4.3a), a well-mixed structure of both constituents
is obtained with layers on the sub-micron scale. In general, layers have widths on the
order of a few hundred nanometers with the boundaries of each layer being well-defined.
Milling for a duration of 30 minutes produced a reduction in the size of these sublayers, as
shown in Fig. 4.3b. Again, the boundaries between the layers are fairly well-defined, with
layers of both constituents visible. Further refining for 46 minutes (Fig. 4.3c), the layers
of Al and CuO become less distinguishable in some regions indicating the possibility of
new phases being present in the mixture. Finally, after 60 minutes of milling, the layers
of Al and CuO were found to be nearly indistinguishable as shown in Fig. 4.3d.

To further characterize the material, X-ray diffraction (XRD) patterns were obtained
for each of the prepared samples. This analysis was used to identify phases within the
mixtures to determine whether any reactions had occurred during mechanical alloying.

While pressure and temperature traces obtained during the milling process were able
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Figure 4.4: XRD patterns of mechanically alloyed samples compared with the unmilled
mixture. Al and CuO phases are indicated by vertical lines, all other peaks correspond

to intermediate and product phases.
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to capture the thermodynamic properties of the bulk sample, they do not capture local
reaction events. Instead, XRD patterns were used to identify reactions that may have
occurred locally within the sample during refinement. Patterns for each sample are shown
in Fig. 4.4 where phases corresponding to relevant peaks are shown in the legend. The
unmilled raw powders are found to have peaks corresponding to Al, CuO and a small
quantity of CusO. The XRD pattern for the unmilled mixtures served as a comparison
for the alloyed mixtures.

After 16 minutes of milling, the composition of the mixture was found to be nearly
identical to that of the unmilled powder. Minor broadening of the reactant peaks was
apparent, which can be an attributed to local reactions within the mixture that form
intermediate and product species or grain refinement. By 30 minutes of milling, peaks
corresponding to Al,Cu, Al,CuQOy4, AlCu and elemental Cu were found. These species
correspond to intermediate and product species from the thermite reaction between Al
and CuO. Broadening of the peaks further increased, likely owing to the formation of
these new phases. After 46 minutes of refinement, the concentration of intermediates
and products was found to further increase. CuyO re-appeared in the mixture owing to
increasing concentrations, which may have been previously masked by the peak broaden-
ing at earlier times. Finally, after 60 minutes of alloying these peaks become comparable
with those of the initial powders suggesting the formation of substantial amounts of the
intermediate species.

As a result of both SEM and XRD analyses, it was shown that increased milling times

Figure 4.5: Comparison of the small-scale layers between (a) Umbrajkar et al. (2006b)

and (b) the current investigation.
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coincide with reductions in the macroscopic scale of the grains as well as the dimensions
of the nano-scale layers. Furthermore, alloying for a duration of 30 minutes or more
produced significant amounts of intermediate and product phases. It was thus determined
that mixtures refined for 16 minutes consisted of well-mixed nano-scale layers of the raw
materials with a composition similar to that of the unmilled mixture. While some of the
large-scale grains within the 16 minute mixture consist of mostly one constituent, the
majority of the particles were found to be well-mixed nano-scale layers of Al and CuO.
This result was similarly found by Umbrajkar et al. (20065).

A qualitative comparison between the mixture prepared by Umbrajkar et al. (2006b)
and the 16-minute mixture prepared in this investigation is shown in Fig. 4.5. A mea-
surement of the approximate layer thickness of the CuO inclusions within each of the
agglomerated particles is shown. In both cases, individual grains had particle sizes on
the order of a 1-10 pm with sub-layers of Al and CuO on the order of a few hundred
nanometers. Furthermore, both mixtures were found to have well-defined boundaries
between the Al and CuO layers and consisted of CuO particles embedded within an Al-
matrix. The good agreement between results obtained in the current investigation and
those from Umbrajkar et al. (2006b) indicate that the parameters used in the synthesis

of sample 1 (Table 3.2) were effective in producing a desirable mixture.

4.2 Flame propagation speed measurements

Figure 4.6 shows a comparison the reaction event for the unmilled mixture and a mix-
ture prepared via mechanical alloying. Sequential frames captured from the high-speed
camera allowed for observations on the behaviour of the flame front for both mixtures.
The steady flame produced by the reaction of unmilled mixtures is shown in Fig. 4.6a
to 4.6f. The flame is shown propagating from right to left with a well-defined leading
edge. The flame was found to propagate at a relatively low constant speed until reaching
the end of the channel. In contrast, the flame front produced by the mixture refined for
16 minutes is shown in Fig. 4.6g to 4.6] propagating from right to left at a much higher
velocity. Interestingly, these mixtures exhibit a noticeable V-shaped flame front. While
it has been previously shown that the convection-driven flame propagation inherent in
loosely-packed thermite materials is fastest for higher porosities (Bacciochini et al., 2013),
this flame front profile is likely attributed to the increased porosity at the powder-wall
interface typical for packed beds (McWhirter et al., 1997). By analysis of the sequential

frames obtained from the high-speed camera, a linear regression of the position-time plot
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(a) t =0us (g) t =0us

(b) t =3,333us (h) t = 100us

(c) t =16,667us (1) t =200us

(d) t = 10,000ps () t = 300us

(e) t =13,333us (k) t =400us

(f) t =16,667us (1) t =500us

Figure 4.6: Reconstruction of typical flame propagation speed experiments for (a-f)
unmilled and (g-1) mechanically alloyed (16 min) samples illustrating the evolution of
the frame-front as a function of time (Table A.1, No. 18 and No. 11).
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allowed for estimations of the flame propagation speed. The position-time graph for a
typical experiment is shown in Fig. 4.7a. In this graph, it is shown that the flame prop-
agates at a nearly constant rate and can be well-represented by a linear trend. For the
presented case (Table A.1, No. 18), the flame was found to propagate at a speed of 2.29
m/s. Results for each experiment is presented in Table A.1. Averaged results for each
of the prepared samples is provided in Fig. 4.7b and summarized in Table 4.1.

Results indicate that the mechanically alloyed sample corresponding to 16 minutes of
refinement produced the highest flame propagation speeds. In fact, at a relative density of
26.4 + 1.9% TMD a flame propagation speed of approximately 72 £ 27 m/s was observed
for this mixture while unmilled mixtures resulted in a flame propagation speed of only 1.5
+ 1 m/s at a relative density of 28.2 + 3.5% TMD. Furthermore, all mechanically alloyed
mixtures were found to have higher flame propagation speeds compared with the unmilled
mixture, however, a loss in the overall reactivity was observed for increased milling times
beyond 16 minutes. This finding comes as a result of the higher concentration of reaction
products in the mixture observed in the XRD patterns. Thus, it can be concluded that
the mixture refined for 16 minutes produced both a desirable nano-structure as well as
the highest flame propagation speed. For this reason, this mixture served as the basis
for further comparisons.

As a comparison, Sullivan et al. (2010) reported on the combustion wave speeds for
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Figure 4.7: (a) Representative position versus time graph used in the estimation of the
flame propagation speed (Table A.1, No. 18) and (b) average flame speeds for each of

the prepared samples.
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Table 4.1: Results of the open-channel flame speed measurements.

. Milling Time
Property Unmilled - - - -
16 min | 30 min | 46 min | 60 min
Average Relative Density (% TMD) 28.2 26.4 23.3 22.4 18.4
Standard Deviation (% TMD) 3.5 1.9 3.6 4.4 0.8
Average Flame Speed, Vijgme (cm/s) 144 7240 2420 960 370
Standard Deviation (cm/s) 95 2730 910 690 55

a conventional nano-scale Al-CuO thermite mixture in an open confinement. In their
investigation, flame propagation speeds were determined for loosely packed quantities
of material. For Al and CuO particle sizes of 80 nm and 45 nm, respectively, a flame
propagation speed of approximately 340 m/s was measured. In another investigation by
Apperson et al. (2007), the flame propagation speed for an Al-CuO mixtures consisting
of CuO nanorods with spherical Al nanoparticles was measured. In their investigation,
flame propagation speeds were determined using a cylindrical Lexan tube mounted with
photodiodes and closed at one end. At a relative density of approximately 17% TMD,
this mixture produced flame propagation speeds of nearly 600 m/s. This higher velocity
compared with results by Sullivan et al. (2010) are likely attributed to the confinement
of the tube, which strengthens the front-facing convection.

As a result, the present study thus demonstrate that mixtures prepared via mechani-
cal alloying can successfully attain flame propagation speeds comparable to conventional
nano-scale thermites. While the mechanism governing the reaction of these fully-dense
mechanically alloyed samples may differ from those of conventional nano-scale thermites
(Ermoline et al., 2011, 2012), results indicate that similar reaction rates are present for

the conditions investigated in this work.

4.3 Constant-volume pressure measurements

To further evaluate the difference in the combustion behaviours between the mechani-
cally alloyed and micron-scale, unmilled mixture, pressure measurements were conducted
in a constant-volume pressure cell. In order to identify the important combustion char-
acteristics of the materials, relevant properties of the pressure signal were extracted for
evaluation. These properties are shown schematically in Fig. 4.8. In all experiments,

pressure increases rapidly, attains a maximum and slowly decreases with time. Since
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Figure 4.8: Relevant properties of a pressure signal produced in a constant-volume

combustion experiment (Table B.1, No. 21).

the rate at which pressure decays is a function of the sensor itself, heat losses and con-
densation of product gases, the energetic reaction is considered to be complete once the
pressure attains a maximum value. The two main parameters that were evaluated in the
present study were the peak pressure, py,q., and the peak pressurization rate, (dp/dt), . .

A comparison of the pressure-time histories obtained for the unmilled and milled
samples are provided in Fig. 4.9 and 4.10, respectively. In each figure, pressure traces
for four experiments are illustrated as a function of the relative density.

By inspection of these figures, it is found that the unmilled mixtures produce rise
times on the order of 10 ms compare to less than 1 ms for the mechanically alloyed mix-
tures. This comes as a result of the significantly higher lame propagation speed inherent
in the mechanically alloyed sample. In terms of relative densities, higher loads resulted
in higher pressures in both mixtures. This occurs owing to the higher energy densities
within the pressure cell for increased loadings. To further analyze this behaviour, the
peak pressures as a function of the relative density were obtained.

Figure 4.11 shows the trend for increasing pressure as a function of relative density,

reported as a percentage of TMD. Over a range from 0.5 to 5.5% TMD, a linear trend
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Figure 4.9: Comparison of the pressure profiles produced by unmilled 2A1-3CuO for

decreasing relative density.
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Figure 4.11: Peak pressures (ppq.) for unmilled ([J) and mechanically milled (®) 2Al-
3CuO in a closed vessel as a function of the relative loading density (p/TM D).

in the peak pressure was observed for both mixtures. Peak pressures for the samples
prepared via mechanical alloying were consistently higher than those for the unmilled
mixture. In all cases, the peak pressure was approximately two times higher.

To quantify the difference in pressurization rates between the two mixtures, the ex-
tracted pressurization rates are shown as a function of the relative density in Fig. 4.12.
Results indicate that the milled samples yield peak pressurization rates upwards of 10
times higher than those obtained by the unmilled mixture. This significantly higher rate
is a result of both faster flame propagation speeds and the higher peak pressures. Simi-
lar to the trends in peak pressure, peak pressurization rates were found to be accurately
represented by linear regressions over the range evaluated in this work. Interestingly,
while reaction rates were found to be increased by approximately two orders of magni-
tude in terms of flame propagation speeds (Section 4.2), peak pressurization rates in a
constant-volume reaction were found to increase by only one order of magnitude.

As a comparison, Sullivan et al. (2010) evaluated the pressurization rates of conven-
tional nano-scale stoichiometric Al-CuO in a constant-volume reaction. In their investi-
gation, 25 mg of powder was added to a 13 mL pressure cell corresponding to approxi-

mately 0.05% of TMD. The powder was initiated using resistive heating of a nichrome
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ically alloyed (®) 2A1-3CuO in a closed vessel as a function of the relative loading density
(o/TMD).

filament. It was determined that a maximum pressurization rate of approximately 62,000
kPa/ms was achieved. While the materials prepared in the current investigation show
a significant improvement in the pressurization rate compared with micron-scale pow-
ders, these pressurization rates are found to be approximately one order of magnitude
smaller than those produced by conventional nano-scale mixtures. This result is likely
attributed to the slower flame propagation speed obtained by mechanically alloyed mix-
tures compared with conventional nano-scale mixtures, which is strongly correlated with

the pressurization rate.

4.4 Underwater measurements

Figure 4.13 shows an example of the evolution of the pressure wave generated by the
reaction of a thermite capsule in water. Each frame corresponds to a time interval of 10
ps. The first frame shows the moment immediately prior to the reaction of the capsule.

In the second frame, a pressure wave formed by the reaction of the thermite mixture is
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(b) t = 20us (c) t =40us (d) t =60us

(e) t =80us (f) t = 100pus (g) t =120pus (h) t = 140us

Figure 4.13: Schlieren photographs depicting the motion of the emitted pressure wave
in an underwater reaction of 2A1-3CuO (Table C.2, No. 37).

shown surrounding the charge. Frames 3 through 8 show the propagation of this emitted
wave, which travels radially from the center of the charge past the free-field sensor to the
surrounding surfaces. The wave then reflects off each of the surrounding surfaces causing
a complex wave pattern. Linear regressions of the position-time data for the pressure
wave find that the pressure wave travels at approximately 1553 + 91 m/s. This value
corresponds to a wave traveling at the ambient sound speed in water suggesting that
these pressure waves are acoustic waves.

Figure 4.14 shows the evolution of the high-pressure gas bubble resulting from the
gaseous products formed by the thermite reaction. Each frame corresponds to a time
interval of 100 ps. As a result, the high-pressure gas bubble is found expanding at a
slower rate than the leading pressure wave. Again, the first frame shows the moment
immediately prior to emitting a pressure wave. The second frame shows the size and
location of the high-pressure gas bubble after 100 us, corresponding to a time after
the pressure wave has reflected off the surrounding surfaces. Frames 3 through 8 show

the evolution of this gaseous sphere as a function of time in which the gas bubble is
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(b) t = 100us (c) t =200us (d) t =300us

(e) t =400us (f) t = 500pus (g) t = 600us (h) t ="700us

Figure 4.14: Schlieren photographs depicting the evolution of the high-pressure gas-
bubble in an underwater reaction of 2A1-3CuO (Table C.2, No. 37).

shown expanding rapidly at early times. The bubble is then shown reaching its peak
volume after approximately 600 us followed by a contraction in the last frame whereby a
small decrease in the bubble’s volume is apparent. This contraction has previously been
reported for free-field explosions in which the inertia of the outward traveling contact
surface causes the product gases to over-expand forming a negative pressure within the
gas sphere (Cole, 1948). This negative pressure then causes the sphere to contract, at
which point the the contact surface travels inwards. The inertia of the contact surface
causes an oscillation in the volume of the gas sphere, which sends pressure waves both
outward and inward. Typically, these oscillations are rapidly damped due to viscous
effects and only significantly contribute to the pressure for the first few oscillations (Keller
& Kolodner, 1956).

Pressure-time signals acquired by the three sensors for a typical experiment are shown
in Fig. 4.15. In this graph, pyeu1 and pyau,2 correspond to the pressure obtained from the
wall-mounted sensors at the top and bottom, respectively, while pgree— fieia corresponds

to the pressure at the free-field sensor. The obtained signals can be broken into two main



Chapter 4. Results 41

1400 T T

1
Pwall,1

i Pwall,2 _
1200 i Pfree-field "

1000

800

600

400

Pressure (kPa)

200

-200 ' ' '
0 500 1000 1500 2000

Time (us)

Figure 4.15: Typical form of the pressure signal produced in an underwater pressure
experiment for the wall and free-field sensors (Table C.2, No. 36).

components. First, pressure fluctuations from the emitted acoustic waves are captured
with reflections from surrounding surfaces, which creates complicated wave patterns.
Second, low frequency pressure oscillations are found, likely owing to the oscillating
nature of the gas bubble. In Fig. 4.15, the early dynamics of the pressure signal are
captured within the first 1000 us, while the first and second low frequency oscillations
are shown occurring at approximately 1300 pus and 1900 us.

To evaluate and compare the pressure profiles obtained from the reaction of both the
unmilled and mechanically alloyed mixtures as well as the results obtained by Apperson
et al. (2008), three parameters were extracted from the data captured by the free-field
sensor. These parameters correspond to the peak pressure obtained from the leading
pressure wave (Pgpock), the maximum pressure recorded by the sensor (pjq.) and the
impulse from the pressure profile (I). Since the pressure recorded by the free-field sensor
is affected by decay rate of the sensor at later times, impulses were calculated from the
beginning of the pressure rise until the time at which the pressure fell below 50 kPa.
This value was selected as it well-represented the time at which the significant portion
of the pressure profile ended. These parameters, are identified in Fig. 4.16.

A comparison of the typical pressure profiles obtained for unmilled and mechanically
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Figure 4.16: Relevant properties from a particular experiment (Table C.2, No. 36).
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Figure 4.17: Comparison of the pressure profiles produced by mechanically alloyed and
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alloyed mixtures is shown in Fig. 4.17. Preliminary inspection of these pressure pro-
files suggest that mixtures prepared via mechanical alloying result in both higher initial
pressures and a more pronounced second peak compared to the unmilled mixture. In
particular, the profile produced by mechanically alloyed samples are found to rise and
drop to near-equilibrium pressures over shorter times. This is likely a property owing to
the higher flame propagation speeds, which results in faster exhaustion of the reactant
materials.

Figure 4.18 shows the difference in the pressures produced by the leading wave. Re-
sults indicate that mixtures produced via mechanical alloying yield higher pressures in
the leading wave. More specifically, the micron-scale unmilled mixtures produced initial
pressures on average of 270 4+ 96 kPa while alloyed samples produced initial pressures
of 450 £ 220 kPa. This finding suggests that mechanically alloyed samples produce ap-
proximately twice the pressure for the leading wave compared with unmilled samples.
The likely reason for this observation is the previously observed higher flame propaga-
tion speeds, which produce a larger quantity of high pressure gaseous products over the
same time-scale. This increased gas production rate likely leads to higher compressions

in the surrounding material at earlier times, producing a higher pressurization rate for
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Figure 4.18: Comparison of the pressures induced by the leading wave produced from

unmilled and mechanically alloyed mixtures.
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the leading wave.

In terms of the maximum pressures for the entire waveform, unmilled samples pro-
duced pressures of 880 + 290 kPa compared to mechanically alloyed samples, which were
found to produced peak pressures of 965 £+ 265 kPa. This finding suggests that the
maximum pressure is not strongly correlated with the increased reaction rates for me-
chanically alloyed samples. Instead, this property appears to be more directly correlated
by the energy density of the charge itself, namely the quantity of mixture used in the
sample.

Finally, calculations for the impulse at the location of the shock sensor indicate that
the profiles produced by mechanically alloyed mixtures yield smaller impulses. Unmilled
and mechanically alloyed mixtures were found to produce impulses of 1.71 £+ 1.71 kPa-s
and 1.04 + 0.66 kPa-s, respectively. Again, the likely reason for this observation is
the reaction rates inherent in mechanically alloyed mixtures, which causes the reaction
event to last for a shorter amount of time. The slower reaction progress for unmilled

mixtures is found to extend the duration of the pressure fluctuations, resulting in elevated

5-
—— Open System
] f ——983mm
4 “" \ ——42mm
( Vi —— 31mm
—_ | |
© | 2l \ —— 23mm
o 3 |\ﬁw A 19mm
— ‘-.‘ y ——17mm
o 2 A/ ———14mm
= 4
7} 11mm
n
o
o 14
0 J—d [ e e e i

0 100 200 300 400 500 600
Time (us)

Figure 4.19: Pressure-time histories obtained by Apperson et al. (2008) for an Al-BiyO3

thermite.
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pressures lasting for longer times. As a result, the impulse, which is the area under the
pressure-time curve, for the unmilled mixture is larger.

In the investigation by Apperson et al. (2008), the pressure signals obtained by a
nano-scale Al-BisO3 thermite mixture were measured for varying confinement volumes.
In their experiments, 3 mg of the thermite mixture was placed in a cylindrical chamber
with a volume varied between 0.8 and 27.5 mL. A pressure sensor located 37.5 mm from
the charge was used to evaluate the pressure signature produced by the reaction of the
thermite mixture. The generated pressure profiles are shown in Fig. 4.19. In general,
the pressure signals obtained for small confinement volumes are found to be qualitatively
similar to those obtained for the mechanically alloyed mixtures in the present study. In
both cases the pressure profile is composed of an early, rapid pressure rise followed by a
strong second peak.

Figure 4.20 shows the results obtained by Apperson et al. (2008) for the peak pressure
of the leading wave, the maximum pressure of the waveform, and the impulse of the
waveform as a function of the confinement volume. Results indicated that the pressure

obtained by the leading wave was not correlated to the volume of the confinement,
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Figure 4.20: Results for the pressures and impulses recorded as a function of the
confinement volume for a nano-scale Al-Bi;O3 thermite mixture, modified from Apperson
et al. (2008).
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Table 4.2: Comparison of peak pressures and impulses for the unmilled, milled and

reference mixtures.

Property Unmilled | Milled | Apperson et al. (2008)
Donoct (KPa) 270 450 ~ 500-1000
Prnas (KPa) 880 965 ~ 4300

Impulse (kPa-s) 1.71 1.04 ~ 0.4

yielding a value consistently within the range of 500-1000 kPa. In contrast, the maximum
pressure and impulse generated by the reaction were found to be strongly related to the
confinement volume. In both cases, a decreasing trend with increasing volume of the
confinement was observed. In particular, values of the maximum pressure and impulse
dropped from approximately 4300 to 100 kPa and 400 to 25 Pa-s, respectively. This is
likely attributed to the fact that the maximum pressure and impulse are properties for
which time scales longer than the acoustic time are important, while the pressure of the
leading wave is not. Thus, for smaller volumes one would expect both an increase in the
peak pressure and impulse for smaller volumes owing to faster time-scale for equilibration.

For the cellular transfection experiments, Apperson et al. (2008) utilized a system
corresponding to the smallest confinement volume of 8 mL. As a result, the performance
of the mechanically alloyed mixture in the present study for applications in cellular trans-
fection can be evaluated. A comparison of the peak pressures and impulses for all three
mixtures is provided in Table 4.2. While the trends for increasing peak pressures and
decreasing impulses are observed, the performance of the mechanically alloyed mixture
is found to fall short compared with the Al-Bi,O3 nano-scale mixture. Most notably, the
Al-Bi5O3 system was found to produce much higher maximum pressures over a much
shorter pulse duration. These differences, however, may likely be attributed to the sig-
nificantly higher gas production (Fischer & Grubelich, 1996) and reaction rates (Wang
et al., 2011) inherent for the Al-Bi;O3 mixture compared with Al-CuO.
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Predictions of peak pressures from

thermodynamic calculations

Thermodynamic equilibrium calculations can be used to predict the end states of many
combustion processes from thermodynamic considerations alone. In particular, assump-
tions about the combustion processes allow for simplifications of the governing equations,
reducing complex equations to a solvable form. In general, thermochemical equilibrium
calculations are governed by an equilibrium criterion, which dictates the end solution. In
the present study it is desirable to predict the peak pressures during the constant-volume
reaction observed experimentally. Predictions for the combustion pressures provide the
groundwork for future modeling of the combustion processes. This chapter presents a

method for predicting these peak pressures from thermochemical equilibrium criteria.

5.1 Formulation of the problem

5.1.1 Simplifications of the combustion processes
Constant volume adiabatic combustion

Consider the reaction of a thermite mixture in a closed and insulated vessel of fixed
volume. For an insulated vessel with a fixed volume the heat loss/addition (@) and work
done (W) by the system are both assumed to be zero. Applying these simplifications to

the conservation of energy given by,

dE = dQ — dW (5.1)

47
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one obtains the result that the internal energy (FE) is invariant, i.e.,

Ereactants = Eproducts (52)

For a multi-component system, the internal energy is the summation of all internal

energies of the relevant species, i.e.,

1=1 1=1 =1

where the i component’s specific and molar internal energy are

T

e, = 6? + Cvﬂ‘dT (54)
T0
T

& =e) + / ey dT (5.5)
T0

In this equation, the reference internal energies (e, é?) are evaluated at the reference

temperature (7°), taken as 298.15 K. The substitution of Equation (5.4) and (5.3) into

Equation (5.2) results in the balance of internal energies for the system
Nreactants T Nproducts T
>oomy (e? + / Cv,idT> =Y m (e? + / Ov,idT> (5.6)
=1 0 i=1 T0
This equation is further constrained by the fact that the volume (V) of the confine-

ment is assumed to be constant and closed with no mass transfer (rh = 0), producing

the result that the density (p) within the vessel is also constant

preactants = pproducts (57)

Constant pressure adiabatic combustion

Another important combustion process is the reaction at constant pressure. Consider
a slow flame propagating through a combustible mixture. If this flame propagates at
a relatively slow speed compared to the local sound speed, one can assume that the
pressure is constant across the flame, i.e.,

Preactants = pproducts (58)

Further assuming that the process is steady state and adiabatic with negligible
changes of kinetic energy owing to the slow flame speed, conservation of energy yields

an invariance in the enthalpy, i.e.,

h’/‘eactants = hproducts (59>
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This results in an expression similar to Equation (5.6) for the enthalpy given by

Nreactants T Mproducts T
d>om (h2+ / C’p,idT>: d>oomy (h§?+ / Cde> (5.10)
70 T0

i=1 i=1

These two constraints provide the additional conditions required to calculate the

equilibrium state.

5.1.2 Equilibrium criterion

In order to determine the state at which the system is in chemical equilibrium, the
simplifications above are subject to the equilibrium criterion. The condition for chemical
equilibrium corresponds to the the minimization of free energy, typically, the Gibbs free

energy defined as

G=E+pV-TS (5.11)

The minimization of free energy corresponds to a state for which the derivative of the

Gibbs free energy is zero, i.e.,

(dG>p,T =0 (5.12)
or in terms of the individual species
> gidN; =0 (5.13)
i=1

where g is the molar Gibbs free energy. Equations (5.6), (5.7) and (5.13) comprise
the three necessary constraints from which the equilibrium state and composition can be
obtained. These calculations can be performed by hand, however, for systems containing
a large quantity of species they become difficult. Instead, numerical tools have been
developed to solve the resulting system of non-linear algebraic equations. In the present
study, NASA’s Chemical Equilibrium with Applications (CEA) package (McBride &

Gordon, 2002) has been used to perform these calculations.
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5.2 NASA’s Chemical Equilibrium with Applications
(CEA) package

NASA’s Chemical Equilibrium with Applications (CEA) package is primarily used in de-
termining chemical equilibrium compositions and properties of complex mixtures. The
use of this software extends to assigned thermodynamic states, rocket performance,
Chapman-Jouguet detonations, and shock-tube parameters for incident and reflected
shocks. The included thermodynamic database consists of over 1900 species, both
gaseous and condensed. Product states are obtained by minimization of Gibbs free energy
through variation in the system temperature and composition. In the present study, the
use of this package has been limited to calculations involving assigned thermodynamic
states.

Within the equilibrium code, certain assumptions have been made to simplify the
calculations that require addressing. In particular, the volume of the condensed species
in the product state are neglected, which may contribute to differences between the pre-
dicted and experimental values. To ensure that the current package accurately captures
the equilibrium state of the condensed reactants, some preliminary calculations were

performed.

5.2.1 Treatment of condensed species

To determine the effect of negligible volumes for condensed species in the product state,
calculations were performed to investigate this effect on the equilibrium pressure for
stoichiometric Al-CuO at various loadings. In these calculations, it was assumed that
the volume of condensed species in the products was equal to that of the reactants. This

was achieved by adjustment of the loading density via

Myeactants - Myeactants (5 14)

Pactual = =
Vactual Vcontainer - Vreacmnts

where the volume of reactants was dynamically adjusted based on the mass of reactants

by
mreactants
Vreactants = —meoctants 5.15
tant TMD (5.15)

Thus the loading density was solely a function of the mass of thermite in the mixture,

given by

_ Myeactants

Myeactants
Pactual = (516>
Vcontainer TMD
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Figure 5.1: Representation of the adjusted volume used in the calculations on the effect

of reactant volume.

Dividing through by the volume of the container (¥ ontqginer), this is reduced to a

function of the pre-volume considerations density (p) by

Pactual = 1 & ) (517)

" TMD

The effect of this treatment is shown in Fig. 5.1. This calculation thus provides
an adequate estimate since not all of the products of the reaction are condensed phase
species, though some of the condensed products may be less dense than the reactants.
Calculations were carried out for loadings of less than 50% TMD, as any higher would
result in values of pgetuar €xceeding the theoretical maximum density. The results of this
calculation are shown in Fig. 5.2.

It is evident that the calculations with volume considerations result in higher pressures
owing to the loss in volume. Furthermore, this effect becomes more important at higher
loadings owing to higher gas-generation in smaller volumes. To further evaluate this
effect, the pressure difference between the two scenarios is shown on the right axis,
whereby the highest pressure difference is found to be approximately 1000 kPa. This
constitutes an error of less than 10% for calculations without volume considerations.

For the purposes of the present study, the results of this investigation suggest that
computational errors from volume considerations are less than approximately 5% owing
to the fact that calculations were performed for relative density ratios between approxi-
mately 1 and 5%.

5.2.2 Comparison with other chemical equilibrium packages

To further evaluate the validity of the results obtained from NASA’s CEA package for
condensed phase reactants, calculations for the constant-pressure reaction of an AI-MoOs3

thermite mixture were performed and compared with results from Dutro et al. (2009).
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Figure 5.2: Comparison of equilibrium pressures for constant-volume calculations with

and without volume considerations for the condensed species.

In their calculations, CHEETAH 4.0, a thermochemical equilibrium code developed by
Lawrence Livermore National Laboratories (Fried et al., 2004), was used with a modified
version of the JCSZ product library (Hobbs et al., 1999). A constant one atmopshere
pressure problem was considered with a relative loading density of 6% TMD. Air was
included to occupy the remaining volume fraction not occupied by the thermite mixture.
Nano-scale aluminium powders were assumed to consist of 81% Al and 19% Al,Os.
Calculations for the adiabatic temperature and species concentrations were performed

as a function of the equivalence ratio (®) defined as

(Nfuel
No:l:id
b = actual

(Nfuel )
Nozid stoich

where the stoichiometric fuel-oxidizer ratio is 2:1. These calculations were repeated using

(5.18)

NASA’s CEA package. The python script implemented for these calculations is shown
in Appendix F.1. The results of both series of calculations are shown in Fig. 5.3 where

the adiabatic temperature is shown on the left axis and the total gas products are shown
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Figure 5.3: Comparison of adiabatic temperature and the total gas products produced
by Al-MoOj3 as a function of the equivalence ratio, compared with results from Dutro
et al. (2009).

on the right.

It is found that CEA is able to accurately capture the results obtained by Dutro
et al. (2009). Values for the adiabatic temperature are consistently within 100 K of the
reference values for fuel-lean mixtures and approximately 200 K for fuel-rich mixtures.
Similarly, the total amount of gas products is also found to be well-represented by CEA,
which follows closely the curves produced by Dutro et al.. In particular, values obtained

at stoichiometric conditions (® = 1) are found to agree very well with reference data.

5.3 Implementation and results

In the present study, calculations were performed to compare with experimental results
of the constant-volume pressure measurements present in Section 4.3. To replicate these
experiments, a stoichiometric mixture of Al-CuO was reacted at constant-volume for
relative densities between 0.01 and 100% TMD.
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Figure 5.4: Results for the equilibrum (a) pressure and (b) temperature for stoichio-

metric AlI-CuO as a function of increasing relative density.

To determine whether or not the presence of air significantly affected the equilibrium
pressure and temperature, two cases were evaluated. In one case, air was added at atmo-
spheric pressure in quantities representative of the volume unoccupied by the condensed
species. In the other case, only the condensed species were considered. The python script
implemented for these calculations is shown in Appendix F.2. Results for the pressure
and adiabatic temperature are shown in Figs. 5.4a and 5.4b, respectively.

It was determined that the presence of air only becomes significant for relative den-
sities below approximately 1% TMD in terms of both pressure and temperature. This
result suggests that at high relative densities any reactions between the condensed species
and the air are not significantly affecting the performance of the thermite. However, at
low relative densities, the small amount of gaseous products being formed by the reac-
tion of the thermite mixture results in the air having a significant effect on the reaction
products.

This effect can be identified by inspection of the product species for both cases, as
shown in Fig. 5.5 and 5.6. For reactions in the presence of air, the main reaction products
are gaseous NQOs, liquid Cu, liquid Al;O3 and gaseous Cu. At low relative densities, NOg
from the reaction between the thermite mixture and air is the most prominent in the
products. However, between 0.1 and 1% TMD the product species shift nearly entirely to
liquid Cu, liquid Al;O3 and gaseous Cu, which are the main products from the thermite

reaction. This result is confirmed by inspection of the product species when air is not
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Figure 5.5: Mole fractions of product species for stoichiometric Al-CuO in the presence

of air as a function of increasing relative density.

included, which results predominantly in the formation of liquid Cu, liquid Al;O3 and
gaseous Cu.

Comparison between the equilibrium pressures predicted by CEA with experimental
results from the current investigation and reference material (Sullivan et al., 2010; Malchi
et al., 2008; Weismiller et al., 2011) is presented in Fig. 5.7. Experiments indicate that
the values predicted without considerations for air provide the best approximation for low
relative densities. For higher densities, both curves reasonably predict the peak pressure
for constant-volume measurements. Experiments conducted in the current investigation
were found to result in lower peak pressures than the values predicted by NASA’s CEA,
with an average deviation of approximately 60%. This effect is most prominent for the
results obtained from micron-scale mixtures, a finding consistent with results obtained
by Weismiller et al. (2011). In general,the predicted values correspond fairly well with
the experimentally observed pressures. As a result, numerical calculations performed by
NASA’s CEA were shown to successfully predict the performance of micro- and nano-

scale energetics.
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Chapter 6

Predictions of the pressure signature

in water

During an underwater explosion, it has been shown that there exist two distinct phenom-
ena occurring over vastly different time scales. These phenomena are shown schematically
in Fig. 6.1. Initially, a pressure wave is emitted from the reacting charge, which travels
radially outward at a constant speed, reflecting off the surrounding surfaces as illus-
trated by Fig. 6.1a. This is followed by the expansion of the hot gaseous products into
the surrounding medium as shown by Fig. 6.1b.

In the framework of the present study, it is desirable to predict the shape of the

expanding
G gas bubble

pressure wave

(a) (b)

Figure 6.1: Schematic representation of (a) the generated pressure wave transmitting

through the surrounding medium, and (b) the evolution of the high-pressure gas bubble.

o7
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pressure waves emit from the reaction of the thermite mixture by evaluation of the
dynamics of the gas bubble. Predictions for the pressures obtained by the constant-
volume reaction can then be linked to the motion of the hot gas bubble, which would
provide estimates of the resulting pressure signatures. This chapter attempts to make

predictions of these pressure signatures based on the motion of the gas sphere.

6.1 Methods for modeling underwater explosions

To date, several methods for modeling the pressure wave emitted by an underwater ex-
plosion have been developed. The simplest, Taylor (1946), is a calculation of the acoustic
wave emitted by an expanding sphere with the assumption that only small changes in
the medium’s density occur. In this analysis, the pressure and velocity functions for a
sphere expanding at a prescribed rate can be obtained by solution of the one-dimensional,
irrotational wave equation. However, by assuming small changes in density, this theory
is thus a linear calculation that does not capture non-linearities within the flow-field.

While Taylor (1946) was able to model waves of small amplitude, a more refined
analytical approach to the propagation of waves of finite amplitude was developed by
Kirkwood & Bethe (1942). In their analysis, the solution to the hydrodynamic relations
is presented under the assumption that the propagation of a spherical pressure wave can
be described in terms of a kinetic enthalpy in which differences in entropy are negligible.
This treatment provides an approximate solution to the equations of motion in a form
whereby the boundary conditions at the gas sphere can be practically applied. Numerical
estimates by Kirkwood on the error associated with these approximations lead to the
conclusion that this model over-predicts pressures by as much as 20%.

To avoid the complications associated with simplifications of the governing equations,
hydrodynamic simulations of underwater explosions can be used to numerically solve the
equations of motion. In particular, a wide variety of hydrodynamical simulations of
underwater explosions have been evaluated to determine both the motion of the high-
pressure gas bubble and the emitted pressure wave. These methods vary from simple,
one-dimensional interpretations of the governing equations (Wardlaw & Mair, 1998) to
multi-dimensional, multi-phase investigations (Farhat et al., 2008; Kitagawa et al., 2012;
Miller et al., 2013). In addition, many numerical models have investigated the dynamics
of underwater explosions near free surfaces and solid bodies in an effort to quantify
potential submarine and ship damage (Krieger & Chahine, 2005; Kan et al., 2005). While

these methods have shown good agreement with experimental results for the bubble
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motion and the pressures of the emitted wave, the governing equations and their solutions
are complex.

However, for the purposes of the present study, the first strategy is adopted in which
a simple solution in closed form is obtained. While this method lacks the ability to
capture the geometry of the problem as well as non-linearities in the flow-field, it provides
a simple, linear approximation of the pressure profile with easily identifiable scaling
parameters. This model is used as a first approximation, and its validity will be discussed

in the following sections.

6.2 Derivation of the model

Following the early work of Taylor (1946) and Strehlow (1979), the pressure and velocity
fields produced by an expanding sphere in an infinite medium can be obtained. By use
of this model, it is assumed that there exists a spherically symmetric high-pressure gas
bubble expanding outward into the surrounding medium, which expands at a velocity
much smaller than the local sound speed. For a one-dimensional, irrotational flow with

a spherically symmetric geometry, the solution to the wave equation has the form

b= f(r—ct) N g(r+ct) 6.1)

T r

where f and g are arbitrary functions describing outward and inward traveling waves,
and ¢ is the velocity potential. For any physical solution compatible with the initially
quiescent conditions and the boundary condition of an expanding sphere, the inward
traveling wave is non-existent and thus the function g(r 4 ct) = 0 for all . The velocity

potential is related to velocity and pressure disturbances by

:@: flir—c)  flr—ct)

or r 72

o %_ f'(r—ct)
P="Pa =P

v

(6.2)

(6.3)

By formulating an expression for the velocity potential, the velocity and pressure in
the far-field region can be obtained. In order to do so, the change in volume of the radially
expanding sphere can be modeled as a source of mass. A source of mass is characterized

by its density, assumed to be constant, and the change of volume as a function of time

dm dV
20 _ 2 4
dt dt (6-4)
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The change in volume can also be expressed in terms of the velocity flux across the
surface of the mass source of infinitely small size
dm _ 9
- = p}gr[l) (4mr?V) = pZ (1) (6.5)
where the volume flux of fluid is Z(t) = &% = lim, o (47r?V). Using this volume flux
equation, one can obtain an expression for the waveform function f. This is done by

substitution of Equation (6.2) into the expression for Z ()
Z(t) = lim (47r7"22—¢)

r—0 r

~ lim [4W2 (f’(rr— ct) f(TT; Ct))]

= 115% [rrf'(r —ct) —4nf(r — ct)]

= —Anf(—ct) (6.6)
Setting a dummy variable £ = —ct, an expression is obtained for the waveform func-

tion f in terms of the volume flux as

f&)=--2 <_E> (6.7)

from which the velocity potential can be simplified from Equation (6.1) as

qb: f(TT—Ct)

1 r—ct
- 7=
4mr < c )

S (t - f) (6.8)

4rr c

Substitution of this equation into Equations (6.2) and (6.3) yields the velocity and

pressure fields in the far-field region as

Virt) = % _ 47:@2 m—f (t= ") wez (i~ f)} (6.9)

c C

00 p dZ r
p(r;t) = _pE  Anr dt (t B c)

It is important to note that the velocity and pressure are both functions of the

(6.10)

derivative of the volume flux, i.e., the acceleration of the volume as a function of time.
Thus, with the known trajectory of the bubble radius, one can calculate the acceleration
of the bubble volume and re-construct the pressure and velocity profiles resulting from

the bubble’s expansion.



Chapter 6. Predictions of the pressure signature in water 61

20 i 1 1 1 1 ] 20 i 1 1 1 1 ]
— 8r o © o o 7 N 18T O/’Q,,o———o*ﬂ_
e 161 o 1 € 6 o ]
E ur o 1 & ur e .
2 12fF . e 12F - ]
= [ o) i = L Jol -
§ 10 ' [cI-% 10 ’ -
Q 8 .- © 7 9 8 .- , © -
o) B n Q N / .
s oF o s °f o
@ 4 ] @ Ar Experiment © ]
2r ] 2r Fit - ]
O 1 1 1 1 0 1 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (ms) Time (ms)
(a) (b)

Figure 6.2: (a) Experimental measurements of the bubble radius as a function of time
and (b) results of the fit produced by Equation (6.11) (Table C.2, No. 36).

6.3 Formulation of the problem

To estimate the pressures by the motion of the high-pressure gas bubble, the trajectory
of the bubble radius was obtained as a function of time by use of the sequential frames
acquired by the high-speed camera. ImageJ was used to measure the radius of the bubble
from the photographs. Figure 6.2a shows the trajectory of the gas bubble as a function
of time for a typical experiment. The trajectory of the bubble path is found to be well

approximated by an inverse exponential function of the form
R(t)=A (1 - e—5> (6.11)

where A and 7 are fit parameters corresponding to the amplitude of the curve and the
time-scale for reaching an equilibrium position, respectively. Values for these parameters
were obtained using a least-squares fit of the experimental data. Comparison of the
resulting fit equation and experimental data is shown in Fig. 6.2b.

By use of this procedure, it has been assumed that there exists a spherically-symmetric
high-pressure bubble expanding outward into the surrounding medium. Furthermore,
this bubble expands at a velocity much smaller than the local sound speed as mentioned
in Chapter 4.
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6.4 Implementation and results

With the assumption of a spherically symmetric gas bubble, the volume of the distur-

bance is obtained from the previously measured bubble radius, Equation (6.11), via

V(t) = %m(t)?’ (6.12)

Moreover, the volumetric acceleration of the bubble (ij—f) can be obtained by the
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Figure 6.3: Results of the acoustic model for (a) representing the bubble radius as a
function of time, (b) volumetric expansion of the bubble, (c) acceleration of the bubble
volume, and (d) pressure signals at varying locations from the charge (Table C.2, No.
36).
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second-order differentiation of Equation (6.12), yielding

diit) _ _47:2436_;? (ef B 3) <€£ B 1) (6.13)

Finally, substitution of Equation (6.13) into Equation (6.10) yields a solvable expres-

sion for the pressure history as

A s(-p) [ (-2 %
p(r,t) = —p—e’S(f : {e( = —3] {e( = 1] (6.14)

r72

Values of the density (p) and sound speed (c) of 1000 kg/m?® and 1500 m/s, respec-
tively, were used to represent the water.

Figure 6.3 shows the results of the presented model. In particular, the bubble’s
trajectory, volume, volumetric acceleration and the far-field pressure field produced by
its expansion are shown.

Data for the bubble radius and volume are found to be well-represented by Equation
(6.11). Initially, the bubble grows rapidly followed by a deceleration until a steady volume
is reached. This behaviour is further identified by the volumetric acceleration of the gas
bubble, whereby the volume rapidly accelerates over the first 100 us followed by a slow
deceleration. This rapid acceleration of the bubble volume leads to compressions in the
surrounding medium forming a series of acoustic pressure waves. The behaviour of this
pressure wave, as represented by Equation (6.14), is shown for varying locations from
the center of the charge in Fig. 6.3d.

To compare the predicted pressure signatures with those obtained experimentally, a
sensor location (r) of 35 mm was used. Figure 6.4 shows a comparison of the predicted
pressure and the experimental pressure over both short and long time scales. Figure 6.4a
shows that the the predicted signature over-estimates the amplitude and time-scale of
the pressure wave for the presented experiment. Furthermore, it is found that the rate
at which the pressure rises is slightly lower than experiment. After approximately 120
us, wave reflections from surrounding surfaces are found to complicate the shape of the

pressure profile.

6.5 Discussion and recommendations

Results of this model indicate that the predicted pressure is comparable to the exper-
imental data in terms of both magnitude and wave shape for early times, prior to any

reflections. However, in all cases the predicted pressure signature is found to have a lower
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Figure 6.4: Comparison of the estimated pressure with experimental data over (a) short
and (b) long time scales (Table C.2, No. 36).

pressurization rate than the experiment. This is likely a result of certain assumptions in
the formulation of the model. In particular, the presented model is a first-order treat-
ment of the pressures waves emitted by a spherical disturbance, which does not capture
non-linearities in the flow-field. These non-linearities are well-known to cause a steepen-
ing of the pressure wave by the accumulation of pressure waves, which would lead to the
higher pressurization rates observed experimentally. In an effort to accurately represent
this behaviour, future work should consider the approximations by Kirkwood & Bethe
(1942) who reported on the pressure wave produced in an underwater explosion. In
their treatment, the pressure waves are assumed to propagate as a function of the local,
pressure dependent velocity. This assumption permits for resolving the nonlinear wave

propagation resulting from the pressure dependence of the sound speed.
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Conclusions

The performance of a fully-dense nano-scale mixture of stoichiometric AI-CuO prepared
by mechanical alloying for applications in cellular transfection and drug delivery was
evaluated experimentally and compared with conventional nano-scale mixtures previ-
ously reported by Apperson et al. (2008). Preliminary investigations on the reactive
characteristics of the mechanically alloyed mixtures compared with both conventional
nano-scale and micron-scale mixtures were conducted experimentally. In particular, the
flame propagation speed and pressure dynamics in a constant-volume reactor were eval-
uated.

Results indicated that mechanically alloyed mixtures result in an increase in flame
propagation speeds by as much as two orders of magnitude compared with micron-scale
mixtures, which was found to be smaller but comparable to those previously obtained
for conventional nano-scale mixtures. This increased reactivity was attributed to the
newly-formed nano-scale mixing between the reactants, which reduces the time scale
for diffusion between particles. In constant-volume experiments, mechanically alloyed
mixtures were found to result in both higher peak pressures and pressurization rates
compared with micron-scale mixtures. In particular, mechanically alloyed mixtures pro-
duced pressurization rates approximately one order of magnitude higher than micron-
scale thermites, which were, however, found to be approximately one order of magnitude
lower than conventional nano-scale thermites. Although a significant improvement was
observed relative to micron-scale mixtures, the lower pressurization rates compared with
nano-scale mixtures is likely attributed to the significant dependence of pressurization
rate on the flame propagation speed. Furthermore, the pressures observed experimen-

tally were compared with values predicted by thermochemical equilibrium calculations

65



Conclusions 66

performed using NASA’S CEA. Experimental data was found to agree fairly well with
the predicted values.

Results of the underwater measurements indicated that mechanically alloyed samples
result in higher pressures of the leading wave and shorter impulses compared with the
micron-scale mixture. Compared with conventional nano-scale mixtures, the wave-shapes
obtained by mechanically alloyed mixtures were found to be similar in shape to those
observed by Apperson et al. (2008) for a nano-scale mixture of Al-Bi;O3. While values of
the maximum pressure and impulse were higher for the Al-Bi; O3 system, these differences
may be attributed to differences in the reactivity of the two mixtures. As a result, the
mixtures produced by mechanical alloying appear to produce wave shapes that may be
conducive to cellular transfection, though further work with actual cells is required.

In an effort to predict the pressures generated by the leading wave in underwater
experiments, simple acoustic theory was found to provide a reasonable estimation, how-
ever, pressurization rates were under-predicted. This under-prediction was attributed
to the simplifying linear assumption inherent to the model. In order to improve these
predictions, a model that takes into account differences in the local sound speed may

result in a better representation of the experiments.
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Appendix A

Runlist: Open-channel flame speed

experiments

The following table provides the results of individual experiments for the flame prop-
agation speed measurements. Included in the table is the test number, the date the
experiment was performed, the mixture stoichiometry, the duration for which the mix-
ture was milled, the mass of the sample, the theoretical maximum density of the sample,
the relative density of the sample reported as % TMD, the measured flame propaga-
tion speed, the resolution of the camera, the exposure time of the camera, the capture
speed of the camera, whether or not the experiment was successful, and any associated

comments.
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Appendix A. Runlist: Open-channel flame speed experiments
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Appendix B

Runlist: Constant-volume pressure

experiments

The following table provides the results of individual experiments for the constant-volume
pressure measurements. Included in the table is the test number, the date the experiment
was performed, the mixture stoichiometry, the duration for which the mixture was milled,
the mass of the sample, the theoretical maximum density of the sample, the relative
density of the sample reported as % TMD, the measured peak pressure, the measured
peak pressurization rate, the sampling rate of the DAQ, whether or not the experiment

was successful, and any associated comments.
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Appendix B. Runlist: Constant-volume pressure experiments
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Appendix C

Runlist: Underwater pressure

experiments

The following tables provide the results of individual experiments for the underwater
measurements. Included in each table is the test number, the date the experiment was
performed, the mixture stoichiometry, the duration for which the mixture was milled,
the type of light bulb used (1 - cylindrical, 2 - nearly-spherical, gel - gel-capsule), the
mass of the sample, the theoretical maximum density of the sample, the relative density
of the sample reported as % TMD, the sampling rate of the DAQ), the resolution of the
camera, the exposure time of the camera, the capture speed of the camera, the measured
pressure of the leading wave, the measured maximum pressure of the wave, the calculated

impulse, whether or not the experiment was successful, and any associated comments.
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Underwater pressure experiments

Appendix C. Runlist
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Underwater pressure experiments

Appendix C. Runlist
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Appendix D

Design drawings of the 3.96 mL

miniature pressure cell
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Appendix E

Design drawings for the 1.06 L

combustion chamber
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