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ABSTRACT 
 

 Nano-sized materials often have novel properties that drastically improve 

performance. Very few studies on the nano-aluminum and water combustion reaction 

have been done without the addition of a gelling agent. The depth at which gas fueled 

underwater cutting torches can be used is limited by their fuel gas storage pressure 

restrictions. Using a nano-aluminum and water thermite reaction as the fuel for an 

underwater cutting torch eliminates depth limitations and creates a unique opportunity to 

use ambient water from the surrounding environment as the oxidizer for the reaction. 

Reaction characteristics were studied with high speed video analysis in inert and 

oxidizing environments. The heat transfer characteristics of the nano-aluminum and 

water reaction were compared to baseline methylacetylene-propadiene and propane 

fueled torches by collecting temperature data on metal test plates with thermocouples and 

a high speed infrared camera. Additives, such as Teflon powder, were mixed with the 

original thermite reactants to improve heat transfer to the test plates from the reaction. 

 High speed video data showed that flame propagation rates were not significantly 

affected by the environment surrounding the reaction. Differential scanning calorimeter 

data confirmed that the aluminum was reacting efficiently. Temperature data from the 

test plates was compared after 0.9 s of heating. Thermocouple data confirms infrared 

camera temperature measurements. The MAPP gas torch, propane torch, Al/water 

reaction, and Al/water/Teflon reaction heated the plates at an average rate of 29.3 ± 0.2, 

23.1 ± 0.2, 54 ± 3, and 38 ± 1 K/s respectively. The temperature change per mass of fuel 

burned was calculated for each torch and reaction as 400 ± 200, 500 ± 200, 180 ± 60, and 

130 ± 30 K/g respectively. The time required to reach the oxidation temperature of steel 

for each torch and reaction was 40 ± 20, 50 ± 30, 21 ± 9, and 30 ± 10 seconds 

respectively. This study concludes that the Al/water reaction could significantly improve 

an underwater cutting device because surrounding water could be used as the primary 

oxidizer, the reaction has a higher heating rate than gas fuels, and the usable depth is not 

limited by fuel storage pressures. 

 vi 



Texas Tech University, Jonathan Burkhard, December 2007 

LIST OF TABLES 
 

 2.1 Powder Material Properties (DuPont; NovaCentrix; Alfa Aesar) .....................6 

 3.1 Fused Quartz Property Values (Technical Glass Products, Inc.) .....................15 

 3.2 Quartz Tube and Rod Sizes ..............................................................................16 

 3.3 Gas Type Comparisons (BernzOmatic) ...........................................................39 

 4.1 Common Fuel Gases Used in Torch Brazing (ASM International 1993) ........47 

 4.2 Maximum Temperature of Heat Sources (ASM International 1994) ..............48 

 4.3 Ideal Composition of Thermite Reactions .......................................................48 

 5.1 Average Maximum Temperatures for 3003 Al Test Plates at 0.9 s .................54 

 5.2 Average Heating Rates ....................................................................................54 

 5.3 Fuel Mass Flow Rates ......................................................................................61 

 5.4 Temperature Change per Fuel Mass Burned ...................................................61 

 5.5 Fuel Mass Required for Steel Oxidation Temperature ....................................62 

 5.6 Heating Time Required for Steel Oxidation Temperature ...............................62 

 

 

 vii 



Texas Tech University, Jonathan Burkhard, December 2007 

LIST OF FIGURES 
 

 1.1 Underwater Oxy-Gas Flame Cutting Tool (Stalker 1980) .................................2 

 1.2 Pyronol Torch (Stalker 1980) ............................................................................4 

 2.1 Al powder (a) before mixing with H2O and (b) after mixing with H2O ...........8 

 2.2 Misonix Sonicator 3000 .....................................................................................9 

 3.1 Variable Voltage AC Power Supply ................................................................11 

 3.2 Universal Laser Systems 50 W CO2 Laser ......................................................12 

 3.3 Open Burning Tray ..........................................................................................13 

 3.4 Initial Plastic Tube Setup .................................................................................14 

 3.5 Quartz Tubes and Rod .....................................................................................16 

 3.6 Tube Die/Bracket (a) Empty, (b) with an Empty Tube, (c) With a Packed 
Tube, and (d) Mounted as a Bracket ................................................................17 

 3.7 Interchangeable Tube Die (a) Parts and (b) Mounted with an 8 mm Tube .....17 

 3.8 Two Pronged Tube Bracket (a) without Tube and (b) with Tube ....................18 

 3.9 Vision Research Phantom v7.1 ........................................................................19 

 3.10 Phantom v7.1 Still Frame Image .....................................................................19 

 3.11 Lab Schematic: Ambient Setup for Flame and Particle Velocity Study ..........20 

 3.12 Reaction Chamber ............................................................................................22 

 3.13 Reaction Chamber Parts (a) Tube Bracket, (b) Viewing Window, and (c) 
Laser Window ..................................................................................................22 

 3.14 Lab Schematic: Inert Setup for Flame and Particle Velocity Study ................23 

 3.15 Initial IR Plate in (a) the Ignition Position and (b) in the Reaction Position ...24 

 3.16 FLIR ThermaCAM Phoenix DTS ....................................................................25 

 3.17 Old and New Test Plates ..................................................................................27 

 3.18 IR (left) and Thermocouple (right) Test Plates ................................................28 

 3.19 Test Plate Markings .........................................................................................28 

 3.20 New IR Plate in (a) the Ignition Position and (b) in the Reaction Position .....29 

 3.21 New Thermocouple Plate in (a) the Ignition Position and (b) in the Reaction 
Position ............................................................................................................29 

 

 viii  



 3.22 Qualitative Infrared Images in Columns of (a) Al + H2O Reaction, (b) 
Propane, and (c) MAPP Gas ............................................................................31 

 3.23 Omega Engineering BB701 Blackbody Calibrator ..........................................32 

 3.24 IR Camera Placement ......................................................................................33 

 3.25 InstruNet Data Acquisition Board ...................................................................35 

 3.26 Lab Schematic: Thermocouple Location Diagram ..........................................35 

 3.27 Netzsch STA 409 PC Luxx DSC ......................................................................37 

 3.28 BernzOmatic (a) TS4000 Torch, (b) MAPP Gas, and (c) Propane Gas 
(BernzOmatic) ..................................................................................................38 

 3.29 Lab Schematic: IR Plate Torch Test Configuration .........................................40 

 3.30 Lab Schematic: Thermocouple Plate Torch Test Configuration .....................40 

 3.31 Torch Bracket (a) Side View, (b) Distance from Plate, (c) Close-up Angle 
View, and (d) Rear View .................................................................................41 

 3.32 Lab Schematic: IR Plate Thermite Test Configuration ....................................43 

 3.33 Lab Schematic: Thermocouple Plate Thermite Test Configuration ................43 

 3.34 Al + H2O + C2F4 Reaction Still Frame Images ..............................................44 

 3.35 Ohaus SP4001 (Ohaus Corporation) ................................................................45 

 4.1 Adiabatic Flame Temperature vs. Equivalence Ratio ......................................47 

 5.1 Flame Velocities of Al + H2O Reaction ..........................................................50 

 5.2 Particle Velocities of Al + H2O Reaction ........................................................51 

 5.3 DSC Analysis: Heat Flow as a Function of Temperature ................................52 

 5.4 MAPP Gas Torch Temperature History from IR Camera Measurements .......53 

 5.5 Propane Torch Temperature History from IR Camera Measurements ............55 

 5.6 Al + H2O Reaction Temperature History from IR Camera Measurements .....56 

 5.7 Al + H2O + C2F4 Reaction Temperature History from IR Camera 
Measurements ..................................................................................................57 

 5.8 Average Start Temperature Comparisons ........................................................58 

 5.9 Average Max Temperature Comparisons ........................................................59 

 5.10 Average Temperature Change Comparisons ...................................................60 

 5.11 Heat Colors for Steel (Integrated Publishing) ..................................................62 

A.1 Thermocouple Tolerances (Omega Engineering, Inc.) ....................................68 

 

 ix 



A.2 Thermocouple Color Codes (Omega Engineering, Inc.) .................................69 

B.1 Thermocouple Temperature History: 3003 Al, Type E, MAPP Gas ...............70 

B.2 Thermocouple Temperature History: 3003 Al, Type T, MAPP Gas ...............71 

B.3 Thermocouple Temperature History: 3003 Al, Type E, Propane ....................72 

B.4 Thermocouple Temperature History: 3003 Al, Type T, Propane ....................73 

B.5 Thermocouple Temperature History: A36 Steel, Type E, MAPP Gas ............74 

B.6 Thermocouple Temperature History: A36 Steel, Type T, MAPP Gas ............75 

B.7 Thermocouple Temperature History: A36 Steel, Type E, Propane .................76 

B.8 Thermocouple Temperature History: A36 Steel, Type T, Propane .................77 

B.9 Thermocouple Temperature History: 3003 Al, Type E, Al + H2O .................78 

B.10 Thermocouple Temperature History: 3003 Al, Type T, Al + H2O .................79 

B.11 Thermocouple Temperature History: A36 Steel, Type E, Al + H2O ..............80 

B.12 Thermocouple Temperature History: A36 Steel, Type T, Al + H2O ..............81 

B.13 Thermocouple Temperature History: 3003 Al, Type E, Al + H2O + C2F4 .....82 

B.14 Thermocouple Temperature History: 3003 Al, Type T, Al + H2O + C2F4 .....83 

B.15 Thermocouple Temperature History: 3003 Al, Type E, Al + H2O + CuO .....84 

C.1 IR Still Frames: 3003 Al, Test 1, Al + H2O ....................................................85 

C.2 IR Still Frames: 3003 Al, Test 2, Al + H2O ....................................................86 

C.3 IR Still Frames: 3003 Al, Test 3, Al + H2O ....................................................87 

C.4 IR Still Frames: 3003 Al, Test 1, Al + H2O + C2F4 ........................................88 

C.5 IR Still Frames: 3003 Al, Test 2, Al + H2O + C2F4 ........................................89 

C.6 IR Still Frames: 3003 Al, Test 3, Al + H2O + C2F4 ........................................90 

C.7 IR Still Frames: 3003 Al, Test 1, MAPP Gas ..................................................91 

C.8 IR Still Frames: 3003 Al, Test 2, MAPP Gas ..................................................92 

C.9 IR Still Frames: 3003 Al, Test 3, MAPP Gas ..................................................93 

C.10 IR Still Frames: 3003 Al, Test 1, Propane .......................................................94 

C.11 IR Still Frames: 3003 Al, Test 2, Propane .......................................................95 

C.12 IR Still Frames: 3003 Al, Test 3, Propane .......................................................96 

 

 x 



Texas Tech University, Jonathan Burkhard, December 2007 

CHAPTER I 

INTRODUCTION 
 

1.1 Thermites 

 The advent of nano-scale metal powders has revolutionized thermite combustion. 

The diameter of micron-scale particles that have been used traditionally in thermite 

reactions are on the order of one-millionth of a meter (10-6 m). Nano-scale particles have 

diameters on the order of one-billionth of a meter (10-9 m); however, particles are 

typically considered nano-scale when their diameters are less than or equal to 200 nm. 

The properties of nano-particles are drastically different than that of their micron-sized 

counterparts. Nano-particles “offer shortened ignition delay, decreased burn times, more 

complete combustion, higher specific surface area, and the ability to act as gelling agents 

for liquids replacing inert or low energy gelling agents (Risha et al. 2007, 2029).” Many 

of these performance increases over micron-scale particles are directly correlated to a 

large increase in the surface to volume ratio of the nano-particles. 

 The aluminum-water reaction has been proposed for use as a propellant in space 

(Ingenito and Bruno 2004), hydrogen generation to feed fuel cells (Shafirovich, Diakov, 

and Varma 2006), and underwater explosives and propulsion applications (Pittaluga and 

Nascetti 1981). A small number of studies have been done on the aluminum-water 

reaction and most have utilized a gelling agent (Shafirovich, Diakov, and Varma 2006; 

Ivanov et al. 1994; Ivanov et al. 2000) because of ignition difficulties. Consequently, 

very few studies have been conducted on the aluminum-water reaction without the use of 

gelling agent (Risha et al. 2007; Huang et al. 2005). 

 

1.2 Cutting Torch Technology 

 There are many different underwater cutting torch devices of which “oxy-fuel gas 

cutting is the oldest established underwater cutting process in practical use (Stalker 1980, 

303).” Oxy-fuel cutting torches work on the premise that an exothermic reaction can be 

started with steel or other metals that readily oxidize when the metal is heated above a 

 1 
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certain temperature. After preheating the metal, “a supplementary cutting oxygen jet is 

introduced to both oxidize the metal and blow it from the cut (Stalker 1980, 303).” A 

cutaway diagram of an oxy-fuel torch is shown in Figure 1.1. The following list is a key 

for Figure 1.1: 

a. Air 

b. Oxygen cutting jet 

c. Oxygen 

d. Mixed oxygen and fuel gas 

e. Fuel gas 

f. Shielding cup 

The shielding cup on the torch provides a curtain of air around the flame and allows the 

user to keep the torch nozzle the proper distance from the work material by touch. 

 

 
Figure 1.1 – Underwater Oxy-Gas Flame Cutting Tool (Stalker 1980) 

 The most commonly known oxy-fuel torch is the oxyacetylene torch. Acetylene 

(C2H2) contains the highest percentage of carbon of any gaseous hydrocarbon fuel 

(92.3% C and 7.7% H2) (The Welding Encyclopedia 1941); consequently, acetylene has 

the highest maximum flame temperature (3087 °C) of any hydrocarbon fuel (ASM 

International 1994; ASM International 1993) and can reach temperatures in excess of 

 2 
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3300 °C (6000 °F) in a torch (The Welding Encyclopedia 1941). Producing acetylene is 

an endothermic reaction, but it is extremely exothermic when decomposed (The Welding 

Encyclopedia 1941) because of the triple bond between the carbon atoms. The major 

problem with acetylene is its chemical instability and the resulting storage requirements. 

Acetylene can decompose in its natural state if it is exposed to gauge pressures above 

103.4 kPa (Air Products and Chemicals, Inc.). Acetylene is stored in special cylinders 

filled with a porous filler material saturated with acetone (Air Products and Chemicals, 

Inc.) that is required to prevent large pockets of the liquid acetylene due to its shock 

sensitivity. Additionally, the acetylene is dissolved in acetone (Air Products and 

Chemicals, Inc.) within the cylinder. Due to these handling and storage safety 

requirements, acetylene “becomes unstable and decomposes at a depth of approximately 

10 m (Stalker 1980, 303)” and can no longer be used as a cutting fuel. 

 Other underwater cutting technologies include the oxy-arc torch, explosives, 

plasma cutters, and chemical cutters. The oxy-arc torch which “relies on the same basic 

principles as oxy-flame cutting, but instead of a flame an electric arc is the primary heat 

source (Stalker 1980, 305).” Explosives can be used as cutting devices by designing 

special shape charges that create “a high velocity jet of metallic particles with an 

associated high energy shock wave (Stalker 1980, 308)” that concentrates the force from 

the reaction on a small target area to create a cut. Plasma cutters work by creating “an 

electric arc between a tungsten electrode and the work piece (Frazer et al. 2002, 536).” 

High velocity air flows through a nozzle surrounding the electrode to blow away molten 

metal and “constrict the arc into a narrow column of arc plasma, which heats and melts 

the work piece (Frazer et al. 2002, 536).” Chemical cutters similar to shaped explosive 

charges can also be used to cut though metal. An example of a chemical cutter is the 

Pyronol torch shown in Figure 1.2. Pyronol is micron (10-6 m) sized “powder mixture of 

nickel, aluminum, iron oxide, and a fluorocarbon (Stalker 1980, 310).” The powder 

mixture is formed into pellets which are placed into any desired configuration and placed 

in casing with a variety of specially designed nozzles that produce different types of cuts 

(Stalker 1980; Rozner and Helms 1979; Rozner 1980; Rozner and Helms 1976). 

 3 
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Figure 1.2 – Pyronol Torch (Stalker 1980) 

 

1.3 Project Objectives 

 The motivation for this project was determining the feasibility of using energetic 

materials (specifically metallic thermites) as the fuel for an underwater cutting torch 

device. The basic thermite reaction of interest is nano-aluminum powder using water as 

the reaction’s oxidizer. Water is of interest as an oxidizer for this application because it 

could be pulled into a cutting torch device from the surrounding underwater environment.  

 There were three main objectives in this study of the Al + H2O combustion 

reaction. The first objective of the project was to determine the basic characteristics of 

the reaction. The second objective was to develop a comparison of the heat transfer 

characteristics of the reaction with a baseline gas fueled torch. The final objective was to 

improve the heat transfer characteristics of the Al + H2O combustion reaction using 

additives to promote higher flame temperatures. 

 The basic reaction characteristics were determined by examining the reaction 

using high speed digital imaging diagnostic equipment. Flame propagation velocity and 

luminous particle velocity data for the reaction was studied in an inert and an ambient air 

reaction environment. Chemical equilibrium software, REAL Code (Belov), from Tim 

Tec, LLC was used to determine optimum reaction stoichiometry based on maximum 

adiabatic flame temperatures. Differential scanning calorimetry was used to determine 

the completeness of the reaction by examining the melting endotherm of active Al left in 

the reaction products after combustion. 

 4 
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 Two torch fuels, propane and methylacetylene-propadiene (MAPP gas), were 

chosen to serve as a baseline for heat transfer comparisons. Heat transfer characteristics 

were examined using metal target plates placed in front of the torches and thermite 

reactions. The target plates were made of 0.635 cm A36 steel and 3003 Al. One set of 

plates was mounted with self-adhesive thermocouples designed specifically for surface 

temperature measurements. A second set of plates was painted flat black for use with a 

high speed infrared camera. 

 Two different reactants were added to the Al + H2O reaction in an attempt to 

improve heat transfer performance by raising the maximum temperatures seen on the 

metal test plates. Copper (II) Oxide, CuO, produces a significant amount of gas when 

burned with Al; therefore, it was believed that adding CuO might improve convective 

energy transfer to the plate. Polytetrafluoroethylene (C2F4), also known as PTFE or 

Teflon, manufactured by DuPont (DuPont) has a very high adiabatic flame temperature 

when burned with Al; thus, it was assumed that adding Teflon to the reactants would 

significantly raise the reaction temperature. 
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CHAPTER II 

SAMPLE PREPARATION 
 

2.1 Composition 

 Several different powders were used during the course of this study. The 

manufacturers’ material properties of the powders are shown below in Table 2.1. 

Nanotechnologies, now NovaCentrix, uses several techniques to characterize their 

materials including x-ray diffraction (XRD), transmission electron microscopy (TEM), 

and BET (Brauner, Emmett, and Teller) surface area analysis (nitrogen gas adsorption 

method) (NovaCentrix). DuPont uses a Laser Microtrac system (DuPont) to determine 

particle size distributions. 

 
Table 2.1 – Powder Material Properties (DuPont; NovaCentrix; Alfa Aesar) 

Material Manufacturer 
Particle 

Size 
(nm) 

Surface 
Area 
(m2/g) 

Morphology Purity 
(%) 

Aluminum Al Nanotechnologies 80 24.7 Spherical 80 
Aluminum Al Nanotechnologies 80 25.3 Spherical 84 

Copper (II) Oxide CuO Alfa Aesar 30-50 13 Spherical 100 
Zonyl MP1150 C2F4 DuPont 200 5-10 Spherical 99-100 

 

 The reactants were mixed based on an equivalence ratio (φ) that would maximize 

the adiabatic flame temperature. The equivalence ratio is the relationship of the 

fuel/oxidizer ratios of the experimental (exp) and stoichiometric (stoic) reactions as 

shown in Equation 2.1. 

 
( )
( )

stoicO
F

O
F

exp=ϕ  (2.1) 

‘F’ represents the fuel species and ‘O’ represents the oxidizer species. Examples of the 

fuel/oxidizer ratios are shown in Equations 2.2-2.4. 

 
mass

mass

OH
Al

O
F

2

=  (2.2) 
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mass

mass

FC
Al

O
F

42

=  (2.3) 

 
mass

mass

CuO
Al

O
F =  (2.4) 

The purity of the Al powders was also taken into consideration when measuring out the 

appropriate mass of Al powder and in various calculations using Equation 2.5. 

 
massmass

mass

OAlAl
Al

Purity
32+

=  (2.5) 

 

2.2 Powder Mixing Techniques 

 The powder mixing techniques were based on methods used in previous studies 

(Risha et al. 2007) but were adapted to better suit the dry or wet powder mixes of these 

experiments. 

 

2.2.1 Plastic Bag 

 Initially, the Al powder was measured and placed into a plastic bag (Risha et al. 

2007). A known amount of water was placed in the bag with the Al and was mixed by 

kneading the reactants in the bag. This mixing method created several problems: 

• The material stuck to the sides of the bag. 

• It was impossible to remove all of the material from the bag. 

• The mixture formed large clumps and could not be mixed homogeneously. 

Due to these problems, this mixing technique was not used after initial trials. 

 

2.2.2 Ceramic Dish 

 Mixing the Al powder and water in a ceramic dish (Figure 2.1) eliminated the 

problems that were experienced with the plastic bag and allow for more accurate reactant 

measurements. Clumps were broken up and scraped out of the dish using a razor blade. 

The following procedure was used to mix Al powder with water: 

1. A small syringe was used to inject an appropriate amount of water into the dish. 
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2. Based on the specified φ, the corresponding amount of Al was spooned into the 

dish with the water. 

3. The powder was mixed with the water using a razor blade to break up the clumps 

in the powder. 

4. The powder mixture was loaded into a tube. 

 

  
(a)      (b) 

Figure 2.1 – Al powder (a) before mixing with H2O and (b) after mixing with H2O 

 

2.2.3 Sonicator 

 A Misonix Sonicator 3000 (Figure 2.2) was used to create a homogeneous 

mixture of dry reactant powders. The following mixing procedure was used to mix dry 

powders with the sonicator: 

1. The desired mass of each powder was measured on a scale. 

2. Approximately 60 mL of hexanes were poured into a plastic specimen cup. 

3. The dry powders were poured into the specimen cup with the hexanes. 

4. The tip of the sonicator was placed in the specimen cup. 

5. The sonicator was programmed to cycle on for ten seconds and off for ten seconds 

for a total time of seventy seconds at output level five. 

6. The solution in the specimen cup was poured into a Pyrex baking dish. 

7. The dish with solution was placed on a hot plate at ~100 °C under the fume hood 

for approximately fifteen minutes to evaporate the hexanes. 

8. The dry powder mixture was scraped out of the pan using a wire brush. 
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Hexanes are used to suspend the powders because they evaporate quickly, and they will 

not affect the powder reactions. The sonicator promotes a homogeneous mixture by using 

ultrasonic waves to mix the powders and break up powder agglomerations. The sonicator 

was programmed to cycle on and off to prevent any thermal damage to the powders. 

 

 
Figure 2.2 – Misonix Sonicator 3000 

 

2.3 Reactions Studied 

 Three basic reactions were studied: Aluminum/Water, Aluminum/Copper (II) 

Oxide, and Aluminum/Teflon. The balanced reactions are shown in Equations 2.6-2.8. 

 2322 332 HOAlOHAl +→+  (2.6) 

 CuOOAlCuOAl 332 32 +→+  (2.7) 

 CAlFFCAl 6434 342 +→+  (2.8) 

The effects of the CuO and C2F4 reactions were studied while mixed with the basic Al + 

H2O reaction due to the extremely rapid reactions of the powders in dry form. The 

combined reactions that were studied are shown in Equation 2.9 and 2.10. 

 CuHOAlCuOOHAl 332334 2322 ++→++  (2.9) 

 CAlFHOAlFCOHAl 643336 3232422 +++→++  (2.10) 

 9 
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2.3.1 Al + H2O + CuO Reaction 

 Copper (II) Oxide was added to the Al + H2O reaction (Equation 2.9) to increase 

gas generation. The stoichiometric Al + CuO reaction (Equation 2.7) generates 0.5400 

moles of gas per 100 g of mixture (Fischer and Grubelich 1998). Initially it was thought 

that increasing the gas generation of the reaction would increase the convective energy 

transfer to the metal plate; however, adding CuO did not increase the temperature of the 

metal plate because the Al + CuO reaction does not have a significantly higher adiabatic 

flame temperature (2838 K) (Belov) than the Al +H2O reaction (2782 K) (Belov). 

 A combination of powder mixing techniques was used when CuO was added to 

the Al + H2O reaction. First, Al + CuO were mixed using the sonicator as described in 

Section 2.2.3. Next, Al + H2O were mixed in a ceramic dish as described in Section 

2.2.2. Finally, an appropriate amount of the Al + CuO mixture was added to and mixed 

with the Al + H2O mixture in the ceramic dish. 

 

ic dish. 

 

2.3.2 Al + H2O + C2F4 Reaction 

 Teflon was added to the Al + H2O reaction (Equation 2.10) to increase the 

adiabatic flame temperature of the reaction. The adiabatic flame temperature of the 

stoichiometric Al + C2F4 reaction (Equation 2.8) is 3420 K (Belov). 

 Similar to the CuO, a combination of powder mixing techniques was used when 

C2F4 was added to the Al + H2O reaction. First, Al + C2F4 were mixed using the 

sonicator as described in Section 2.2.3. Next, Al + H2O were mixed in a ceramic dish as 

described in Section 2.2.2. Finally, an appropriate amount of the Al + C2F4 mixture was

added to and mixed with the Al + H2O mixture in the ceram
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CHAPTER III 

EXPERIMENTAL SETUP 
 

3.1 Ignition Sources 

 Several ignition attempts were made before starting a self-sustaining reaction. The 

three different techniques used were a Nichrome wire, model rocket igniters, and a 50 W 

CO2 laser. 

 

3.1.1 Nichrome Wire 

 Nichrome wire is a common ignition source used in thermite combustion 

research. The wire is heated by attaching each end of a short piece of wire to gator clips 

leading to a voltage source shown in Figure 3.1. When the voltage source is switched on 

the electrical resistance of the wire causes it to heat up. This method works very well 

with almost all dry powder mixtures; however, the wire does not become hot enough to 

ignite a wet mixture. 

 

 
Figure 3.1 – Variable Voltage AC Power Supply 
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3.1.2 Model Rocket Igniter 

 The second ignition source attempted was an Estes model rocket igniter. The 

model rocket igniter works on the same concept as the nichrome wire, but it has a small 

chemical charge in the middle of the wire. Risha et al. (2007) used a similar ignition 

technique by adding a booster propellant around the nichrome ignition wire to help 

initiate combustion; however, the chemical charge on the model rocket igniters did not 

provide enough energy to initiate the reaction. 

 

3.1.3 50 W CO2 Laser 

 The final and most successful ignition source was a Universal Laser Systems 50W 

CO2 laser shown in Figure 3.2. Using the laser as an ignition source required a slightly 

modified setup (as discussed in the next section), but the user is able to better control the 

energy input to a test sample. 

 

 
Figure 3.2 – Universal Laser Systems 50 W CO2 Laser 

 

3.2 Powder Burning Setups 

 Initially, the powder burning setup was not well defined because different ignition 

sources were being tested to determine the best ignition method. Early setups were based 

on devices used in other thermite powder studies. Two different powder burning setups 

were used, open trays and tubes. 
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3.2.1 Open Trays 

 Dry powder flame speed studies are commonly conducted using open trays to 

hold the powder. The blocks for the trays are cut out of large acrylic sheets into long 

rectangles. A shallow groove approximately 10 cm long is milled along the length of the 

block. An example of an open tray is shown in Figure 3.3. Initially dry Al powder was 

placed in the tray and drops of water were added to the powder using a syringe. The trays 

made it difficult to control the distribution of powder along the length of the tray; 

similarly, it was very difficult to control the amount and distribution of water added to the 

powder. If ignition occurred, the drier areas of the powder would often burn and jump 

over the wet areas. Adding water in this manner resulted in a fuel-lean mixture that would 

not ignite due to the excess water. The final problem with an open tray was the difficulty 

of using a laser ignition source. A significant amount of the powder would fall out of the 

tray when mounted perpendicular to the laser beam because a stoichiometric Al + H2O 

mixture has the consistency of a slightly damp paste. This setup was abandoned after 

successfully igniting a self-sustaining reaction with the 50 W CO2 laser. 

 

 
Figure 3.3 – Open Burning Tray 

 

3.2.2 Quartz Glass Tubes 

 Once a self-sustaining reaction was achieved in the open trays using the laser a 

new setup was needed to contain powder horizontally to promote easy laser ignition. The 

second powder burning setup that was used was a short plastic tube glued to an acrylic 
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tray shown in Figure 3.4. The plastic tube in Figure 3.4 is setup with an Estes model 

rocket igniter. A self-sustaining burn with this setup was achieved by mounting the tube 

horizontally so that the 50 W CO2 laser could be used as the ignition source. 

Unfortunately, the heat from the reaction caused the plastic tube to start to melt and start 

burning. 

 

 
Figure 3.4 – Initial Plastic Tube Setup 

 Due to the high reaction temperatures, a new tube material was needed to contain 

the reactants. An Al + H2O study done by Risha et al. (2007) used quartz glass tubing to 

contain the reaction. Fused quartz has many beneficial properties (Technical Glass 

Products, Inc.) including: 

• Permeability 

• Extreme hardness 

• Very low coefficient of thermal expansion 

• Resistance to high temperature 

• High chemical purity 

• Extensive optical transmission from ultra-violet to infra-red 
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Table 3.1 contains the numerical values of some fused quartz properties. Fused quartz 

was chosen as a new tube material because of its high melting temperature, infra-red (IR) 

transmissibility, and proven ability to withstand the reactions being studied. 

 
Table 3.1 – Fused Quartz Property Values (Technical Glass Products, Inc.) 

Property Value 
Density 2.2 x 103 kg/m3

 

Hardness 5.5–6.5 Mohs’ Scale 570KHN100

Design Tensile Strength 4.8 x 107 Pa 
Design Compressive Strength > 1.1 x 109 Pa 
Bulk Modulus 3.7 x 1010 Pa 
Rigidity Modulus 7.2 x 1010 Pa 
Young’s Modulus 7.2 x 1010 Pa 
Poisson’s Ratio 0.17 
Coefficient of Thermal Expansion 5.5 x 10-7 m/m • K   (293 K – 593 K)  
Thermal Conductivity (20°C) 1.4 W/m • K 
Specific Heat (20°C) 670 J/kg • K 
Softening Point 1956 K 
Annealing Point 1488 K 
Strain Point 1393 K 
Index of Refraction 1.4585 

 

 Quartz tubing and rods were ordered from Technical Glass Products, Inc. in three 

different sizes as shown in Table 3.2 and Figure 3.5. The quartz rods were used to help 

pack the powder into the tubes. After the powder is mixed, a scoop is used to transfer the 

powder from the mixing dish to the tube. Two different dies were used to hold tubes 

while powder was transferred from the mixing dish. After all of the powder was 

transferred, the appropriate rod (1 mm smaller than the inner tube diameter) was used to 

gently pack the powder in the tubes while being careful not to squeeze any water out of 

the mixture or crack the tube. The tubes are packed to 32% ± 3% theoretical maximum 

density (TMD). TMD is the experimental density (exp) divided by the theoretical density 

(theo) of a mixture as shown in Equation 3.1. 

 
theo

TMD
ρ
ρexp=  (3.1) 
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Table 3.2 – Quartz Tube and Rod Sizes 

Quartz Length 
(cm) 

Inner Diameter 
(mm) 

Outer Diameter 
(mm) 

Tubes 
5.08 8 10 
5.08 10 12 
5.08 12 14 

Rods 
15.24 ---- 7 
30.48 ---- 9 
15.24 ---- 11 

 

 

 
Figure 3.5 – Quartz Tubes and Rods 

 The first die (Figure 3.6) was also designed to act as a bracket to hold the 10 mm 

(the only tubes originally ordered) tubes during the experiments. A second 

interchangeable die (Figure 3.7) was milled when the 8 mm and 12 mm tubes were 

ordered. A hole was drilled partially through an aluminum base plate to hold the 

interchangeable die parts that would hold the tubes. A lathe was used to mill a short 

section of round aluminum bar to the three appropriate diameters. 
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(a)      (b) 

  
(c)      (d) 

Figure 3.6 – Original Tube Die/Bracket (a) Empty, (b) with an Empty Tube, 
(c) With a Packed Tube, and (d) Mounted as a Bracket 

 

  
(a)      (b) 

Figure 3.7 – Interchangeable Tube Die (a) Parts and 
(b) Mounted with an 8 mm Tube 
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 To accommodate the various tube sizes, a new tube holding bracket (Figure 3.8) 

was constructed. The bracket consists of two 7.62 cm x 0.635 cm bolts mounted through 

two holes in a short L-shaped piece of aluminum bar. 

 

  
(a)      (b) 

Figure 3.8 – Two Pronged Tube Bracket (a) without Tube and (b) with Tube 

 

3.3 Particle and Flame Velocity Study 

 A study of the basic characteristics of the Al + H2O reaction was conducted to 

determine the factors affecting the reaction. The velocity of the flame and particles 

exiting the tube during the reaction were studied. 

 

3.3.1 Measurement Techniques 

 Two digital cameras were used to record and to study reaction characteristics. A 

Canon PowerShot A310 digital camera captured MPEG videos and still shots of 

experiments. High speed digital videos were recorded using a Vision Research Phantom 

v7.1 shown in Figure 3.9. Videos from the Phantom v7.1 taken at 10,000 frames per 

second were analyzed with the camera’s software to calculate particle sizes, particle 

velocities, and flame front velocities for each experiment. Figure 3.10 is an example of a 

still frame image taken from a high speed video recorded with the Phantom camera. 

Flame velocity data was collected at five points over a series of 1000+ frames from the 

videos after the reaction was observed in steady state. An average particle size was 

determined by choosing five illuminated particles in the region outside the tube that could 
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be clearly seen and tracked over five video frames. After recording the particle sizes, the 

velocity of each chosen particle was individually tracked and recorded over a sequence of 

five frames. 

 

 
Figure 3.9 – Vision Research Phantom v7.1 

 

 
Figure 3.10 – Phantom v7.1 Still Frame Image 

 

3.3.2 Effects of Environment and Tube Size 

 Two main variables affecting the particle velocity and flame speed of the Al + 

H2O thermite reaction were studied: the effect of ambient air versus an inert argon 

environment and the effect of different tube diameters. Three different tube sizes were 

used as shown in Table 3.2 and Figure 3.5. 

 Two similar experimental configurations were used to test the effects of an air 

versus an inert argon environment during the particle velocity and flame speed 
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experiments. Figure 3.11 is a lab schematic of the open air test configuration show in 

Figure 3.8. 

 

 
Figure 3.11 – Lab Schematic: Ambient Setup for Flame and Particle Velocity Study 

CO2 Laser 

Beam 
ExpanderMechanical 

Shutter 
Power 
Meter

Phantom v7.1 
PC with Phantom 

Software

PC with ThermaCAM 
Software 

ThermaCAM 
Phoenix DTS

Specimen 

Canon PowerShot 
A310

The following procedure was used for the open air test configuration under ambient lab 

conditions (temperature and pressure): 

1. Start digital camera MPEG video recording 

2. Begin recording data with IR camera 

3. Ignite thermite reaction with 50 W CO2 laser 

4. Trigger Phantom camera to stop recording after completion of reaction 

5. Stop digital camera recording when reaction is complete 

6. Save high speed and IR videos for analysis 

Figure 3.12 shows the reaction chamber used to test the effects of an air versus an inert 

argon environment. Figure 3.13 shows more detail of the various parts of the reaction 

chamber. The tube bracket is attached to one end of the chamber and has two wire prongs 

which support the tube similar to the configuration in Figure 3.8. The bracket easily 
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inserts and attaches to the chamber over a rubber gasket coated with vacuum grease and 

is secured to the end of the chamber by four bolts. The bracket can be removed and 

changed depending on the experimental setup requirements. The glass viewing window is 

held between more gasket material and an aluminum plate that helps secure the layers of 

material. The right end of the chamber is fitted with a Zinc Selenide (ZnSe) laser window 

assembly. The laser window assembly can be removed and replaced with a steel end cap 

if the laser is not necessary for ignition. Figure 3.14 is a lab schematic of the 

configuration used to test the effects of different environments on the reaction 

characteristics. The following procedure was used to conduct the tests in the reaction 

chamber in an inert environment at ambient lab conditions (temperature and pressure): 

1. Load tube with thermite reactants into chamber 

2. If testing under argon, seal chamber and pump out air 

a. If testing in air environment, seal chamber, close valves, and skip to step 

six 

3. Close pump valve and backfill chamber with argon 

4. Repeat steps two and three until chamber environment has been cycled a 

minimum of three times 

5. After backfilling the chamber with argon, close all valves 

6. Start digital camera MPEG video recording 

7. Ignite thermite reaction with 50 W CO2 laser 

8. Trigger Phantom v7.1 to stop recording after completion of reaction 

9. Stop digital camera recording when reaction is complete 

10. Save high speed video for analysis 

11. Open valve to vent product gases 
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Figure 3.12 – Reaction Chamber 

 
 

         
 (a) (b) (c) 

Figure 3.13 – Reaction Chamber Parts (a) Tube Bracket, (b) Viewing Window, 
and (c) Laser Window 
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Figure 3.14 – Lab Schematic: Inert Setup for Flame and Particle Velocity Study 

 

3.4 Energy Transfer Study 

 A study of the heat transfer characteristics of several reactions was compared to 

common gas torches with known adiabatic flame temperatures. The objective of this 

study was to compare the performance of the thermite reactions to the performance of a 

known gas cutting fuel. All of the tests in this study were conducted under ambient 

laboratory conditions. 

 

3.4.1 Metal Plates 

 Initially a 7.62 cm x 11.43 cm x 0.635 cm 2024-T351 Al plate was used to 

observe the heat transfer from an Al + H2O reaction and reference torches. The initial 

plate heat transfer test setup is shown in Figure 3.15. The plate setup works similar to a 

guillotine. A 0.953 cm groove was milled out of the inside of each support to allow the 

0.635 cm test plate to slide freely up and down. Small mounting brackets were made out 

of L-shaped Al bar so that the supports could be secured to the optical table-top with the 

appropriate 0.635 cm hex-screws. There is a 0.635 cm hole drilled into the side of one 
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support that allows a bolt used as the release pin for the plate to be inserted with the plate 

in the ignition position. After the thermite reaction is ignited with the laser, the release 

pin is pulled out of the support with an attached piece of fishing line that causes the plate 

to drop to the bottom of the milled grooves. Plate temperatures were compared 0.9 s after 

the plate reached the bottom of the grooves in the plate supports. Preliminary qualitative 

videos of the temperature distribution on the surface of the plate during the heating 

process were recorded with a FLIR ThermaCAM Phoenix DTS camera shown in Figure 

3.16. 

 

  
(a)     (b) 

Figure 3.15 – Initial IR Plate in (a) the Ignition Position and  
(b) in the Reaction Position 
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Figure 3.16 – FLIR ThermaCAM Phoenix DTS 

 After the preliminary tests, new test plates made of A36 Steel and 3003 Al were 

cut for numerical data collection. These specific alloys were chosen because of their 

common uses, and the availability of ordering a small quantity of the 0.635 cm plates 

needed. The general and application information for the A36 Steel shown below comes 

from the supplier’s website (ELCO, Inc.), and the physical data comes from the ASM 

Ready Reference: Thermal Properties of Metals (Cverna 2002). 

• General Information 

o Most widely used metal for all general-purpose applications 

o Low carbon grade 

o Good over-all mechanical properties 

o Easy to fabricate by methods such as welding, machining, cold forming, 

and hot forming 

• Applications 

o General-purpose structural work, industrial maintenance, agricultural 

implements, and transportation equipment 

o Also miscellaneous non-critical applications that involve mild cold 

bending, hot forming, punching, and welding 

• Physical Data 

o Thermal Conductivity 49.7 W/m·K 

o Density 7830 kg/m3 (0.284 lb/in3) 
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o Specific Heat 46 J/kg·K 

The general and application information for the 3003 Al shown below comes from the 

Metal Suppliers Online website (Metal Suppliers Online, LLC.). 

• Design features 

o Very good corrosion resistance 

o Moderate strength 

o Not heat treatable 

o Develops strengthening from cold working only 

• Applications 

o Commonly used in chemical equipment, ductwork, and in general sheet 

metal work 

o Also used in the manufacture of cooking utensils, pressure vessels, 

builder's hardware, eyelet stock, ice cube trays, garage doors, awning slats, 

refrigerator panels, gas lines, gasoline tanks, heat exchangers, drawn and 

spun parts, and storage tanks 

• Machinability 

o Readily machined and is considered as having good machinability for the 

aluminum alloys 

• Forming 

o Readily formed by either conventional cold working or hot working 

• Welding 

o Readily accomplished by means of conventional welding methods 

o Filler rod is generally Al 1100 alloy 

o When welding Al 3003 to other aluminum alloys, such as 5052, 6061 or 

6062 the filler rod should be Al 4043 

• Physical Data 

o Density 2740 kg/m3 (0.099 lb/in3) 

o Specific Gravity 2.73 

o Melting Point 643 °C (1190 °F) 
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Two 30.48 cm x 60.96 cm x 0.635 cm plates (one steel and one aluminum) were cut into 

eight 15.24 cm x 16.51 cm x 0.635 cm test plates (four steel and four aluminum). 

Examples of the new test plates alongside the original plate are shown in Figure 3.17. 

The size of the test plates was increased so that they would completely fill the camera 

viewing window during IR testing and give a larger picture of the temperature 

distribution. Two steel and two Al plates were painted with a flat black primer for IR 

testing, and the remaining four plates were mounted with thermocouples. Examples of the 

larger finished test plates are shown in Figure 3.18. The backs of all of the test plates 

were marked with a ‘+’ to aide in alignment as shown in Figure 3.19. The ‘+’ is marked 

directly behind the center thermocouple which is also in line with the path of the laser 

beam when the plate is lowered. 

 

 

Figure 3.17 – Old and New Test Plates 
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Figure 3.18 – IR (left) and Thermocouple (right) Test Plates 

 

 
Figure 3.19 – Test Plate Markings 

 

 Two types of thermocouples were used, Type E and Type T. The thermocouple 

plates were each mounted with five Omega Engineering (Omega Engineering, Inc.) 

SA1XL self-adhesive surface thermocouples that were placed 3.175 cm apart. One Al 

and one steel plate were mounted with five Type E thermocouples; similarly, the 
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remaining Al and steel plates were mounted with five Type T thermocouples. Figure 3.20 

shows the new IR and Figure 3.21 shows the new thermocouple plate heat transfer test 

setups. 

 

  
(a)     (b) 

Figure 3.20 – New IR Plate in (a) the Ignition Position and  
(b) in the Reaction Position 

  
(a)     (b) 

Figure 3.21 – New Thermocouple Plate in (a) the Ignition Position and  
(b) in the Reaction Position 
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3.4.2 Infrared Temperature Measurements 

 Initially, qualitative temperature measurements were made using infrared imaging 

with a FLIR ThermaCAM Phoenix DTS camera. The IR test plates are painted flat black 

to prevent ambient heat from reflecting off of the surface of the plates. A series of images 

from the original tests is shown below in Figure 3.22. Even though they did not provide 

numerical temperature data, these tests provided important information on how to 

improve the test setup. A reflection of the heat from behind the plate is visible on the left 

support in many of the pictures. To eliminate this reflection, the supports were painted 

flat black. The other obvious problem was that the plate was too small. Using a larger 

plate would give a larger picture of the transient conduction and fill up the IR camera 

viewing window. It would also allow the thermite reactions to be more centered on the 

plate because their placement behind the plate was constrained by the height of the laser 

beam. To prevent hot reaction gases from altering the temperature data, aluminum foil 

was used as a shield on the top and bottom of the plate to deflect the gases away from the 

front of the plate. 
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     st 9.3=  

     8.5 st =  
 (a) (b) (c) 

Figure 3.22 – Qualitative Infrared Images in Columns of (a) Al + H2O Reaction, 
(b) Propane, and (c) MAPP Gas 

 

 In order to obtain temperature data, the IR camera had to be calibrated. The 

camera was calibrated using the low temperature blackbody calibration source shown in 

Figure 3.23. The target plate on the calibration source has a known emissivity of 0.95. A 

calibration curve for the camera was developed over a temperature range of 20-110 °C by 

taking several reference temperature data points. 
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Figure 3.23 – Omega Engineering BB701 Blackbody Calibrator 

 Experimental temperature measurements were made using the IR camera at 144 

frames per second. The IR camera was placed 52 cm from the front of the test plate and 

moved slightly off center to the left to allow a path for the laser beam as shown in Figure 

3.24. Temperature data was collected from the IR videos by creating a region of interest 

(ROI). The ROI used for data collection was a small circle covering 255 pixels. The 

emissivity of the test plate surface was calculated by comparing the temperature of 

painted plate surface with the temperature of a piece of black electrical tape ( 95.0=ε ) 

on the surface after allowing the tape and plate time to reach thermal equilibrium at th

ambient lab conditions. The calculated emissivity of the plate was 0.952. Using this 

emissivity value, the camera calculated an average temperature for the ROI and exported 

the data to an excel spreadsheet. The data points from the camera were plotted for 

comparison with thermocouple measurements. The ambient temperature for each test was 

calculated by taking the average of seventy temperature data points before the plates were 

heated. 

e 
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Figure 3.24 – IR Camera Placement 

 

3.4.3 Thermocouple Temperature Measurements 

 As described in Section 3.4.1, plates were mounted with both Type E and Type T 

thermocouples. Omega Engineering (Omega Engineering, Inc.) SA1XL self-adhesive 

surface thermocouples were chosen because they are specifically designed for surface 

temperature measurement, have very fast response times, and do not require additional 

thermal bonding material to attach to a surface. More specific thermocouple properties 

provided by Omega Engineering (Omega Engineering, Inc.) are shown in the following 

list: 

• Type E 

o Metal leads 

 + Lead: Nickel-Chromium (Ni-Cr) 

 – Lead: Constantan (Copper-Nickel, Cu-Ni) 

o Temperature range 

 -270 to 1000 °C 

 -454 to 1832 °F 

o EMF (mV) over max. temperature range 

 -9.835 to 76.373 
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o Standard limits of error 

 0 to 900 °C 

• 1.7 °C or 0.5% 

 -200 to 0°C 

• 1.7 °C or 1.0% 

o Special limits of error 

 0 to 900 °C 

• 1.0 °C or 0.4% (whichever is higher) 

o Comments 

 Highest EMF change per degree 

• Type T 

o Metal leads 

 + Lead: Copper (Cu) 

 – Lead: Constantan (Copper-Nickel, Cu-Ni) 

o Temperature range 

 -270 to 400 °C 

 -454 to 752 °F 

o EMF (mV) over max. temperature range 

 -6.258 to 20.872 

o Standard limits of error 

 0 to 350 °C 

• 1.0 °C or 0.75% 

 -200 to 0 °C 

• 1.0 °C or 1.5% 

o Special limits of error 

 0 to 350 °C 

• 0.5 °C or 0.4% (whichever is higher) 

Type E and T thermocouples were chosen because of their low temperature ranges and 

high EMF change per degree. The InstruNet data acquisition (DAQ) board (Figure 3.25) 
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was used to record plate temperature data simultaneously from each of the five surface 

mounted thermocouples. Figure 3.26 is a schematic showing how the thermocouples 

were configured when attached to the DAQ board. As mentioned in Section 3.4.1, the 

center thermocouple (number one) was aligned with the height of the laser beam and 

consequently where the reactions took place behind the plate. 

 

 
Figure 3.25 – InstruNet Data Acquisition Board 
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Figure 3.26 – Lab Schematic: Thermocouple Location Diagram 

 Experimental temperature measurements were made with the thermocouples and 

DAQ board at 10 Hz. The manufacturer’s specifications give the response time of the 

thermocouples as < 0.15 s (Omega Engineering, Inc.). Temperature history for each test 
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was recorded for a total of approximately five minutes. The InstruNet software allows the 

data to be saved in a text file which can later be imported into a spreadsheet for further 

analysis. 

 

3.4.4 Differential Scanning Calorimeter 

 A Netzsch STA 409 PC Luxx differential scanning calorimeter (DSC) shown in 

Figure 3.27 was used to analyze the products from the Al + H2O and the Al + H2O + 

C2F4 reactions. Some of the properties of the DSC provided by the manufacturer are 

listed below (NETZSCH): 

• Netzsch STA 409 PC Luxx 

o Temperature range 

 120 °C...1650 °C 

o Heating and cooling rates 

 0.01 K/min...50 K/min 

o Weighing range 

 18000 mg 

o TG resolution 

 2 µg 

o DSC resolution 

 < 1 µW 

o Atmospheres 

 Inert, oxidizing, reducing, static, and dynamic 

The purpose of the analysis was to determine if the Al in the reactions was efficiently 

reacting with the H2O and C2F4 during combustion by comparing a DSC analysis of the 

reaction products with that of a pristine 80 nm Al sample. Product samples were collected 

from the back of the metal test plate at the completion of a test. 
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Figure 3.27 – Netzsch STA 409 PC Luxx DSC 

 

3.4.5 Propane and MAPP Gas Torches 

 The TS4000 BernzOmatic torch shown in Figure 3.28 was used as the baseline 

torch for comparisons with the thermite reactions. Both MAPP and propane gases were 

used as baseline torch fuels. The tip on the TS4000 torch is an OT4758 swirl flame burn 

tip. Table 3.3 contains comparisons of some common torch gas types taken from the 

BernzOmatic website. Two torch fuels with different flame temperatures were chosen to 

represent a baseline torch. As seen in Table 3.3, acetylene is shock sensitive and very 

unstable. Due to these safety concerns and the availability of propane and MAPP gas 

cylinders in the lab, using acetylene was unwarranted for this study. 

 Two similar experimental configurations were used to collect heat transfer 

information with the torches. Figure 3.29 is a lab schematic of the infrared plate test 

configuration, and Figure 3.30 is a lab schematic of the thermocouple plate test 

configuration. The thermite reaction behind the plate is replaced with a torch for testing. 

The laser is not used during torch tests; however, it is included in the schematics to show 

the basic lab layout. It is important to note that the IR camera remains in the same offset 

location out of the path of the laser beam for the torch tests as is required by the thermite 
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tests due to the laser ignition. The following test procedure was used to conduct the torch 

tests with the infrared plates: 

1. Begin recording temperature data with IR camera 

2. Ignite MAPP or propane torch 

3. Save IR video for analysis 

Similarly, the following test procedure was used to conduct the torch tests with the 

thermocouple plates: 

1. Begin recording temperature data with DAQ system 

2. Ignite MAPP or propane torch 

3. Record thermocouple temperature data for approximately five minutes 

4. Save and import thermocouple data into a spreadsheet for analysis 

The torches were held in place 4 cm behind the plates during testing using the bracket 

shown in Figure 3.31. The torch bracket consists of two aluminum bars that have been 

bolted together to clamp the torch handle in place in a milled groove. The bracket is 

attached to a traversing stage that is used to properly align the tip of the torch with the 

markings on the back of the test plate. 

 

   
     (a)             (b)            (c) 

Figure 3.28 – BernzOmatic (a) TS4000 Torch, (b) MAPP Gas, and 
(c) Propane Gas (BernzOmatic) 
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Table 3.3 – Gas Type Comparisons (BernzOmatic) 
Property Butane Propane MAPP Acetylene 
Flame Temperature in 
Oxygen (°F) 4,925 4,579 5,301 5,589 

Flame Temperature in 
Air (°F) 3,200 3,450 3,650 4,350 

Burning Velocity in 
Oxygen (Ft/Sec) 11 12.2 15.4 22.7 

Total Heating Value 
(BTU/CuFt) 3,374 2,498 2,406 1,470 

Primary Combustion 
Heating Value 
(BTU/CuFt) 

315 255 517 507 

Secondary Combustion 
Heating Value 
(BTU/CuFt) 

3,114 2,243 1,889 963 

Total Heating Value 
After Vaporization 
(BTU/lb) 

21,500 21,800 21,000 21,500 

Volume to Weight 
Ratio (CuFt/lb) 6.4 8.66 8.85 14.6 

Specific Gravity of Gas 
in Air 2.076 1.52 1.48 0.906 

Pounds Per Gallon 4.7 4.24 4.8 N/A 
Oxygen Required, 
Neutral Flame (CuFt/Ft 
Fuel) 

N/A 4.3 2.5 1.3 

Explosive Limits in Air 
(%) 1.9 - 8.5 2.2 - 9.5 3.4 - 10.8 2.5 - 80.00 

Toxicity Low Low Low Low 
Shock Sensitivity Stable Stable Stable Unstable 

Tendency to Backfire Slight Slight Slight to 
Moderate Considerable 

Reactions to Backfire Few 
Restrictions 

Few 
Restrictions 

Avoid 
unalloyed 

Silver, Alloys 
containing 

more than 67% 
Copper & 

Magnesium 

Avoid alloys 
with more than 

67% Copper 

Vapor Pressure @ 70°F 30 125 120 250 
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Figure 3.29 – Lab Schematic: IR Plate Torch Test Configuration 
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Figure 3.30 – Lab Schematic: Thermocouple Plate Torch Test Configuration 
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(a)      (b) 

  
    (c)          (d) 

Figure 3.31 – Torch Bracket (a) Side View, (b) Distance from Plate,  
(c) Close-up Angle View, and (d) Rear View 

 

3.4.6 Thermite Reactions 

 The heat transfer from the baseline propane and MAPP gas torches was compared 

to that of several thermite reactions discussed in Chapter II. The lab configuration for the 

thermite heat transfer tests is similar to that of the particle velocity studies shown in 

Figure 3.11. The main difference is the addition of a guillotine like metal plate setup used 

as a target to capture heat transfer data from the thermite reactions. Figure 3.32 is a lab 

schematic of the infrared plate test configuration, and Figure 3.33 is a lab schematic of 

the thermocouple plate test configuration. The following test procedure was used to 

conduct the thermite reaction tests with the infrared plates: 

1. Begin recording temperature data with IR camera 
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2. Start digital camera MPEG video recording 

3. Ignite thermite reaction with 50 W CO2 laser 

4. Pull release pin to drop metal plate in front of torch immediately after ignition 

5. Stop digital camera recording when reaction is complete 

6. Save IR video for analysis 

Similarly, the following test procedure was used to conduct the thermite reaction tests 

with the thermocouple plates: 

1. Begin recording temperature data with DAQ system 

2. Start digital camera MPEG video recording 

3. Ignite thermite reaction with 50 W CO2 laser 

4. Pull release pin to drop metal plate in front of torch immediately after ignition 

5. Stop digital camera recording when reaction is complete 

6. Record thermocouple temperature data for approximately five minutes 

7. Save and import thermocouple data into a spreadsheet for analysis 

The tubes containing the thermite mixtures (only 10 mm tubes were used for energy 

transfer study) were also placed 4 cm behind the plates during testing using the bracket 

shown in Figure 3.8. The bracket is attached to a traversing stage that is used to properly 

align the quartz tube with the markings on the back of the test plate and the laser beam. 
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Figure 3.32 – Lab Schematic: IR Plate Thermite Test Configuration 
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Figure 3.33 – Lab Schematic: Thermocouple Plate Thermite Test Configuration 
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3.4.7 Fuel Mass Flow Rates 

 Fuel mass flow rates were calculated for both the thermite reactions and the 

torches to compare the mass of fuel required for similar heat transfer results. Mass flow 

rates for the thermite reactions were calculated based on average flame velocity data 

collected using the Phantom v7.1 (Figure 3.9) high speed camera. Figure 3.34 shows an 

example of a series of still frame images from an Al + H2O + C2F4 reaction used to 

calculate the flame propagation rate of the reaction. Mass flow rates for the torches were 

calculated by weighing the fuel bottles using the Ohaus SP4001 scale shown in Figure 

3.35 before and after the torches were lit for a known amount time. The scale has a 

maximum capacity of 4000 g with a readability of 0.1 g (Ohaus Corporation). 

 

   st 0=

   st 286.0=

   st 571.0=

   st 857.0=

   st 143.1=
Figure 3.34 – Al + H2O + C2F4 Reaction Still Frame Images 
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Figure 3.35 – Ohaus SP4001 (Ohaus Corporation) 
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CHAPTER IV 

THEORETICAL MODELS 
 

4.1 REAL Code 

 The REAL Code models “complex chemical equilibrium at high pressure and 

temperature (Belov).” REAL Code was used to model the adiabatic flame temperature for 

all of the reactions that were studied as a function of equivalence ratio as seen in Figure 

4.1. The program settings used to model each thermite reaction are listed below. 

• Equilibrium specification 

o Parameters 

 P = 1 atm 

 H = 0 kJ/kg 

• List of substances 

o Left at default settings 

• Analysis 

o X-axis – Parameter 

 Choose the substance concentration parameter from the list that 

was varied 

o Y-axis – Parameter 

 Temperature (K) 

• Settings 

o Output concentration units 

 Mass fraction 

o Equation of state 

 Virial equation of state 

o All other bullets are left at default settings 

The acetylene, propane, and methylacetylene-propadiene lines were added as a visual 

reference to the graph to illustrate how the flame temperatures of the various thermite 
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reactions relate to common gas torch fuels. Flame temperature information for these torch 

fuels can be found in Tables 4.1 and 4.2. 
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Figure 4.1 – Adiabatic Flame Temperature vs. Equivalence Ratio 

 
Table 4.1 – Common Fuel Gases Used in Torch Brazing (ASM International 1993) 

Fuel Gas Formula O2 to Fuel 
Gas Ratio 

Flame Temp. for O2 Heat Content 
°C °F MJ / m3

  Btu / ft3

Acetylene C2H2 2.5 3087 5589 55 1470 
Propane C3H8 5.0 2526 4579 104 2498 
Methane CH4 2.0 2538 4600 37 1000 
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Table 4.2 – Maximum Temperature of Heat Sources (ASM International 1994) 

Heat Source 
Approximate Temperature 

(Stoichiometric Combustion) 
°C °F 

Propane - O2 2526 4579 
Natural Gas - O2 2538 4600 
Hydrogen - O2 2660 4820 
Propylene - O2 2843 5240 
Methylacetylene-propadiene - O2 2927 5301 
Acetylene - O2 3087 5589 
Plasma arc 2200 to 28,000 4000 to 50,000 

 

4.1.1 Ideal Composition 

 The composition that gives the highest adiabatic flame temperatures is the ideal 

composition for this study because raising the flame temperature will increase the amount 

of heat transferred to the metal plate. Figure 4.1 was used to determine the composition 

of each reaction that would give the highest adiabatic flame temperature. The highest 

adiabatic flame temperature and corresponding equivalence ratio for each reaction taken 

from the data in Figure 4.1 are shown in Table 4.3. 

 
Table 4.3 – Ideal Composition of Thermite Reactions 
Reaction Equivalence Ratio (φ) Flame Temperature (K) 
84% Al + H2O 0.99 2806 
80% Al + H2O 0.99 2782 
80% Al + CuO 1.00 2838 
80% Al + C2F4  0.95 3427 
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CHAPTER V 

RESULTS AND DISCUSSION 
 

5.1 Particle and Flame Velocity Study 

 Particle and flame velocities were collected to help identify and quantify the 

different factors affecting the Al + H2O reaction. The reaction was studied in an inert and 

oxidizing environment under various levels of confinement. 

 

5.1.1 Flame Propagation Rate Measurements 

 Figure 5.1 shows the average flame velocities for the Al + H2O reaction. The bar 

graph shows data for both air and argon environments for each of the tube sizes tested 

with error bars to illustrate the data range. As seen in Figure 5.1, there was no significant 

change in flame velocity caused by the different tube diameters. Average flame velocities 

fall between 1.04 and 1.35 cm/s for all of the tests. These results show that no significant 

changes to the speed of the reaction are caused by the environment regardless of tube 

diameter. This result also suggests that H2O is acting as the primary oxidizer for the 

reaction in each environment. 

 During the energy transfer study, flame velocities (10 mm tubes) were calculated 

to determine the fuel mass flow rates that are presented in Section 5.2.3. The average 

flame velocities for the Al + H2O reaction and the Al + H2O + C2F4 reaction were 0.94 

and 1.03 cm/s, respectively. Both flame propagation rates fall within the scatter presented 

in Figure 5.1 for 10 mm tubes exposed to ambient air conditions. Hence, adding Teflon to 

the Al + H2O reaction does not significantly increase the flame propagation rate of the 

thermite reaction. 
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Figure 5.1 – Flame Velocities of Al + H2O Reaction 

 

5.1.2 Particle Velocities 

 Figure 5.2 shows the average particle velocities of the Al + H2O reaction. The bar 

graph shows data for both air and argon environments for each of the tube sizes tested 

with error bars to illustrate the data range. Several observations were made while 

watching the high speed videos during data collection. The 8 and 10 mm tubes have a 

similar number of particles exiting the tube during the course of the reaction. The number 

of particles leaving the 12 mm tubes is noticeably greater than the 8 mm and 10 mm 

tubes. Particles are able to more easily exit the 12 mm tubes because they provide a larger 

area for particles to move around without hitting the walls of the tube. 
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Figure 5.2 – Particle Velocities of Al + H2O Reaction 

 As seen in Figure 5.2, the particle exit velocities vary significantly with tube 

diameter. The 8 mm tube velocities are almost double those of the 10 and 12 mm tubes. 

Since the flames are propagating at approximately the same rate as seen in Figure 5.1, the 

mass flow rates for each of the tube sizes will differ accordingly due to the differences in 

their cross sectional areas. The mass flow rate of products exiting the 8 mm tubes will be 

lower than the mass flow rate of the 10 mm tubes which will be lower than the mass flow 

rate of the 12 mm tubes. However, as reactions become more constricted they build up 

higher pressures which will cause the product particles to exit at higher velocities as seen 

in Figure 5.2. 

 

5.2 Energy Transfer Study 

 Experiments were designed to compare the heat transfer characteristics of 

thermite reactions to common gas fueled torches. Temperature data was collected using 

thermocouples and an IR camera. Thermocouple data and IR still frame images for each 

test can be found in the appendix. Although data was collected with both 3003 Al and 
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A36 steel plates, complete test data was only collected on the Al plates because the 

thermal conductivity value of the steel is much lower than the Al and decreased the 

temperature ranges observed. 

 

5.2.1 Differential Scanning Calorimeter 

 The DSC data was used to help confirm that the Al was reacting efficiently with 

the H2O as the primary oxidizer during combustion as suggested in Section 5.1.1. The 

DSC was used to analyze samples of pure 80 nm Al, Al + H2O reaction products, and Al 

+ H2O + C2F4 reaction products. The DSC data for the test samples is shown in Figure 

5.3. The area of the endotherms for the pure Al, Al + H2O products, and Al + H2O + 

C2F4 products seen in Figure 5.3 were calculated with the DSC software as -114.7, -

26.64, and -12.73 J/g respectively. Based on the area of pure sample, the Al + H2O 

product sample contained 23.2% unreacted Al, and the Al + H2O + C2F4 product sample 

contained 11.1% unreacted Al. These results suggest that the addition of Teflon improves 

the reaction efficiency by 12%. 

 

 

--- Pure 80 nm Al 
--- Al + H2O Products 
--- Al + H2O + C2F4 Products 

Figure 5.3 – DSC Analysis: Heat Flow as a Function of Temperature 
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5.2.2 Temperature Measurements 

 Figures 5.4-5.7 show the temperature histories recorded on the 3003 Al test plates 

for the MAPP gas torch, propane torch, Al + H2O reaction, and the Al + H2O + C2F4 

reaction respectively. Temperature data was collected and averaged for series of three 

tests for each reaction at s to develop a comparison between each fuel. The bar 

graphs in Figures 5.8-5.10 show the temperature comparisons for each of the fuels at 

s. 
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Figure 5.4 – MAPP Gas Torch Temperature History from 

IR Camera Measurements 

 The first noticeable difference in the temperature data is that the torches and 

reactions heat the plate for different lengths of time. Therefore, all data is compared in 

Figures 5.8-5.10 after an elapsed time of 0.9 s from the first temperature change seen in 

the data which is set as s. An elapsed time of 0.9 s was chosen because the shortest 

thermite reactions (Al + H

0=t

2O IR Tests 1 and 2) lasted a little over 0.9 s. 
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 The second noticeable trend is seen in the repeatable shapes of the graphs. The 

test graphs for the IR camera line up very well for each fuel. The maximum temperatures 

for the reactions are seen in Table 5.1, and the average heating rates for each fuel are 

presented in Table 5.2. Uncertainty for the measurements is presented as the mean plus or 

minus the standard deviation ( σ±x ). Error was propagated using Equation 5.1 where a 

and b are quantities used to calculate x. 

 
22

⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛=

bax
bax σσσ

 (5.1) 

The standard deviations associated with the measurements ( xσ , aσ , bσ ) are also used in 

the calculations. The average heating rates were calculated by dividing the change in 

temperature during the first 0.9 s of heating by the time. 

 
Table 5.1 – Average Maximum Temperatures for 3003 Al Test Plates at 0.9 s 

Reaction 
Avg. Temp. (°C) 

IR 
MAPP 48.2 ± 0.3 

Propane 42.9 ± 0.3 
Al + H2O 71 ± 4 

Al + H2O + C2F4 57 ± 2 
 

Table 5.2 – Average Heating Rates 

Reaction 
Heating Rate (K/s) 

IR 
MAPP 29.3 ± 0.2 

Propane 23.1 ± 0.2 
Al + H2O 54 ± 3 

Al + H2O + C2F4 38 ± 1 
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Figure 5.5 – Propane Torch Temperature History from 

IR Camera Measurements 

 The IR camera provides several diagnostic advantages. The IR camera videos can 

be easily saved, reviewed, and analyzed. The raw camera data is converted into 

temperature data using a calibration file. The IR camera records data for everything 

within the camera’s viewing window. Temperature data can be collected for many 

different areas based on the region of interest that is chosen during analysis. During the 

IR analysis, the ROI was centered on the pixel that consistently had the maximum 

temperature. Temperature data can be recorded for anything within the videos as long as 

emissivity values are known for the material being studied. Furthermore, the IR camera is 

a very useful visual quantitative analysis tool. Many different color schemes can be 

applied to enhance the videos to create a color coded contour plot of the temperature 

gradients. 
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Figure 5.6 – Al + H2O Reaction Temperature History from 

IR Camera Measurements 

 Thermocouple data was used to verify the results of the IR camera. The IR 

camera results are used for all comparative analysis. Figure 5.8 shows a comparison of 

the average starting temperatures for each reaction using the IR camera. Plates were 

allowed to cool to ambient conditions after each test. Figure 5.9 shows a comparison of 

the average maximum temperatures. The MAPP gas maximum temperatures were higher 

than the propane maximum temperatures as expected based on flame temperature data 

presented in Chapter IV. However, the two thermite reactions do not follow the relative 

temperature trend based on adiabatic flame temperature calculations (Al + H2O + C2F4 

highest with Al + H2O between MAPP and propane). The Al + H2O reaction maximum 

temperature is ~23 °C higher than MAPP gas, and the Al + H2O + C2F4 reaction 

maximum temperature is ~9 °C higher than MAPP gas. Figure 5.10 shows a comparison 

of the average temperature changes. Temperature changes were calculated to normalize 

maximum temperature results by removing the slight differences in starting temperatures. 
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The same trends seen in the maximum temperature graph (Figure 5.9) are observed in 

Figure 5.10. The Al + H2O reaction temperature change is ~23 °C higher than MAPP 

gas, and the Al + H2O + C2F4 reaction temperature change is ~8 °C higher than MAPP 

gas. 
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Figure 5.7 – Al + H2 ature History from 

ing 

tures 

a 

O + C2F4 Reaction Temper
IR Camera Measurements 

 Based on the adiabatic flame temperature model discussed in Chapter IV, add

Teflon to the Al + H2O reaction would increase the flame temperature and therefore 

enhance energy. However, adding Teflon to the reaction decreased the plate tempera

as seen in Figures 5.9 and 5.10. Based on observations, the change may be due to a 

change in the physical behavior of the reaction which impacts energy transfer. A large 

percentage of the reaction products from each of the thermite reactions are in a condensed 

phase and stick to the back of the test plate. The main pile of products from each reaction 

appeared to be composed of agglomerated dry powder. When Teflon was added, the are
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of black residue (carbon from the Teflon) around the pile of products from the rea

appeared to be slightly damp. Teflon is reacting with the Al in the gaseous phase 

(Osborne 2006) and may inhibit H

ction 

increasing the percentage of fuel consumed as seen in the DSC 

nalysis (Section 5.2.1). 
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Figure 5.8 – Average Start Temperature Comparisons 

 The reaction products that stick to the back of the plate also affect the heating ra

of the plate as seen in Table 5.2. Reaction products impacting the plate in a condense

phase transfer latent heat to the plate and increase the overall heat transfer from the 

reaction to the plate. The heating rate of the Al + H2O reaction is more than double the 

heating rate of propane and only slightly less than double that of MAPP gas. A sim

finding was reported by White et al. (In Press) when measuring heat transfer from 

various seeded propellant flames. They showed that flames seeded with reacting Al 

powders exhibited higher energy transfer behaviors that flames seeded with Al2O3-TiO
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which melt but do not react. The latent heat imparted from the Al2O3-TiO2 produced a 

77% increase in average heat flux over inert seeding. This finding was explained by th

latent heat given off when molten A

e 

l2O3-TiO2 particles solidify on the surface of the 

alorimeter (White et al. In Press). 
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Figure 5.9 – Average Max Temperature Comparisons 

 

 59 
 



Texas Tech University, Jonathan Burkhard, December 2007 

0

10

20

30

40

50

60

Al Avg. - MAPP Al Avg. - Propane Al Avg. - Al + H2O Al Avg. - Al + H2O +
C2F4

Test

Te
m

pe
ra

tu
re

 (C
)

 
Figure 5.10 – Average Temperature Change Comparisons 

 

5.2.3 Fuel Mass Flow Rates 

 Mass flow rates were calculated for each of the torches and each of the thermite 

reactions. The mass flow rates for the four fuels studied are shown in Table 5.3. The mass 

flow rates were calculated to compare the mass of fuel consumed by the gas torches to 

the mass of solid fuel (Al) consumed by the thermite reactions. This data creates an 

important link between the gas and solid fuels. The data clearly shows that the gas 

torches burn significantly less fuel than the thermites; however, it is important to look at 

how much heat is being transferred to the target plates for a given mass. Table 5.4 shows 

the temperature change per mass of fuel burned for each fuel. Again, the data shows that 

the gas torches heat the plates more efficiently than the solid fuels based on the 

temperature change per mass of fuel needed to heat the plates. 
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Table 5.3 – Fuel Mass Flow Rates 

Fuel 
Mass Flow Rate 

(g/s) 
MAPP Gas 0.07 ± 0.03 
Propane 0.05 ± 0.02 
Al + H2O 0.30 ± 0.09 

Al + H2O + C2F4 0.28 ± 0.07 

 

 
Table 5.4 – Temperature Change per Fuel Mass Burned 

Fuel 
Temp. Change per Mass (K/g) 

IR 
MAPP Gas 400 ± 200 
Propane 500 ± 200 
Al + H2O 180 ± 60 

Al + H2O + C2F4 130 ± 30 
 

 To start an oxidation reaction with mild steel, the metal must be heated until it is 

bright red (Integrated Publishing). The data shown in Figure 5.11 shows the temperatures 

related to the various colors of heated steel. The bright red color required to start steel 

oxidation corresponds to 843 °C (1550 °F) (Integrated Publishing). The amount of fuel 

mass required to reach this temperature for each fuel is shown in Table 5.5. As expected 

based on the results presented in Table 5.4, the gas torches would require much less fuel 

mass to reach the temperature required to start an oxidation reaction with steel. Table 5.6 

shows how long it would take to reach the oxidation temperature using the fuel mass flow 

rates in Table 5.3. Due to the faster mass flow rates of the thermite reactions, it takes less 

time to reach the required steel preheating temperature. 

 

 61 
 



Texas Tech University, Jonathan Burkhard, December 2007 

 
Figure 5.11 – Heat Colors for Steel (Integrated Publishing) 

 
Table 5.5 – Fuel Mass Required for Steel Oxidation Temperature 

Fuel 
Fuel Mass (g) 

IR 
MAPP Gas 3 ± 1 
Propane 2.2 ± 0.9 
Al + H2O 6 ± 2 

Al + H2O + C2F4  8 ± 2 
 

 
Table 5.6 – Heating Time Required for Steel Oxidation Temperature 

Fuel 
Time (s) 

IR 
MAPP Gas 40 ± 20 
Propane 50 ± 30 
Al + H2O 21 ± 9 

Al + H2O + C2F4  30 ± 10 
 

 

 62 
 



Texas Tech University, Jonathan Burkhard, December 2007 

CHAPTER VI 

CONCLUSIONS 
 

6.1 Particle and Flame Velocity Study 

 The particle and flame velocity data show that the ambient environment does not 

significantly affect the Al + H2O reaction. The small differences in the flame propagation 

rate for the air and argon environments for the three tubes sizes show that water is acting 

as the primary oxidizer for the reaction regardless of the environment. Decreases in tube 

diameter promote higher particle velocities; however, flame propagation rates are 

independent of tube size and are roughly 0.01 m/s. Adding Teflon to the Al + H2O 

reaction did not significantly increase the flame propagation rate. 

 

6.2 Energy Transfer Study 

 The DSC analysis supplemented the results from the particle velocity and flame 

speed study. Calculating the area of the endothermic curves shows that 23.2% unreacted 

Al was present in the Al + H2O products and 11.1% in the Al + H2O + C2F4 products.

The small endotherms confirm that the water was efficiently reacting with the Al during 

the Al + H

 

2O reaction and that the addition of Teflon to the Al + H2O reaction improves 

efficiency. 

 The results of the energy transfer study show that thermite torches burn fuel mass 

approximately five times faster than the gas torches. Although more thermite fuel mass is 

required to reach a plate temperature similar to the gas torches, the Al + H2O thermite 

heats the plate nearly twice as fast as the hottest gas torch, MAPP gas. Similarly, the Al + 

H2O + C2F4 thermite heats the plate 1.3 times faster than MAPP gas. The characteristics 

of the end application for the torches must be carefully studied to find a balance between 

the fuel consumption and heating rate requirements. 
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6.3 Feasibility of Cutting Torch Application 

 Using a thermite fuel as a cutting torch is not a new idea as seen in Chapter I; 

however, the unique properties of nano-materials could significantly improve the 

performance of a cutting torch. While the idea of a thermite torch is not new, the use of 

nano-sized Al particles with water as the oxidizer for use as a cutting fuel is an innovative 

concept. Micron-sized Al particles are not as ignition sensitive (Granier and Pantoya 

2004) and do not react easily or at all with water. 

 The main reaction of interest, Al + H2O, had the best performance of the thermite 

mixtures studied. Although the thermite reactions burn a much greater mass of fuel, they 

have several qualities that make them an attractive option for underwater applications. 

First, the reaction uses water as the primary oxidizer for the reaction which is convenient 

for an underwater application. Second, there are a wide variety of energetic materials that 

could be added to the thermite mixture to further optimize its performance. Finally, one 

of the most important characteristics of the thermite fuels is that their use is not greatly 

affected by the pressure of the surroundings while gas torch fuels can only be used at 

limited depths due to the pressure limitations related to their storage. Therefore, this 

study concludes that an Al + H2O reaction could feasibly be used for an underwater 

cutting torch application. 
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APPENDIX A 

THERMOCOUPLE INFORMATION 
 

The information found in this section was taken from the thermocouple manufacturer’s 

website, Omega.com (Omega Engineering, Inc.). 

 

 
Figure A.1 – Thermocouple Tolerances (Omega Engineering, Inc.) 
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Figure A.2 – Thermocouple Color Codes (Omega Engineering, Inc.)
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APPENDIX B 

RAW THERMOCOUPLE DATA GRAPHS 
 

The graphs presented in this section are the raw thermocouple data for each test done 

with the various test fuels. 

 

 
Figure B.1 – Thermocouple Temperature History: 3003 Al, Type E, MAPP Gas 
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Figure B.2 – Thermocouple Temperature History: 3003 Al, Type T, MAPP Gas 
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Figure B.3 – Thermocouple Temperature History: 3003 Al, Type E, Propane 
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Figure B.4 – Thermocouple Temperature History: 3003 Al, Type T, Propane 
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Figure B.5 – Thermocouple Temperature History: A36 Steel, Type E, MAPP Gas 
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Figure B.6 – Thermocouple Temperature History: A36 Steel, Type T, MAPP Gas 

 

 

 75 
 



Texas Tech University, Jonathan Burkhard, December 2007 

 
Figure B.7 – Thermocouple Temperature History: A36 Steel, Type E, Propane 
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Figure B.8 – Thermocouple Temperature History: A36 Steel, Type T, Propane 
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Figure B.9 – Thermocouple Temperature History: 3003 Al, Type E, Al + H2O 
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Figure B.10 – Thermocouple Temperature History: 3003 Al, Type T, Al + H2O 
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Figure B.11 – Thermocouple Temperature History: A36 Steel, Type E, Al + H2O 

 

 

 80 
 



Texas Tech University, Jonathan Burkhard, December 2007 

 
Figure B.12 – Thermocouple Temperature History: A36 Steel, Type T, Al + H2O 
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Figure B.13 – Thermocouple Temperature History: 3003 Al, Type E, 

Al + H2O + C2F4 
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Figure B.14 – Thermocouple Temperature History: 3003 Al, Type T, 

Al + H2O + C2F4 
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Figure B.15 – Thermocouple Temperature History: 3003 Al, Type E, 

Al + H2O + CuO 
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APPENDIX C 

IR STILL FRAMES 
 

Pictures are taken at 0.1s intervals starting at st 0=  for each test. 

 
Figure C.1 – IR Still Frames: 3003 Al, Test 1, Al + H2O 
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Figure C.2 – IR Still Frames: 3003 Al, Test 2, Al + H2O 
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Figure C.3 – IR Still Frames: 3003 Al, Test 3, Al + H2O 
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Figure C.4 – IR Still Frames: 3003 Al, Test 1, Al + H2O + C2F4 
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Figure C.5 – IR Still Frames: 3003 Al, Test 2, Al + H2O + C2F4 
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Figure C.6 – IR Still Frames: 3003 Al, Test 3, Al + H2O + C2F4 
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Figure C.7 – IR Still Frames: 3003 Al, Test 1, MAPP Gas 
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Figure C.8 – IR Still Frames: 3003 Al, Test 2, MAPP Gas 
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Figure C.9 – IR Still Frames: 3003 Al, Test 3, MAPP Gas 
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Figure C.10 – IR Still Frames: 3003 Al, Test 1, Propane 
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Figure C.11 – IR Still Frames: 3003 Al, Test 2, Propane 
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 96 
 

 
Figure C.12 – IR Still Frames: 3003 Al, Test 3, Propane 
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