
Nitromethane droplet combustion: the influence of aluminum particle 
size as an additative to enhance burning 

by 

Sanjana Datta 

A SENIOR THESIS 

for the 

UNIVERSITY HONORS COLLEGE 

Submitted to the 
University Honors College 
at Texas Tech University in 

partial fulfillment of the 
requirement for 

the degree designation of 

HIGHEST HONORS 

DECEMBER 2008 

Approved by: 

_ _ _ _ _ _ _ _ _ _ _ _ i.^-6-C^ 
FACl̂ LTY MENTOR (Dr. MichelJe Panto/a) Date 
Department (Mechanical Engineering) 

DR. GARY 1V|/̂ ELL Date 
ersotv I Dean, Universfity Honors College 

The author approves the photocopying of this document for educational purposes. 



ABSTRACT 

Nitromethane (CH3NO2) is a slightly viscous, highly polar organic liquid commonly 

referred to as a monopropellant. The primary objective of this thesis is to study the reaction 

dynamics of nitromethane as a function of a solid fuel additive (i.e., nano-scale and micron-scale 

aluminum particles). To accomplish this objective an apparatus was designed and assembled 

that enables bum rate measurements of millimeter scale droplets as a function of time. A 

mixture of nitromethane with constant percentages of suspended nano and micron aluminum 

particles was injected onto a quartz fiber (1- mm diameter) and the droplet was ignited with a 

nichrome wire. The reaction was recorded with a high speed video camera with a microscopic 

objective lens and an infrared camera. The regression rates for the droplet were predicted to 

follow a "D"^-law" for droplet combustion (diameter squared versus time) and were evaluated for 

varying aluminum particle size. Results show little effect of aluminum particle size on the 

burning rate of the droplet but that its addition enhances the burning rate by 40%. This project is 

novel because it examines the influence of solid fuel addifives of different particle size and 

concentrations have on the burning behavior of liquid nitromethane. 
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CHAPTER 1 

INTRODUCTION 

Nitromethane is a monopropellant because fuel (Carbon, Hydrogen) and oxidizer 

(Nitrogen, Oxygen) atoms are linked into a single molecular structure. Nitromethane can be 

used as a monopropellant since it can combust without an added oxidizer. Monopropellants are 

chemicals or a chemical mixture that under certain conditions react very rapidly and produces a 

large volume of energetic gases. Most propellants release toxic gases and therefore it is 

necessary to study other alternative fuel that can bum faster and is self sustaining. It has a high 

adiabatic flame temperature (i.e. temperature that results from a complete combusdon process 

which occurs without any heat transfer or changes in kinetic or potential energy) of 2400 °C and 

a high heat of vaporization of 0.56MJ/kg (2) and is often used to generate energy in propulsion 

applications (3). In general, nitromethane is used as a mixture with methanol to reduce peak 

flame temperatures. It has a high heat of vaporization that resuhs in significant cooling of the air 

ftiel mixture entering an intemal combustion engine. Also, the fiiel energy of nitromethane is 2.3 

times that of iso-octane gasoline for the same mass of air. This means nitromethane can bum 

with a lot less oxygen than gasoline. For example, to bum 2 pounds of gasoline there must be 

approximately 32 pounds of air available whereas to bum the same quantity of nitromethane only 

4 pounds of air is necessary. The reason behind this phenomenon is that there is already an 

oxygen atom available in nitromethane. The purpose of this study is to understand the 

combustion characteristics of solid additives to nitromethane droplets. Therefore, using this 

propellant with nano-metal might potentially increase the fuel's bum rate. 



Shortened bum times and shortened ignition delay are few of the many advantages of 

nano-sized aluminum (Al) particles (4). Other advantages of nAl are enhanced heat-transfer 

rates from higher specific surface area, greater flexibility in designing new energetic 

fuel/propellants with desirable physical properties, nano-particles can act as a gelling agent to 

replace inert or low energy gellants, nano-sized particles can also be dispersed into high 

temperature zone for direct oxidation reaction and rapid energy release, and enhanced propulsive 

performance with increased density impulse (4). This study will investigate and evaluate these 

characteristics for Al particles added to a liquid monopropellant. Buming of Al particles 

depends on the oxidizing shell around it. As a solid composite of Al with a metal or metal oxide 

ignited under high heating rate conditions, nanoscale Al particles demonstrate reacdon behaviors 

not well explained by diffusion theory (5). Levitas, et al., describe a melt dispersion mechanism 

for nanoscale aluminum reaction in which the particle effectively frees itself from the shell when 

the core is in the liquid phase. The shell disperses or aerosolizes the molten core into droplet 

ready for reaction with surrounding oxidizer (5). This mechanism enhances the buming behavior 

of nAl containing energedc solid materials. Exploring this mechanism for nano-particle reaction 

in muldphase environments is one goal of this study. 

Combustor of gas turbines, ramjets, diesel engines, and rockets are injected with small 

droplets of liquid ftiel (1). In the 1950's, a classical model for describing droplet combusdon 

phenomena was generated for isolated and stagnant droplets (1). This eminent rule is known as 

d̂  law, which states that the square of a droplet diameter decreases linearly with time (1). In this 

study, the buming rates of these droplets were studied experimentally in partially stagnant 

condidons. The heats of oxidation and density of a selected ftiel is an essential constituent in the 

formulation of energetic solid propellants or solid ftiels. Kuo, et al., compare and describe the 



different elements with a high volumetric heat of oxidation (i.e. heat absorbed or released during 

a reaction in which the atom in an element lose electron and the valence of the element is 

correspondingly increased). The density of boron particles is 2.34 gm/cc (grams per cubic 

centimeter) and that of nano-sized aluminum is 2.70 gm/cc. Even though boron has the highest 

volumetric heat of oxidation among the particles mentioned, it is difficult to combust these 

particles due to their ultra high boiling temperature (Tboii = 4,273 K) and high melting 

temperature (Tmeit = 2,348 K). In contrast, aluminum particles have a high volumetric heat of 

oxidation and it is easy to ignite these nano-sized particles (4). Studies have been conducted on 

ignition of aluminum of particle size (38 to 130 nm) and liquid water in a quartz tube. Kuo, et 

al., concluded that ignition of micron aluminum particles was not achievable for the pressures 

and type of ignidon system. Micron-sized particles require higher temperatures (-2000 K) but 

nAl only requires (-900 K) to ignite (8). Nano-sized aluminum particles have the ability to 

absorb large amounts of water on the surface as well as to heat up quicker (smaller heat 

capacity). Therefore, nanoenergetic particles are more attractive for combustion enhancement. 

Investigation of the reladve ignition characteristics of liquid axisymmetric droplets (less 

than 100 microns in diameter) of hydrocarbon and monopropellant fuels with similar 

stochiometric buming rate was conducted with the use of a numerical simuladon of the Navier-

Stokes equations (4). Dwyer, et al., concluded from the study that monopropellants ignite much 

quicker and develop steeper gradients near the droplet surface when compared to hydrocarbon 

fuels (4). Addidonally, it was concluded that heat transfer to the monopropellant is larger than 

hydrocarbons (4). Hence, for the current study a monopropellant was chosen instead of a 

hydrocarbon. 



Studies similar to the current study have been conducted on combustion behavior of 

liquid water and nano aluminum (7). This study was characterized without any gelling agent and 

for a broad range of pressure, mixture composition, and particle size. The investigation 

successfully ignited nAl and liquid water established a linear buming rate and mass-buming rate 

per unit area. The buming rates of the mixtures for this study were obtained using a constant 

volume optical pressure vessel under well-controlled operating conditions. The experiments 

were conducted in a diagnostic chamber with argon environment. The mixture of nAl and liquid 

water was loaded in a quartz tube and ignited via thick propellant booster initiated by a 

resistance-heated nichrome wire threaded through the booster (7). The pressure was recorded via 

pressure transducers and the ignition was recorded with a high speed digital camera. Risha, et 

al., concluded that the buming rate depends strongly on the equivalence ratio due to its influence 

on the adiabatic flame temperature and modifications of the mixture properties. 

The scope of this study is to understand further behavior of this nanoenergetic material 

when combined with a liquid monopropellant. There has been no previous study on 

nitromethane combined with aluminum. The current study will be a unique contribution to the 

combustion society since it invesdgates buming behavior of nitromethane (a monopropellant) 

with nano and micron aluminum. Additionally, the study was conducted using an original 

droplet suspending apparatus that can suspend droplets of approximately 3 mm. The main goals 

of the current study is to create a diagnosdc that can test single or multicomponent droplets, re

create the D^-law for droplet combustion, study the behavior of monopropellants combined with 

nano and micron-scale aluminum, and determine the concentration of aluminum required for 

optimum performance. 



CHAPTER 2 

METHODOLOGY 

The experimental setup has been illustrated in figure 1. A quartz fiber droplet suspending 

apparatus was developed (Fig.2). The droplet apparatus was painted black so that the transparent 

droplet is easily visible (Fig.3). 

Liaht Source 

Phantom IV w/ K2 

Nichrome wire 

'='ri §m 
41 

m i Droplet Suspension 
l ^ ^ l Apparatus 

DroDlet 

Voltage Source 

', 

Figure 1: Experimental Set-up 

A fiber opdc light source (Cole Parmer® Illuminator, 41720 series) was added to increase 

camera visibility. A simple water and acetone experiment was set-up to re-create the 'D -law' 

model for evaporating droplet. Acetone is an alcohol and evaporates faster than water. The high 

speed camera used for the experiment has the maximum exposure time of 51 sec. Acetone 

expedites the evaporation time of the water droplet hence, it is necessary to use acetone so that 

the entire evaporation process can be recorded with the high speed camera. 
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^ ^ ^ B ^ H < ^ ^ ^ 9 Quartz Rod (1 mm) 

Figure 2: The quartz rod apparatus 

Water and acetone droplets of two different compositions were evaluated to find their 

evaporation rates. 

Figure 3: Suspended droplet of size 2 mm 
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The two different composidons were used to create two separate experimental models. This was 

done to see if both experimental models generated results as predicted by the mathematical D -

law model. If the result from the mathematical model agrees with the result from the diagnostic 

model, this original experimental setup can be used to study any single or muldcomponent 

droplet. The water and acetone droplets were suspended from the quartz fiber using a syringe 

with a needle (Fig. 4). The needle aided in controlling the droplet size. 

^ % m 

Figure 4: Syringe with needle used to suspend droplets 

The initial mixtures were composed of 4:1 and 2:1 mass fraction of acetone and distilled 

water (Table 1). The acetone was purchased from Mallinckrodt Chemicals. The evaporation of 

these droplets was recorded with the Phantom IV (Vision Research. Wayne, NJ) high speed 

digital camera which captured images 20 frames per second. The Phantom IV high speed digital 

camera was attached with a K2 Long-Distance Microscope {Infinity Photo-Optical Company. 

Boulder, CO) for higher magnification (Fig. I). The data for evaporation rate (i.e. diameter of 

the droplet as a function of time) of this mixture was obtained using the Vision Research image 

processing and analysis sofhvare compatible with the Phanton IV. The theoretical evaporation 

rate was calculated using equation 1 : 

' A simplified version of this equation was used for the theoretical calculations. The simplified model works similar 
to the original model. It was assumed that the temperature of the droplet was same as the sample and kg consisted of 
80% air and 20% fuel. 



^ = z£!^ln(R + 1 ) (Equation 1) 
at PlCpg ^ "^ ^ 

where, kg is the equivalent thermal conductivity, p/ is the weighted density of water and acetone, 

Cpg is the specific heat of water and acetone mixture. Bq is 

g _ Cpg(r,-Ts) (Equation 2) 

where, T^ is the surrounding temperature, T^ is the temperature of the droplet, and h/g is the heat 

of vaporization of the mixture. 

The experimental and theoretical values for evaporation rates for the two different 

compositions yielded an approximate 12 % discrepancy (Table 2). After comparing the 

experimental and theoretical data for evaporation rates, it was concluded that the current 

apparatus can be used for droplet combustion. 

A second sample composed of 2:1 volumetric ratio of water and acetone, respectively, 

and 5% (by volume) of nano aluminum (nAl) of particle size 80 nm. The nano aluminum 

particles were purchased from NovaCentrix (Austin, TX) and have a spherical morphology with 

82% active Al content (i.e., 18% is in the form of alumina (AI2O3), consistent with the 

passivation shell surrounding the Al core). It was observed that the nAl particles follow two 

stages after suspension. During phase I, the particle motion within the liquid medium is similar 

to that of a magnetic field. The particles moved with very high velocities inside the droplet. 

During Phase II, the particles settle down inside the droplet. Another sample of micron-

aluminum (^lAl) of size 3-4.5 jim, water, and acetone was then mixed and similar behavior was 

observed. The micron particles were purchased from Alfa Aesar and have a spherical 

morphology with 97.5% active Al content (i.e., 2.5% is in the form of alumina (AI2O3), 

consistent with the passivation shell surrounding the Al core). The solid-liquid mixtiire was 



injected onto the quartz fiber in form of small droplets which travels roughly 1 cm vertically 

down where the tiny droplets cumulates and suspends at the tip of the fiber. A syringe attached 

with a needle was used to inject these tiny droplets. The hydrodynamic motion associated with 

this movement stimulates particle trajectories within the liquid medium, which eventually 

subsides as observed during the Stage 11 period described above. It was concluded that this two 

stage behavior is an artifact of the experimental set-up. 

The water and acetone was substituted for nitromethane which is a monopropellant with a 

low ignition temperature (35^0) and a high boiling point (101.2°C). The nitromethane was 

purchased from Sigma Aldrich and has a 96% reagent grade (i.e., there is only 4% impurity in 

the solution). The nAl particles were mixed in small batched with nitromethane in a tightly 

sealed plastic container (Fig. 5). 

Figure 5: Sample of nitromethane in a plastic container 

The stoichiometry was calculated based upon the mass of the aluminum and nifromethane. The 

mass of these elements were measured using a weighing scale. A similar partem was observed 



when the nano and the micron particles were mixed with nitromethane. These mixtures were 

first agitated in order to attain uniformity in the solution and then suspended from the quartz rod. 

The droplets were then ignited using a nichrome wire (nickel-chromium) with 80% nickel and 

20% chromium by composition (Fig. 6). 

Figure 6: Heated nichrome wire 

The nichrome wire was connected to a voltage source that passed 3 Volts through the wire in 

order to heat it constantly (Fig. 1). The buming of these droplets was recorded with the Phantom 

IV (Vision Research, Wayne, NJ) high speed digital camera which captured images 100 frames 

per second. The Phantom /Khigh speed digital camera was attached with a K2 Long-Distance 

Microscope (Infinity Photo-Optical Company, Boulder, CO) for higher magnification. The 

nitromethane droplets were clear whereas the droplets with aluminum additives had lumped 

aluminum particles moving inside the droplet (Fig. 7) 
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Figure 7: Suspended droplet as seen with Phantom IV w/ K2 lens i) nitromethane ii) 

nitromethane with aluminum additive 

The data for bum rate (i.e. diameter of the droplet and time) of these mixtures was 

obtained using the Vision Research image processing and analysis software compatible with the 

Phantom IV. A trigger switch was used to initiate the recording in the image processing software 

(Fig. 8). 

Figure 8: High speed camera trigger 
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A high speed infrared camera with a wavelength of operation of 3-5 |im was purchased 

from FLIR. The lens of the infrared camera was attached with a 2.0 neutral density filter (i.e., 

the lens on the high speed infrared camera will transmit 98.5% of the radiation). Figure 9 is a 

snapshot of a buming droplet and the heated nichrome wire with the infrared camera. 

^ ^ ^ ^ ^ ^ I ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ f iHl^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 9 Nichrome 

1 Burning ^ ^ ^ ^ ^ ^ E ^ Q P ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H f f ^ ^ ^ ^ ^ ^ ^ ^ ^ H 

^^^^^^^^^^^^K', ^ ^ ^^ l̂̂ ^^^^^^^^^^^^^^^^^ l̂ 

Figure 9: The buming of droplet as recorded with the Infrared camera. 
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CHAPTER 3 

ANALYTICAL DISCUSSION 

It was observed that the droplets exhibit a two stage buming pattem. During the first 

stage, the outer surface of the droplet evaporates with a gentle slope. During the second stage, 

the buming is uniform in the entire droplet and has a much steeper slope compared to the first 

stage (Table 3). Figure 10 shows three consecutive snapshots taken during the transformation 

from evaporation to buming time. 

Figure 10: Three consecutive snapshots of transition from stage 1 to stage 2 

Figure 11 illustrates the two stage buming behavior in the pure niti-omethane sample. The gentle 

slope is where the droplet is evaporating thus, has very small change in diameter with respect to 

time. The steep slope is the uniform buming stage of the droplet and there is significant change 

in diameter with respect to time. 

13 
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Stage 1 vs. Stage II slope 

1.2 
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y = -0.0363x+ 1.0045 

-• • 

^ 0.6 
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B 0.4 ^ 
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Gentle Slope 

y = -0.5131x+ 1.1006 
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• Stage II 

0.5 1.5 

Time (s) 

Figure 11: CH3NO2 experimental data of the slopes 

It was observed that the droplet creates a light blue flame during the buming process. 

Figure 9 is a photograph of the droplet and the nichrome wire during combustion recorded with a 

high speed infrared camera that was used to record the droplet combustion. 

The droplet buming behavior varies with the environmental conditions and thus all the 

comparative tests were mn on the same day. The first set of tests included samples containing 

nitromethane alone, then nano-scale aluminum, and micron aluminum were added to 

nitromethane. The droplets bumed in room temperature air at 74.2 °C with a relative humidity of 

about 52%. The second set of tests was performed to compare the buming rates with different 

composition of the additives. The droplets bumed in room temperature air at about 72.5 °C. The 

original Al concentration was doubled and then tripled (Table 4). 
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The diameter and bum time was plotted on a excel spreadsheet and it was observed that 

the bum rate during the second stage for the micron particles (3-4.5 îm) were approximately 

13% less than that of the nano particles (80 nm) (Fig. 12). Previous experiments showed that 

micron particles of 20 |am yeilded poor results therefore, it was determined that smaller sized 

micron particles (i.e., micron particles of size 3-4.5 jim versus particles of size 20 \im) would be 

used since it could yield better results. Three samples of different compositions of nano and 

micron aluminum were then tested. 

Avg. burn rate (Stage 1 & 2) 

1.2 

(/> 
^̂  E 
E 
E 
E 
0) 

4-» 

(0 
ec 
00 

c c 
k . 

3 
CO 

1 j 

0.8 ] 

0.6 ] 
1 1 

0.4 ] 

0.2 ^ 

0 1 ' 

I stage 1 

I Stage 2 

-I —— r 

CH3N02 mAI+CH3N02 nAI+CH3N02 

Figure 12: Comparison of buming rates for the different samples 

The droplet diameter obtained was the longitudinal length since the rate of change of this 

diameter was easier to measure. It must be noted that the diameter of the droplet changes with 

each test. In order to normalize the bum rate calculations, the ratio of the droplet diameter and 

the maximum droplet diameter for that test versus time was plotted. All bum rates were obtained 

during the second stage. 
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Effect of particle diameter 

Figure 8 shows that addition of aluminum as an additive with nitromethane almost 

doubled the bum rate of the reaction but there was no dramatic difference in the bum rate of 

nano and micron particles. The addition of nano particles to the nitromethane increased the bum 

rate approximate 13% as compared to the bum rate of the sample with 0.015% of micron 

particles. It can be concluded that the particle size is not significant for these additives. One 

possible reason behind this phenomenon is that the nano particles present in the liquid 

monopropellant do not reach the velocities necessary for the melt dispersion mechanism. 

Effect of particle concentration 

Particle concentration affects the stochiometry of the mixture and associated buming 

scale. It was observed that particle concentration of 0.03 % or over (by mass) reduces the bum 

rate (Tables 4, 5). This may be due to the fact that the mixture is too fuel rich. The ftiel rich 

mixtures suppress the flame speed resulting in excess unbumt aluminum particles. 

Figure 13 compares the buming rates for the samples with each different concentrations 

of aluminum. It shows a trend in buming behavior with stoichiometiy. The buming rate for the 

sample with no aluminum is lower than the samples with aluminum. The pattem tends to reach 

the peak for 0.015% additive of aluminum, ft slows down and starts decreases as the aluminum 

content is increased. 
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Nitromethane vs. Al additive 

0.9 

0.8 

:^ 0.7 

I 0.6 

I 0.5 \ 

15 0.4 J 

I 0.3 ] 

» 0.2 j 

0.1 

0 ^ 

I 
i i 

• nAl+Nitro 

^mAI+nitro 

• nitro 

0.01 0.02 0.03 0.04 

Percentage of additive by mass 

0.05 

Figure 13: Comparison of buming rates for different samples 
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CHAPTER 4 

CONCLUSION 

The combustion of nano-aluminum with nitromethane was conducted without any use of 

gelling agents. The outcome of this study is significant because it combines solid propellants 

with liquid propellants and investigates the resulting buming properties. The study concluded 

the following: 

First, a diagnostic was created for liquid and solid (multi-component, multi-phase) 

mixtures. The experimental setup can study the buming of any liquid or solid-liquid droplet 

under ambient conditions (i.e. ambient temperature and pressure). 

Second, addition of solid particles enhances buming behavior of liquid monopropellant. 

The addition aluminum increased the bum rates of this multi-component droplet. There was no 

dramatic difference in the buming rate with addition of micron aluminum versus nano aluminum. 

Buming behavior is NOT a ftmction of Al particle size (for particle size < 4.5 (am). 

Third, mechanism in both cases (i.e. ^Al and nAl) is difftision through the oxide shell. 

Thus, mixing nano metals with monopropellants results in changes in its buming behavior. 

ft was determined that doubling or tripling the original concentration of aluminum decreases the 

bum rate. Addition of excess Al approaches the flanmiability limits for reaction thus reducing 

the bum rate. There is a strong influence of bum rate on small changes of stoichiometry. 

Aluminum hydride also knovm as alane is a chemical reagent used as reducing agent and 

also acts as a catalyst. Futtire sttidy related to the project will be conducted by adding alane 

(AIH3) to the present composition and investigate the change in the buming rate for micron and 

18 



the nanoscale particles. Addition of this compound with the current samples might accelerate the 

chemical reaction, thus resulting in faster bum rates. 

There have been many theoretical studies for enhancement of combustion behavior of 

propellants/ftiel with nano-energetic materials but this study is an experimental study to 

compliment the theory. The new diagnostic setup can be used to perform similar experiments 

with other nano-sized particles as additives. Similar works can be conducted using other nano-

sized particles such as boron, tungsten, and titanium since these particles have high gravimetric 

and volumetric heats of oxidation (Table 6). The knowledge gained about the behavior of nano 

aluminum will allow better design and control of the ignition processes of energetic materials to 

achieve new propulsion systems. 
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APPENDIX 

Table 1: Compositions of water and acetone samples by volume 

Sample 

1 

Water (volume, m^) 

5e-6 

5e-6 

Acetone (volume, m'') 

le-5 

2e-5 

Table 2: Comparison of theoretical and experimental evaporation rates of 2 different samples of 

water and acetone 

Sample 

1 

Theoretical Evaporation Rate 

(mmVs) 

-0.0034 

^H 

Experimental Evaporation 

Rate (mm^/s) 

-0.0030 

-0.00717 

% Error 

11.8 

10.4 

Table 3: Nitromethane with and without aluminum additives 

Sample 

Sample 1 (0% 

Sample 2 (0.015% mAl) 

Sample 3 (0.015% nAl) 

Stage I slopes 

-0.0503 

-0.1410 

-0.0360 

Stage II 

slopes 

-.492 

-1.012 

-0.798 

Standard Deviation 

(Stage II) 

0.0344 

0.369 

0.045 

% increase 

(Stage II) 

"• 

52% 

30% 
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Table 4: Nitromethane and micron aluminum of different concentrations 

Sample 

Sample 1 (0.015%) 

Sample 2 (0.030%) 

Sample 3 (0.045%) 

MassofCH3N02(gms) 

15.22 

10.05 

11.626 

Mass of |iiAI (mg) 

2.3 

3.0 

5.2 

Avg. Slope 

0.54078 

0.41056 

0.33064 

Table 5: Nitromethane and nano aluminum of different concentrations 

Samples 

Sample 1 (0.015%) 

Sample 2 (0.030%) 
l ^ ^ ^ ^ ^ ^ H 

' *!iampIeT{rai5%) 

Mass of 

CH3N02(gms) 

11.87 

10.63 

12.696 

Mass of nAl (mg) 

1.8 

3.2 

5.7 

Avg. Slope 

0.6744 

0.40172 

0.41755 

21 



Table 6: Heats of oxidation and densities for several energetic fuels 

Material 
Aluminum 

Boron 
Beryllium 
Carbon 

Iron 
Lithium 

Magnesium 
SiHcon 

TilJinium 
Tungsten 
Zirconium 

, HTPB 

Density [g/cc] 
2.700 
2.340 
1.850 
2.267 
7.870 
0.534 
1.740 
2.330 
4.510 
19.300 
6.520 
0.920 
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