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ABSTRACT 

The application of emission spectroscopy to monitor combustion products of solid rocket 

propellant combustion can potentially yield valuable data about reactions occurring within the 

volatile environment of a strand burner.  This information can be applied in the solid rocket 

propellant industry.  The current study details the implementation of a compact spectrometer and 

fiber optic cable to investigate the visible emission generated from three variations of solid 

propellants.  The grating was blazed for a wavelength range from 200 to 800 nm, and the 

spectrometer system provides time resolutions on the order of 1 millisecond.  One propellant 

formula contained a fine aluminum powder, acting as a fuel, mixed with ammonium perchlorate 

(AP), an oxidizer. The powders were held together with Hydroxyl-Terminated-Polybutadiene 

(HTPB), a hydrocarbon polymer that is solidified using a curative after all components are 

homogeneously mixed.  The other two propellants did not contain aluminum, but rather relied on 

the HTPB as a fuel source.  The propellants without aluminum differed in that one contained a 

bimodal mix of AP.  Utilizing smaller particle sizes within solid propellants yields greater 

surface area contact between oxidizer and fuel, which ultimately promotes faster burning. 

Each propellant was combusted in a controlled, non-reactive environment at a range of 

pressures between 250 and 2000 psi.  The data allow for accurate burning rate calculations as 

well as an opportunity to analyze the combustion region through the emission spectroscopy 

diagnostic.  It is shown that the new diagnostic identifies the differences between the aluminized 

and non-aluminized propellants through the appearance of aluminum oxide emission bands.  

Anomalies during a burn are also verified through the optical emission spectral data collected. 
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CHAPTER ONE: INTRODUCTION 

Solid rocket propellants have traditionally been used in high-thrust applications such as 

boosters for launching space vehicles or as propulsion systems for tactical weapons where a 

compact size is necessary.  Composite solid propellants are commonly utilized in rockets 

because of their high burn rates and favorable specific impulse (Davenas, 2003).  The chemistry 

of a typical composite propellant consists of three (3) main ingredients: fuel, oxidizer and, 

binder.  HTPB/AP-based propellants continue to be of interest, and modifying the burn rate of 

this propellant combination continues to be an area of active research.  Under burning conditions, 

the fuel and oxidizer react creating hot, gaseous combustion products. The gases form within a 

combustion chamber and escape through a converging-diverging nozzle, thus thrust can be 

produced.  Many of the fundamental processes that occur during solid propellant combustion are 

still unknown, and the development of new propellants remains highly experimental (Sutton and 

Biblarz, 2001; Davenas, 2003). 

In solid propellants, powdered metals, primarily aluminum, have been in use for over 

four decades because of their potential for high flame temperatures and increased performance. 

However, problems with melting temperatures, residence times, and oxide coatings often prevent 

the high potential of metal powders from being fully realized (Bukaemskii, 2002; Price and 

Sigman, 2000).  The physical mechanisms controlling the heating, vaporization, and combustion 

of aluminized solid propellant ingredients are challenging and continue to be the subject of active 

research both theoretically and numerically (Sambamurthi et al., 1984; Fitzgerald and Brewster, 

2004). 
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Potential areas where performance enhancement and burn rate tailoring can be made 

include additives, smaller solid particle sizes, and various metallic fuel combinations (Brill and 

Budenz, 2000; Dokhan et al., 2002b).  Recent research at The University of Central Florida has 

investigated particle size dependencies and the effects of additives (Small et al., 2005; Stephens 

et al., 2005a; Stephens et al., 2005b).  The intent of this newer research is to gain a better 

understanding of the complex combustion process. Through this new knowledge, the chemistry 

can more effectively be modified to produce a better, more efficient propellant or a propellant 

tailored for a very specific or unique purpose. 

While critical burn rate information is obtained from the strand burner setup, additional 

knowledge of the details of the burning process is useful in determining the fundamental 

behavior of the propellant mixtures with and without the additives.  Because of the harsh, high-

pressure environment of the strand burner, detailed measurements using intrusive means are 

difficult.  The focus of the present study is therefore on the incorporation of an emission 

spectroscopy diagnostic onto the high-pressure strand burner experiments.  To better identify the 

reactions occurring within the laboratory, a spectrometer was added to the testing apparatus 

(Arvanetes and Petersen, 2006).  The data gleaned from the spectrometer identify the 

predominant gaseous species present during reaction. 

Since the time scale of the burn is on the order of one second for typical solid propellant 

strand samples, there is plenty of time within the limits of the spectrometer setup and computer 

data acquisition system (∼ 1 ms combined), allowing for several readings to be taken as a 

function of time.  Others have used similar emission techniques to study the burning of solid 

propellants and related particles, such as Glumac et al. (Glumac et al., 2005). 
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There are various reasons for adding the spectrometer diagnostic capability to the existing 

strand burner facility, namely: 1) to determine if certain additives are participating chemically in 

the combustion process or whether they are acting as a type of catalyst by looking for the 

emission from their gas-phase intermediates; 2) to verify the baseline combustion behavior of 

both metallized and non-metallized propellants from test to test; 3) to watch for any correlation 

between the emission signature during a typical burn and incomplete combustion, explosions due 

to voids, and other anomalous behavior; and 4) to infer gross temperatures and relative 

concentrations.  

Provided in this thesis is a discussion on solid propellants and emission spectroscopy 

followed by an explanation of the research and an analysis of the data collected. The research 

involves the addition of a compact spectrometer to a strand burner facility for testing solid rocket 

propellants and analyzes the data collected from both the spectrometer as well as the existing 

diagnostics. 
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CHAPTER TWO: BACKGROUND 

Rocket Fuel 

The basic composition of a typical high burn rate propellant with a high solids loading 

consists of 10.5% HTPB binder, 20% aluminum powder, 67.5% AP, 0.5% Iron Oxide (Fe2O3), 

and 1.5% MDI curative. A basic non-metallic propellant contains 18.1% HTPB binder, 80% AP, 

1.7% IPDI curative, and 0.2% Tepanol. In the non-metallic propellants, the HTPB, a complex, 

polymer hydrocarbon, acts as the fuel source in the absence of Aluminum. 

A common descriptive parameter of solid rocket propellants is the burn rate.  As the 

combustion chamber pressure increases, the propellants burn faster.  The empirical correlation 

between pressure and burn rate follows: 

 

nAPr =  

 

Where r is the burn rate, A is a constant, P is the pressure, and n is the pressure exponent.  

A and n are calculated by testing a propellant across a range of pressures and fitting an 

appropriate exponential curve to the data (Sutton and Biblarz, 2001). 

There has been much interest in recent years to better understand the chemical reactions 

occurring within rocket fuel as well as typical individual components of composite propellants.  

Apte and Yang have studied the combustion dynamics of solid propellants (Apte and Yang, 

2002).  The products of propellant combustion have been studied to further determine the 

reactions during burning (Glotov, 2002).  Aluminum particle combustion has attracted many 
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researchers.  For example, the ignition of a single aluminum particle was studied by Federov and 

Kharlamova taking into consideration the rapid oxide growth (Federov and Kharlamova, 2003). 

Through the use of smaller particle size components, the surface area of ingredients in 

contact with other ingredients increases significantly.  Positive benefits of replacing micron-scale 

powders in solid propellants with nano-sized particles have been demonstrated by researchers 

such as Dokhan et al. (2001, 2002a, 2002b, 2003), Lessard et al. (2001), Popenko et al. (2002), 

and Granier and Pantoya (2004).  A recent study at The University of Central Florida (UCF) 

investigated the use of multiple-size particles, or bimodal, Ammonium Perchlorate (AP) and the 

effect on burn rate (Stephens et al., 2005b).  There have been studies on adding non-typical 

components to a standard composite propellant composition such as Iron Oxide (Fe2O3) or 

Titania (TiO2) particles (Sutton and Biblarz, 2001).  Nano-scale Titania particles were grown and 

incorporated into an aluminized composite propellant to study their effect on the propellant’s 

burn rate (Small et al., 2005). 

Researchers have taken interest in nano-scale aluminum as a means for significantly 

increasing the burn rate of aluminum-based propellants or the released energy of explosives 

(Stephens et al., 2005a; Brousseau and Anderson, 2002; Mench et al., 1998; DeLuca et al., 

2005).  Advantages to using submicron Al particles as some fraction if not all of the fuel are 

mostly based on their increased surface-to-volume ratio, allowing decreased melting and 

vaporization times and their increased contact with the propellant oxidizer, usually ammonium 

perchlorate (AP).  Non-aluminized propellants have also been studied. Propellants with low 

pressure sensitivity tend to be more stable (Chakravarthy et al., 2001).  Many questions 

regarding the application and effects of nano-sized aluminum on the processing, strength, burn 

rate, and acoustic properties of AP-based composite propellants are still unanswered 
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(Blomshield, 2004).  One problem in particular is the introduction of the fine metal powder into 

the propellant matrix. 

The military’s interest in developing high burn rate propellants for tactical use date back 

into the 1960’s and 1970’s.  In a final report from 1971, Aerojet presents their development work 

and findings to the Naval Weapons Center at China Lake, California (Lou and Katzakian, 1971). 

Hybrid rocket motors typically utilize a gaseous oxidizer such as Oxygen (O2) or Nitrous 

Oxide (NO) that is introduced into a combustion chamber through an injector.  The combustion 

chamber is similar to that of a standard rocket propellant in that the combustion products line the 

walls of the chamber.  The solid material inside a hybrid rocket motor is the solid fuel only; the 

oxidizer is injected and reacted.  A major advantage of hybrid rocket motors is the ability to 

throttle, or control the thrust, of the motor.  Like in solid rockets, as the fuel combusts and is 

exhausted, the volume of combustion chamber increases.  This fuel regression rate is used to 

help identify the available burn time within a rocket motor (George et al., 2001).  Subscale 

hybrid motors containing ultra-fine aluminum have also been tested (Risha et al., 2001; Evans et 

al., 2004). 

Emission Spectroscopy 

Emission spectroscopy diagnostics enable a researcher to analyze photonic emissions by 

wavelength.  Figure 1 shows a schematic of the inside of the Ocean Optics USB2000 

Spectrometer.  The spectrometer converts incoming light into voltage across a Charge Coupled 

Device (CCD) wherein each pixel of the CCD represents a pre-calibrated wavelength.  Much like 

how a prism diffracts white light into the visible spectrum, a diffraction grating inside the 
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spectrometer expands the incoming emission, allowing each pixel of the CCD to detect a 

different wavelength of the incoming light.  The CCD pixel produces a voltage that is 

proportional to the intensity of the light at that specific position, or wavelength. 

 

To Computer 
(Via USB Cable) 

Incoming Light 
(Via Fiber Optic Cable) 

Diffraction Grating

CCD 
Detector 

Figure 1: Spectrometer Internal Schematic 

There are several features of the USB2000 spectrometer that make it advantageous to use 

in a strand burner environment.  A key feature of the Ocean Optics product is that it is pre-

calibrated and adjusted at the factory and does not need calibration (Appendix A).  This reduces 

the amount of necessary support equipment by not needing calibration light sources and 

additional lab space.  The Ocean Optics fiber optic cable included calibration data as well 

(Appendix B).  Also, the USB2000 is roughly the size of a small digital camera (90mm x 65mm 

x 35mm) occupying very little lab space (Appendix C).  The input and output signals are fiber 

optic and USB cables.  Not relying on a complex configuration of lenses and mirrors allows the 
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device to be safely placed out of sight where it cannot be damaged. The simple USB interface 

utilizes an effective common commercial standard and does not require additional unique 

hardware to operate. 

The compact OceanOptics USB2000 spectrometer receives its power and control signals 

through a USB cable attached to a PC with the SpectraSuite software installed and running.  

Through a graphical user interface (GUI), all spectrometer functions may be set.  The data 

collection process is also initiated through the computer software. 

Effective use of the spectrometer software allows the researcher to define the integration 

time for the sample.  The longer the spectrometer’s CCD collects photons, the higher the output 

voltage will be.  Setting the integration time too long will cause the output of many pixels to 

peak at their maximum voltage output.  Setting the integration time too low will result in poor 

Signal-to-Noise (S/N) Ratio.  When all pixels are assembled graphically, the results may look 

similar to the curves in Figure 2.  The lines both represent typical spectral data collected from 

two separate non-aluminized propellant samples.  
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Figure 2: Typical Plot Showing Spectrometer Data: 2 Samples of Same Propellant Mixture 

Through the SpectraSuite software developed by Ocean Optics, the spectrometer’s 

manufacturer, time dependent data can also be collected.  After compiling the data, changes or 

fluctuations within the burning region may become visible.  Figure 3 shows a typical example of 

time-resolved emission data.  The recorded intensities increase as the sample starts burning, and 

specific peaks become better defined.  This information is discussed further in the results section.  

9 



0

500

1000

1500

2000

2500

35
0

38
5

41
9

45
4

48
7

52
1

55
4

58
6

61
9

65
1

68
2

71
3

74
3

77
3

80
3

83
2

Wavelength (nm)

In
te

ns
ity

t=1.3s

t=0.2s

t=0.1s

 

Figure 3: Time-Resolved Spectrometer Plot 

Emission spectroscopy is useful to solid propellant research in that the diagnostic can 

assist in the identification of combusting species.  Elements or compounds within the propellant, 

when excited, heated or decomposed give off unique spectra (Arvanetes and Petersen, 2006).  

Looking at Figures 2 and 3, there are several specific peaks that occur across the spectrometer’s 

wavelength range.  References such as Schick’s Thermodynamics of Certain Refractory 

Compounds Volumes 1 and 2 (1966), The Handbook of Chemistry and Physics, and Herzberg’s 

Molecular Spectra and Molecular Structure can be utilized to identify the materials present.  

When modifying the propellant or adding new components, emission spectroscopy can be 
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employed to validate whether the additional chemical species is reacting within the combusting 

products. 

The emission spectroscopy diagnostic can be incorporated into a combustion experiment 

several ways. One method is reacting solid propellant components in a Bunsen-type flame 

(Mamen et al., 2005).  Other researchers have utilized a pressure vessel with a window allowing 

a profile view of the burning sample (Weiser and Eisenreich, 2005; Yang et al., 2005).  This 

configuration is most similar to the current experiment configuration at UCF. 

Emission spectroscopy is also applicable to hybrid rockets. The spectrometer apparatus 

can be applied in a manner to allow internal combustion monitoring (Wright et al., 2005) or to 

study the exhaust plumes (Maxwell and Hudson, 2005; Hudson et al., 1998).  In another 

experiment, researchers intended to target carbon dioxide, water, and hydroxyl (OH) radicals in 

the exhaust of a hybrid rocket. The experimental setup incorporated two spectrometers detecting 

different spectral ranges (Wilson et al., 2005). 

Optical diagnostics other than emission spectroscopy have also been employed, enabling 

researchers to study combustion features such as how far above the surface of a burning 

propellant sample different species react (Parr and Hanson-Parr, 2000).  Lasers and advanced 

absorption techniques were employed to identify where and how various components react with 

each other. 
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CHAPTER THREE: EXPERIMENT 

Prior to burning a sample, the propellant must first be prepared.  The required quantities 

of ingredients are carefully combined utilizing a vacuum pump to ensure all air bubbles are 

removed from the propellant.  A small amount of curative is added near the end of the mixing 

process to cause the binder to solidify.  The final mixture is extruded into narrow tubing, 

allowing the propellant to cure.  The tubing containing the propellant is cut into shorter lengths, 

roughly 30cm long and placed into a constant temperature oven to cure at the specified 

conditions.  Once cured, the propellant is removed from the tubing.  These propellant strands are 

stored until needed.  

All ingredients for the mixtures are obtained from commercial suppliers.  Table 1 

provides a list of the primary chemicals.  Note that only monomodal ammonium perchlorate 

(AP) was purchased, with an average size of 200μm.  For bimodal AP, the coarse powder is 

ground in a ball mill and sifted through a sequence of mesh screens.  The fine AP used in the 

experiments has a mean diameter of 82.5μm ±7.5μm (Stephens et al., 2005b).  The aluminum 

has an average size of 3 μm.  Note also that the PAPI 94 curative, an MDI, is a room-

temperature curing agent.  The IPDI curative requires a slightly increased temperature for curing. 
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Table 1: Propellant Ingredients, Details, and Suppliers. 

Type Name Supplier Notes: 

Aluminum Powder German Black FireFox Enterprises 3 micron 

Ammonium Perchlorate - SkyLighter 200 micron 

Fe2O3 microfine FireFox Enterprises 325 mesh 

HTPB R-45M Aerocon Systems - 

Diphenyl Methane Diisocyanate (MDI) PAPI 94   (DOW) Aerocon Systems - 

Isophorone Diisocyanate (IPDI) - SkyLighter - 

 

At the center of the experiment is the strand burner.  This pressure vessel allows 

propellant samples to be safely tested in a controlled environment. 

Strand Burner

Photodiode 

Spectrometer 

DAQ Computers 

Strand Holder

P 

Pressure Transducer 

Fiber Optic 
Cable 

 

Figure 4: Schematic of Strand Burner Experiment 
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Figure 4 shows a schematic of the strand burner facility and related diagnostics, discussed 

in more detail by Carro et al. (Carro et al., 2005) and Stephens et al. (Stephens et al., 2005a).  

The burner is made of a cadmium-plated, low-carbon steel alloy and is capable of test pressures 

up to 5300 psi; it has an inner diameter 7.94 cm and is 30.48 cm long.  Each propellant sample is 

6.4 mm in diameter and approximately 25.4 mm in length.  Burn rate is measured in each 

experiment from the rise in chamber pressure as recorded by the pressure transducer and verified 

by the visible light emission monitored by the photodiode mounted near the endwall opposite the 

burning sample (Fig. 4).   

The strand requires minimal preparation for burning.  The strand is placed into the strand 

holder, as shown in Figure 5.  The sidewalls of the propellant are coated with HTPB to inhibit 

combustion on the sides, forcing the strand to burn from along its axis.  A 30-gauge Nichrome 

wire is placed across the leading edge of the propellant sample and secured to the eyelets on 

either side of the sample.  The Nichrome wire is the propellant ignition source. 

 

Figure 5: Propellant Strand Prepared in Strand Holder 
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Solenoid-operated pneumatic valves control the filling and venting of the gases to and 

from the bomb, ensuring remote operation.  Manual valves and metering valves provide 

redundancy and preset flow control.  A removable plug manufactured from a 25.4-mm (1-in) 

diameter bolt serves as the propellant sample holder, which contains a Conax feed-through fitting 

for passage of the main ignition wire.  Ignition of a strand is done by passing a current through a 

nichrome wire strung across the main ignition lead, touching the propellant, and connected to the 

grounding eyelet, as shown in Figure 5.  An off-the-shelf motorcycle battery provides the 

current.  A relay in between the battery and the propellant sample is connected to an ignition 

switch for remote firing. 

 

Figure 6: Fully Prepared Strand Burner 
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The assembled strand holder is placed into the strand burner and secured.  The ignition 

source is connected and the room is vacated.  Figure 6 shows the strand burner with the strand 

holder installed and the ignition source connected.  From a remote location, the strand burner is 

pressurized to the required level with Argon gas.  The data acquisition systems are activated, and 

the ignition signal is sent.  From the remote location, ignition is verified through a real-time data 

display of the chamber’s pressure.  Upon completion of data acquisition, the chamber is 

depressurized and the next sample is prepared. 

Three primary diagnostic techniques are available for monitoring the burning of a 

sample: pressure, light emission, and spectroscopy.  A schematic of the diagnostics relative to 

the bomb is provided in Figure 4.  The pressure transducer (Omega model PX02C1-7.5KG5T) is 

mounted in the endwall opposite the sample and serves as the primary means for obtaining the 

burn rate; the range of the transducer is 1-510 atm (0-7500 psig).  A secondary technique for 

quantitative assessment of the burn rate is based on the detection of the visible light emitted from 

the burning sample.  The high-speed Silicon-photodiode detector (New Focus 2031) is 

positioned near the window plug on the far-side endcap (Fig. 4).  For the experiments herein, the 

light emitted from the burner was not spectrally filtered so that the Silicon detector observed 

broadband emission over its entire spectral range, which is approximately 350-650 nm.  Such 

broadband emission provides a clear beginning and end of the propellant burn.  The third 

diagnostic, the spectrometer, utilized in the current setup is positioned at the sidewall, in-line 

with the sample.  The compact spectrometer is an Ocean Optics USB2000 device (Fig. 7) that 

plugs directly into the computer via a USB port, as mentioned in Chapter 2.  The emitted light 

from the burning sample is passed to the spectrometer via a fiber optic cable (Fig. 6).  The 

spectrometer is controlled and powered through the computer’s USB port.  The spectrometer and 

16 



related software allow for efficient and accurate data collection at 100-millisecond intervals 

(Arvanetes et al., 2006). 

 

Figure 7: An Ocean Optics USB2000 Spectrometer 

During the course of an experiment, in addition to the pressure transducer and broadband 

intensity data, the time-dependent spectra are obtained and subsequently analyzed and compared 

to the growing database of spectra for the propellant combinations previously studied in the 

laboratory.  The spectrometer is blazed for a wavelength range from 200 – 800 nm.  This spectral 

range allows access to many intermediate and stable species within the flame zone, with 

emphasis on those formed from their solid-particle precursors.  For example, a typical 

wavelength range and species within the visible operating range of the spectrometers when 

aluminum particles are present would be the A→X emission of AlO near 480 nm (Sultzmann, 
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1975; Linton and Nicholls, 1969; Ye et al., 1988).  When additives are present, similar 

intermediate oxides are monitored, depending on the additive of interest. 

When the propellant sample burns within the pressurized strand burner, the hot, gaseous 

combustion products create an increase in pressure during the course of the burn due to the 

gaseous products and the higher temperatures.  This pressure increase was typically about 10-

20% of the initial pressure.  Although ideally the samples should be burned in a constant-

pressure environment, this slight increase in pressure created a means with which to quite 

accurately determine the burn rate of a given strand.  Figure 8 presents a typical pressure signal 

showing the condition before, during, and immediately after a test.  The start of the pressure rise 

clearly delineates the onset of burning; upon completion of the burning, there is a distinct 

inflection point in the pressure and then a slower decrease in pressure until an equilibrium 

pressure level is attained.  The equilibrium pressure level corresponds to the pressure due to the 

initial argon diluent plus the additional gases from the combustion products.  The decrease in 

pressure immediately upon completion of the burn is reasoned to be from heat transfer, as the 

gases will begin to cool once the burning has stopped.  It could also be due to condensation of 

the particulate matter upon cooling. 

A computer model was created using MathCAD to confirm the trends observed in the 

pressure traces (Appendix D).  Using conservation of energy and conservation of mass in an 

unsteady control volume approach, the model supports the burn data.  The model accurately 

predicts the pressure rise recorded in actual experiments.  Future experiments can benefit from 

the model through accurately projecting how a newly developed fuel will react and the pressure 

rise to be expected from a given sample size.  
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Figure 8: Typical Pressure and Photodiode Emission Signals 

The photodiode signal corroborates the onset and completion of the burning as inferred 

from the pressure trace.  Figure 8 shows that the light increases immediately upon initiation of 

the burn and ends when the burning has finished.  In many cases, the light intensity decreased 

with time and is most likely due to solid particulates obscuring the visible emission from the 

gaseous products.  The burn rate inferred from the emission signal in most cases was within a 

percent or two of the rate inferred from the pressure signal.  In certain cases where there is a 

problem with the pressure signal transmission, the burn rate can be taken from the light signal 

with confidence. A closer look at the light and pressure signals during the actual burn is shown in 
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Figure 9.  The burn time is indicated, and the quality of the data seen in Figure 9 is representative 

of most burns. 
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Figure 9: A Detailed Look at Pressure and Emission During a Burn 

Ignition occurs at the point when the chamber pressure begins to increase.  At the onset 

of ignition, the propellant begins to emit light which is measured through the photodiode.  Burn 

rate calculations for the samples above (Figs. 8 and 9) are conducted as follows: 
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CHAPTER FOUR: RESULTS 

The experiment consists of several complementing investigations.  Prior to the current 

effort, many of the propellants developed contained aluminum.  Since, as previously discussed, 

aluminum is the preferred metallic fuel; a spectral study of a baseline aluminum fuel was desired.  

The most recent efforts in the lab have focused on non-aluminum based propellants.  The 

significant differences between these two propellants lends itself to a potentially interesting 

comparison – what effect does the aluminum have on the emission spectra of a composite rocket 

propellant?  A bimodal variant of the AP/HTPB fuel was also developed.   

The addition of an emission spectroscopy diagnostic with the ability to collect time-

resolved data during the course of a burn can present a better understanding of how a reaction 

develops inside the strand burner.  The broadband emission data collected at the far side end cap 

has traditionally been compared with the pressure data to corroborate ignition and extinction 

times.  A typical experimental problem occurring with some propellants is premature explosion.  

Explosions are fairly easy to identify on the pressure transducer’s output, but what is actually 

happening is not very clear.  With the addition of an emission spectroscopy diagnostic, a better 

insight to the phenomenon is possible. 

The diagnostics, when combined, provide a detailed account of the bulk chemical 

reactions within the strand burner.  The results section is broken into seven separate 

investigations. 

Al/AP/HTPB Baseline Propellant Study 

Table 2 identifies the composition of a typical baseline, aluminized propellant. 
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Table 2: Al/AP/HTPB Baseline Propellant Formula 

 HTPB Tepanol Al (3μm) Fe2O3 AP (200μm) Curative 

Mix 044 10.55% 0.20% 19.98% 0.50% 67.32% 1.45% 

 

The propellant strands were tested at eight pressure intervals ranging from 250psi to 

2000psi.  The pressure data are utilized to calculate burn rate.  The light emission data assists 

with validating ignition and extinction.   

Burn rate calculations are made for each sample throughout the target pressure range and 

plotted on a log-log plot.  An exponential curve is fit to the data, and the coefficient (A) and the 

pressure exponent (n) can be calculated. In Figure 10, a pressure exponent of 0.60 is calculated 

with an R2 value of 0.9512.  The three outliers were from samples that unexpectedly exploded 

during the burn.  In a later section, identification of exploding propellant samples is discussed. 
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Figure 10: Burn Rate Data for a Baseline Al/AP/HTPB Propellant 

The spectrometer data collected from several Mix 044 burns show several distinct peaks. 

(Fig. 11).  Each of the four curves in the Figure represents the peak emission spectra from one of 

four separate burns within the same batch of propellant. 
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Figure 11: Emission Spectra for Aluminized Baseline Propellant 

The most visible peak is centered at 589nm.  Recent research has attributed this feature to 

sodium pollution (Maxwell and Hudson, 2005).  Similarly, research shows the emission at 

767nm is due to potassium.  These pollutants are routinely found in current research, and their 

intensity relative to the other emissions is comparable.  This is not an unexpected result.  The 

pollutants are most likely contained within the AP and/or HTPB.  The aluminum does not 

contain the sodium or potassium pollution due to the existence of the same emission features in 

both aluminized and non-aluminized propellant samples.  Through further testing, the 

responsible ingredient, AP or HTPB, for the recorded pollution can be identified, although it is 
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likely to be the HTPB as Maxwell and Hudson (2005) see it in their HTPB-only hybrid rocket 

burns. 

AP/HTPB Baseline Propellant Study 

Table 3 identifies the composition of a typical baseline aluminized propellant. 

Table 3: AP/HTPB Baseline Propellant Formula 

 HTPB Tepanol Al (3μm) Fe2O3 AP (200μm) Curative 

MDA02 18.07% 0.20% 0.00% 0.00% 80.00% 1.73% 

 

Non-aluminized propellants are not expected to have comparable combustion 

characteristics.  The explosive nature of aluminum powder promotes a faster burn rate but 

introduces increased sensitivity to smaller pressure changes.  Figure 12 is the non-aluminized 

pressure and photodiode data. 
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Figure 12: Pressure and Light Emission - AP/HTPB Baseline 

The pressure spike around the 1.25 second mark is from the electromagnetic interference 

induced by the ignition source relay.  Many plots show this feature and the event is ignored. 

Non-aluminized propellants appear to be more stable than an aluminized counterpart.  The 

pressure exponent derived from the burn rate plots qualifies the stability of a propellant.  When 

testing an AP/HTPB baseline propellant, the pressure exponent is approximately half (0.29 vs. 

0.60) that of an Al/AP/HTPB baseline propellant with monomodal AP and 3-μm Al. (Fig. 13) 
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Figure 13: Burn Rate Data for Baseline AP/HTPB Propellants 

In regards to emission spectroscopy, the absence of aluminum combustion was expected. 

The data collected continued to show the same sodium and potassium emission features. (Fig. 

14) The two curves in Figure 14 depict separate burn samples from the same batch of non-

aluminized baseline propellant. 
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Figure 14: Emission Spectra for AP/HTPB Baseline Propellants 

 

Bimodal AP/HTPB Propellant Study 

Table 4 identifies the composition of a typical baseline aluminized propellant. 

Table 4: Bimodal AP/HTPB Propellant Formula 

 HTPB Tepanol Al (3μm) Fe2O3 AP (200μm) AP (82.5μm) Curative 

MDA04 18.07% 0.20% 0.00% 0.00% 56.00% 24.00% 1.73% 
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The addition of bimodal ammonium perchlorate (AP) to an Al/AP/HTPB propellant has 

previously been attempted with promising results (Stephens, 2005b).  The pressure and light 

traces, Figures 15 and 16, depict a smooth and consistent burn. 
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Figure 15: Pressure and Light Emission - Bimodal AP/HTPB 
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Figure 16: Pressure and Light Emission - Bimodal AP/HTPB - Detailed View 

Over a pressure range of 250 to 1500 psi, the individual burn rates were calculated and 

plotted on a log-log graph as shown in Figure 17. 
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Figure 17: Burn Rate Data for Bimodal AP/HTPB Propellant 

By comparison, the pressure exponent is higher than that of the baseline propellant but 

lower than the aluminum-based fuel.  In the bimodal fuel, 30% of the AP consisted of particles 

with a mean diameter of 82.5μm ±7.5μm.  The remaining 70% of the oxidizer was identical in 

size to the baseline propellant (200μm). Smaller particles create larger exposed surface areas, 

increasing the propellant’s ability to burn more quickly.  The addition of nanometer particles of 

aluminum to rocket fuel as in previous research has attempted to accomplish the goal of 

increasing the burn rate of a propellant formula (Stephens, 2005a).  As evidenced by an 

increased pressure exponent, the smaller particles create a propellant that is more sensitive to 

pressure fluctuations. 
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In regards to the spectrometer diagnostic, the resultant output was expected to be similar 

to the baseline samples.  There was no change in chemistry other than a portion of the oxidizer 

having a smaller particle size.  The two traces in Figure 18 show data collected from the 

spectrometer during two sample burns of the bimodal AP/HTPB propellant.  Many of the same 

trends and peaks are evident. 
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Figure 18: Emission Spectra for Bimodal AP/HTPB Propellant 
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AP/HTPB Propellant Comparison: Baseline vs Bimodal 

After collecting data from three primary propellant compositions, a cross comparison 

analysis was necessary.  The first comparison is between the non-aluminized propellants and the 

effect of the bimodal AP substitution. 

As shown in Figure 19, the bimodal propellant’s burn rate is higher than that of the 

baseline propellant at pressures above 500psi. 
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Figure 19: Burn Rate Comparison of AP/HTPB Propellants - Baseline vs. Bimodal 

By inspecting the emission data collected by the spectrometer (Fig. 20), the spectra is 

practically identical, which agrees with the anticipated results, since there were no chemical 
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changes to the propellant that would induce the spectra to vary.  The black traces represent the 

baseline composition.  The gray traces represent the bimodal variation of the baseline. 
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Figure 20: Comparison of Baseline Monomodal AP Propellant with Bimodal AP 

The Effect of Aluminum on Baseline Propellants 

The next comparison investigates how adding a fine aluminum powder to the AP/HTPB 

propellant changes the burn rate and emission spectra. 
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Figure 21: Burn Rate Comparison of Baseline Propellants - Al/AP/HTPB vs. AP/HTPB 

By inspection, the aluminized propellant’s burn rate is higher at all pressures between 

250psi and 2000psi. (Fig. 21)  By extrapolating each burn rate curve, the burn rate of the 

aluminized propellant would be expected to be greater for all pressures above 100psi. 

Several interesting features become apparent through comparing the emission spectra 

from both propellants, shown in Figure 22.  The top two curves are spectral data from aluminized 

baseline propellant.  The bottom two curves are representative of the baseline AP/HTPB 

propellants.  While in each plot, blackbody radiation appears to be interfering with the 

resolution, there appears to be an increase in emission near the 520nm region.  The blue-green 

AlO emission bands occur from 430nm to 550nm (Ye et al., 1988).  The increased emission is 
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due to the aluminum combusting.  One of the first stages of aluminum’s oxidation process is AlO 

production.  Although short in duration, AlO identification validates the notion that the 

aluminum powder is combusting in the propellant.  The final state of combusted aluminum is 

Al2O3. 
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Figure 22: Al/AP/HTPB vs. AP/HTPB Baseline Propellants 

The reaction zone temperature can be approximated by comparing the overall intensity 

curve to the blackbody intensity curve defined by the Planck distribution at a given temperature 

(Incropera and DeWitt, 2002).  The Planck distribution is given by: 
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The Planck distribution shows the relative intensity as a function of wavelength (in μm) 

and temperature.   

AP/HTPB Baseline Propellant: Time-Dependent Study 

The USB2000’s ability to record data in sequential segments of time helps researchers to 

identify changing combustion products during the burning process.  Figure 23 outlines the course 

of a propellant test.  Starting from ignition, the intensity grows over a period of 1.3 seconds, then 

begins to decrease until extinction at 3.1 seconds.  Several features become evident from 

developing a time-resolved emission spectra plot.  The primary feature is the appearance of 

sodium from the moment of ignition throughout the burn.  The second event is the appearance of 

potassium.  At ignition this emission is not seen.  First apparent at t=0.2 seconds, the emission 

remains through the t=1.3 second peak emission.  By t=1.5 seconds, the peak disappears and 

does not return. 
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Figure 23: Time-Resolved Spectra for AP/HTPB Baseline Propellant 

Spectral Identification of an Explosion 

Occasionally the propellant strand will begin to combust at a much higher rate than 

expected.  A premature explosion occurs; most likely the result of combustion gases propagating 

through voids and cracks in the propellant.  This happens when the side of the strand ignites or 

when the burning end encounters an air pocket embedded within the propellant.  Each of the 

diagnostics clearly identifies an explosion. 
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One such event occurred in the baseline Al/AP/HTPB propellant tested in the current 

experiment.  The sample was to be tested at 1500psi.  Data collected from the photodiode and 

pressure transducer are shown in Figure 24. 
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Figure 24: Pressure and Light Emission - Al/AP/HTPB Baseline Explosion 

The sample was measured at 0.75”, and a burn rate of 0.9-1.0 in/s was expected.  This 

sample instead measured a burn rate of 3.23 in/s, over three times the appropriate burn rate for 

this propellant combination.  A closer look at the burning region identifies more detail of the 

burn. (Fig. 25) 
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Figure 25: Pressure and Light Emission - Al/AP/HTPB Baseline Explosion - Detailed View 

The point of ignition occurs at 0.15s, where both the pressure and light data begin to 

increase.  The pressure increases are not steady, as expected, but rather show a sequence of two 

rapid increases before burning out.  The light emission data shows two significant peaks of 

intensity that correspond to the sudden rises in pressure.  The small propellant sample exploded 

in two short bursts. 

The spectrometer data agree with the sudden increase in light output. 
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Figure 26: Time Resolved Plot of Propellant Explosion, Al/AP/HTPB Baseline Mixture 

Figure 26 shows less than a half second in time.  At t=0, the spectrometer was recording 

no light emission.  One-tenth of a second later, the spectrometer was registering a maximum 

input at the 589nm wavelength and the intensity level across the measured spectrum was higher 

than the nominal input intensity.  One-tenth of a second later, the intensity has settled down.  

Finally, after three-tenths of a second the sample has finished combusting.  Both the rapid burn 

time as well as the higher-than-normal spectral intensity corroborates the pressure transducer and 

photodiode data.  The exploding sample presents a unique data set that easily separates itself 

from the samples that combusted properly. 
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

The initial data collected through the incorporation of a spectroscopy diagnostic appear to 

provide valuable information, complementing the existing pressure and broadband light emission 

data.  During experimentation, the collected data provide solid rocket propellant researchers 

information detailing the presence of combusting ingredients, or lack thereof.  The new 

diagnostic supports the existing data collection methods by further confirming the identification 

of a premature explosion. 

The strong emission from AlO that was expected did not present itself as clearly as 

desired above the background thermal emission from particles and within the 1-nm resolution of 

the spectrometer, yet the data still support existence of aluminum combustion in the appropriate 

fuels.  The comparisons of aluminized and non-aluminized propellants clearly demonstrate the 

differences.  From an emission perspective, the diagnostic verified the similarity of baseline and 

bimodal AP propellants.  The burn rate data, however, showed a clear difference. 

Both variations of non-aluminized propellant demonstrated increased stability over the 

aluminized counterpart.  This feature is noted by comparing the pressure exponents from each 

propellant’s burn rate equation. The aluminized propellant possessed an exponent of 0.60 where 

the non-aluminized propellants demonstrated exponents of 0.29 (baseline) and 0.47 (bimodal). 

The strong appearance of sodium in the spectroscopy data may lend itself to further 

analysis.  The relative strength of this feature as compared to the other spectral data might permit 

a detailed study of the shape and width of the feature, allowing further insight and understanding 
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of the combustion occurring within the strand burner.  The sodium spike is shown to be highly 

visible across all pressure ranges. 

The spectrometer has effectively identified and validated the existence of a premature 

explosion during a sample.  Being able to properly identify and reject these samples is vital to 

collecting and analyzing accurate and repeatable data. 

Recommendations 

Several recommendations have surfaced through the initial integration and testing of the 

spectroscopy diagnostic.  These recommendations primarily exist as a means of improving the 

current configuration. 

The spectrometer presently employed possesses a resolution of approximately 1 nm.  A 

spectrometer with a higher resolution will be better able to distinguish unique spectral features 

that would otherwise not be identified.  In a similar effort to increase resolution and precision, 

the application of optical filters, other than Neutral Density, to isolate spectral bands of interest 

or eliminate unwanted emissions will assist in identifying hard to locate emissions. 

Other potential ideas for future incorporation include expanding the test pressure range.  

The strand burner facility at The University of Central Florida is capable successful tests at 

pressures up to around 5000 psi.  The current effort explored up to 2000 psi.  The optical 

emission from solid rocket propellants may begin to vary as pressures become higher. 

With the increased interest in additives to traditional solid rocket propellants, an emission 

spectroscopy diagnostic will aid in identifying and validating the combustion of the new 

components.  Showing the change in burn rate data could be paralleled with spectroscopy data 
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confirming the new ingredient’s combustion within the propellant, thus validating the notion that 

the new chemical did indeed affect the solid propellant characteristics. 

Finally, a new strand burner incorporating optical ports on opposite sides of the burner 

will allow more advanced spectroscopy experiments, beyond the emission based diagnostic.  In 

the future, even laser-based diagnostics could be incorporated to further advance the 

understanding of the complex combustion chemistry contained within composite solid 

propellants. 
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APPENDIX A: SPECTROMETER CALIBRATION SHEET 
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APPENDIX B: FIBER OPTIC CABLE CALIBRATION SHEET 
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APPENDIX C: SPECTROMETER DATA SHEET (PARTIAL) 

49 



50 



51 



52 



  

53 



APPENDIX D: MATHCAD STRAND BURNER MODEL 
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