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ABSTRACT

This research presents the design of a combustion device which

will simulate the aspects of aluminum particle combustion inside a

solid rocket motor. At the same time this combustor will allow

optical data to be collected during the combustion process.

The first step in this combustor design was to examine past

experiments and methods which have been used to examine the

combustion of aluminum particles. Next, the fuels and oxidizers,

which will be used in the first planned combustion experiments,

were selected. The flame temperatures and transport properties of

these fuels and oxidizers were calculated using a version of a NASA

chemical equilibrium code. The third step in this combustor design

was to define the physical dimensions and maximum operating times

which would be allowed. These parameters were defined through

simplified stress analysis and heat transfer calculations,

respectively. The final steps in this combustor design process were

to define the procedures and instrumentation to be used during the

operation of this combustor.
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CHAPTER I. - Introduction

For many years, metals have been used as additives in solid

rocket motor propellents. The reasons for the use of these additives

include their ability to help eliminate combustion instabilities and

their ability to increase specific impulse. By far, the most popular

metal additive is aluminum. The popularity of aluminum usage is

due to its high heat of formation (of its oxides) and its relatively

low cost.

Although aluminum is widely used as a propellant additive, much

of its combustion characteristics and optical properties, especially

during solid propellant burning, have not been quantified. By

obtaining a better understanding of aluminum combustion, one could

possibly increase the specific impulse of solid rocket motors

without degrading combustion stability. The increase in specific

impulse could be accomplished by either increasing the aluminum

content to near its stoichiometric limit, while maintaining a high

combustion efficiency, or by minimizing the two-phase flow losses.

Similarly, an adequate understanding of the optical properties of

aluminum is important to predict the radiation heat transfer to the

propellant surface and the spacecraft itself, from the exhaust gases.

In order to gain a better understanding of the combustion of

aluminum and its properties, it becomes necessary to observe the



process in the environment which is found inside a solid rocket

motor. Since it is nearly impossible to observe the phenomena

inside an actual solid rocket motor, a device is necessary which

closely simulates these conditions while at the same time allows

for observations of exhaust or combustion process to be made. This

thesis contains a detailed design and pertinent information to

construct and test a Solid Rocket Motor Aluminum Combustion

Simulator (SRMACS).

Although much remains to be learned about aluminum combustion,

there have been many previous experimental and analytical methods

which have resulted in the collection of valuable data for the design

of this combustor. The organization of this thesis is that it is

divided into seven chapters. The first chapter consists of an

introduction. The second chapter presents relevant background

information. The third chapter consists of a detailed chemical

analysis. This chemical analysis discusses the fuels and oxidizers

to be used as well as their corresponding equilibrium reactions.

From these reactions it becomes possible to predict flame

temperatures and flame boundaries for the various fuel/oxidizer

combinations. The fourth chapter uses the temperature calculations

for the specific design requirements. These design requirements

include the physical size of the combustor, the materials to be used,

and a detailed stress analysis. The fifth chapter consists of all of

the safety and operational requirements. The sixth chapter details



all of the necessary Instrumentation design requirements and

selections. The final, or seventh chapter provides the summary,

conclusions, and recommendations of this study.



CHAPTER II - Discussion of Previous Work

This chapter discusses the numerous experiments which were

previously performed by other investigators and useful data which

was obtained. The pertinent data from these previous experiments

will be discussed further in this chapter and applied in later

chapters. The previous experiments will be divide into three groups.

These groups consist of a) Burning of Propellant Samples, b)

Particle/Flame Burners, and c) Exotic Methods.

2.1. Burning of Propellant Samples

Probably the most common method which has been employed to

investigate aluminum combustion phenomena is the burning of actual

aluminized propellant samples. Two methods which are based on

burning propellant samples are discussed below.

One method consists of burning propellant samples in some sort

of combustion bomb [1-7]. This method is usually performed by

placing a small strand of propellant within a combustion bomb which

is usually pressurized with an inert or non reacting gas. The sample

is ignited and the combustion process is observed with a high speed



camera (Figure 1). From these experiments it is possible to

determine the size of the aluminum or aluminum oxide particles and

agglomerates which leave the propellent surface, and the

approximate burning times for some particles.

From many experiments, the size of the aluminum oxide particles

were determined to consist of a bimodal size distribution.

Approximately eighty percent of this bimodal distribution consisted

of small "smoke" particles [5]. The small aluminum oxide "smoke"

particles were typically less than 2 pm. The other portion of this

distribution consisted of larger burning aluminum/aluminum oxide

particles. Generally, as pressure is increased in the combustion

chamber the size of the agglomerates decreases. Figure 2 shows the

mass weighted agglomerate size verses pressure for various average

Ammonium Perchlorate sizes. Although the size of the agglomerates

may be up to 1000 times the size of the initial aluminum particles,

the typical aluminum oxide particles produced ranged from 5 ̂/m to

100 pm for the pressures at which this SRMACS will operate (500

psia (3.45 MPa) to 1000 psia (6.89 MPa)). It should also be noted

that these size ranges are representative of the composite

propellents (Aluminum / Ammonium Perchlorate / Hydrocarbon

Binder) which were tested. Considering the fact that complete

combustion of aluminum causes a 20% increase in particle diameter.
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the initial aluminum agglomerate (Agglomerates are composed of

many small aluminum particles.) sizes must have been between 4 ̂ m

and 85 pm [7].

The burning time of the aluminum droplets was found to follow a

droplet burning rate law of the form:

tb = kD" (1)

where k is a constant found to be equal to 0.5E-5 sec/(/ym)n, D is the

initial aluminum agglomerate diameter in pm and n is the burning

rate exponent found to be between 1.5 and 2.0 [5].

It was also found in these experiments that aluminum particles

less than 5 usually ignite on the propellant surface, while larger

aluminum agglomerates ignite in the gas stream. One of the

advantages of this process is the ability to test a variety of

propellents at various ambient pressures. On the other hand, some

of the drawbacks of this type of experiment are the lack of

representative rocket motor internal cross flow conditions, and the

lack of any optical data acquisition methodologies.

The second propellant sample method used in the investigation of

aluminum particle combustion is the use of two-dimensional

windowed motors [8-10]. This method consists of bonding a

propellant sample between two pieces of glass and using a high

8



speed camera to observe the combustion process (Figure 3). In order

to observe the aluminum combustion more efficiently, the

aluminized propellant sample is usually placed between two non-

aluminized propellant samples. The apparatus can also be used with

a two-dimensional nozzle in order to see its effect on particle

breakup.

This process has the advantage of incorporating cross flow

conditions while at the same time allowing for the observation of

the size and combustion times of the aluminum agglomerates. These

experiments also revealed a bimodal size distribution of aluminum

oxide particles. For the combustion of double-base propellents with

cross flow it was found that the distribution again consisted of

small "smoke" particles and larger burning agglomerates. The small

"smoke" particles were approximately the same size for both

composite and composite modified double-base (CMDB) propellents.

CMDB propellents are typically composed of Nitrocellulose,

Nitroglycerine, Ammonium Perchlorate, and Aluminum. However, the

CMDB propellents were found to produce much larger burning

agglomerates than the composite propellents. The size of these

CMDB agglomerates ranged from approximately 300 at 1000 psia

(6.89 MPa) to 700 ̂Jm at 500 psia (3.45 MPa) [8]. Also, the majority

of the aluminum mass was found to be incorporated into these large

agglomerates for CMDB propellents. On the other hand, when

composite propellents were burned under cross flow conditions, they
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produced agglomerates which were approximately the same size as

the experiments which were performed without cross flow

conditions [10]. Some disadvantages to these experiments, however,

are the lack of optical information of the aluminum/aluminum oxide

particles and the lack of knowledge as to which species react with

the aluminum particles.

2.2. Particle/Flame Burners

A second method for aluminum particle combustion experiments

is the use of a flame with aluminum particle injection [11-15]. This

method consists of either a premixed flame or a diffusion flame

with aluminum particles injected through the center of the flame.

The aluminum particles are usually injected at a rate which allows

them to be observed individually. As the particle traverses the

flame, it can be observed by high speed cameras (Figure 4).

One of the main advantages of this process is the fact that by

carefully controlling the species use to produce the flame one can

control the type and the relative amounts of oxidizer available to

react with the aluminum. Fuels used in these experiments included

hydrogen, propane, natural gas and carbon monoxide. Oxygen was

then used to create the flame. The flame temperature was

controlled by either varying the fuel/oxidizer ratio or by the

addition of nitrogen into the gas stream. When the aluminum is

11
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injected into the flame it is exposed to various species (oxidizers)

including water vapor, carbon dioxide, carbon monoxide, and oxygen.

It should be noted, however, that hydrochloric acid (HCI), a major

product in the combustion of composite propellents, was not used in

these experiments.

Another advantage to this type of process is the fact that

individual particles are easier to observe. These two factors make

it simpler to develop theoretical models from this method as

opposed to the burning propellent processes. These experiments

seem to verify that aluminum combustion occurs by a vapor phase

diffusion process. In this type of process the rate at which oxygen

diffuses through the aluminum oxide layer to react with the

aluminum is considered to be the controlling process. Also, the

flame temperature for aluminum combustion was found to equal the

boiling temperature of the aluminum oxide. Thus, as pressure

increases, the flame temperature for aluminum combustion

increases. Since these flame burner experiments were carried out

at atmospheric pressure, it is necessary to convert the data from

these experiments to the operating pressures of the combustor. This

is discussed in more detail in chapters 3 and 4.

Another aspect of these experiments which is relevant to the

design of this combustor is the delay in ignition for the injected

aluminum particles. This ignition delay is due to the fact that it

13



takes a finite amount of time to heat the aluminum particles from

their injected temperature (usually room temperature) to their

ignition temperature (found to be the melting temperature of

aluminum oxide). Thus the ignition delay time was found to be:

t =-£^. In
fT.-To
It.-tJJ T.-Xmm

(2)

where p is the density of aluminum, D is the particle diameter, X is

the thermal conductivity of the gas, Cpis the heat capacity for

aluminum, T„ is the gas temperature, Tq is the initial temperature

of the particle, Tj is the apparent ignition temperature (the melting

point of aluminum oxide which is approximately 2300 K at 1 atm.), L

is the heat of fusion of aluminum and Tmm 'S the melting

temperature of aluminum (933 K) [14]. The variables in equation 2

are calculated by using the NASA SP273 or CETPC code in chapter 3

[16].

From the sum of equations 1 and 2 the total time required for the

particle combustion can be calculated.

ttot = ti + tb (3)

By using this equation and the velocity/thermal lag equations in

chapter 3, the length of the tube required for complete combustion

of the particle can be calculated.
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2.3. Exotic Methods

Other methods which have been used for aluminum combustion

studies shall be called, for lack of a better term, exotic methods.

These methods are not often used, but do still provide some useful

information. Three of these methods are briefly discussed below.

The first exotic method uses aluminum wires to investigate

aluminum combustion [17-18]. This method consists of heating the

aluminum wires by electrical resistance in a pressurized

combustion chamber of known composition and observing the

combustion process through a window (Figure 5). This process has

the advantage of being very simplistic while still obtaining some

useful information about aluminum combustion phenomena. From

these experiments, spectroscopic observations were taken of

aluminum/oxygen flames (Figure 6). It was also found in these

experiments that the "smoke" particles formed in aluminum

combustion (at up to 450 psia) were a "mixture of k - aluminum

oxide, high temperature y - aluminum oxide and 0 - aluminum oxide.

No strong lines of a - aluminum oxide were detected in this product."

[17]. The disadvantages to this process are that aluminum is not

found in this state (a long wire strand) in a solid rocket motor and

that the ignition process, in this case, is caused by internal heating

instead of the external heating method observed in a solid rocket

motor.

15



Pressurized Combustion Chamber

i

Electrode,

Aluminum wire Aluminum Oxide Coating

Electrode

A)

Pressurized Combustion Chamber

I

Electrode

Burning Aluminum Droplets

Electrode

B)

Figure 5: Electrical Resistance Ignition
A) Prior to lgnition(Before Oxide Melts)
B) At lgnition(When Oxide Begins to Melt)

[Adapted from: 17. Brzustowski, T. A. and Classman, I.,
"Vapor-Phase Diffusion Flames in the Combustion of
Magnesium and Aluminum: II. Experimental Observations
in Oxygen Atmospheres", Heterogeneous Combustion,
Progress in Astronautics and Aeronautics, Vol. 15, 1964,
pp. 117-158.]
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The second exotic method uses a laser to ignite single aluminum

particles [19]. This experiment used an individual aluminum particle

which was placed on the end of a quartz needle within a chamber of

known composition. The particle was ignited with a laser and the

combustion process was observed with a high speed camera (Figure

7). The benefits of this procedure were that the individual particles

were easier to observe and the fact that the ambient atmosphere

was of known composition. Researchers in this experiment used 400

pm particles which were comparable in size to the agglomerates

found in CMDB propellents. This experiment determined that a

radiation flux of 250 W/cm2 was necessary to ignite these

particles. However, one problem which was encountered with this

experiment was the lack of any optical data acquisition.

The third, and final, type of exotic experiment used a reflected

shock wave to investigate aluminum combustion [20]. In this

method, a heated aluminum sample was mounted on the end wall of a

single-pulse shock tube (Figure 8). The temperature (up to 5000 K)

and pressures (up to 40 atm.) of the gas surrounding the sample were

generated by a reflected shock wave. The driven gas used was either

oxygen or a mixture with the same composition as ammonium

perchlorate. The combustion process was recorded by its spectral

emissions. One of the main advantages of this technique was the

fact that the spectral bands of each species were easily identified

(Figure 9). Another advantage was the fact that the ambient gas was

18



Pressurized Quartz Tube

Gate-Diaphragm

Laser \i
Spherical
Mirror

Lens
Quartz Needle Aluminum Particle

Figure 7: Laser Ignition Technique
[Adapted from: 19. Razdobreev, A. A., Skorik, A. I. and Frolov,
Yu. v., "Ignition and Combustion Mechanism in Aluminum
Particles", Tomsk State University, Translated from Fizika
Goreniya i Vzryva, 1976, Vol. 12, No. 2, pp. 203-208. ]

19



Cellophane Diaphragm Aluminum Sample

Ball Valve
0 Ring

Dump Tank

Pressure

Transducers

Figure 8: Reflected Shock Wave Apparatus
[Adapted from: 20. Lifschitz, A. and Bouer, S. H., "Studies
with a Single Pulse Shock Tube", Journal of Chemical Physics,
Vol. 38, No. 9, 1963, pp. 2056-2060.]
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Species
Wavelength
(Angstrom)

Al 3944, 3961

AI+ 5861

AlO 4648, 4842, 5079, 5337

H 4340, 4861, 6563

0 5350

CM- 4880

N 4103, 5666, 5679
AIM 4241, 4259

Figure 9: Species Identified in the Emission Spectrum
of Aluminum and Simulated Ammonium Perchlorate

[Adapted from: 21. Driscoll, J. P., et. a!., "Aluminum Combustion at
40 Atmospheres Using a Reflected Shock Wave", AIAA Journal, Vol.
24, No. 5, 1986, pp. 856-858.]
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of known composition and could easily be varied. One of the

problems with this type of experiment, however, is the fact that the

aluminum is not found in such large samples within a solid rocket

motor.

2.4. Improved Combustor Concept

In order to obtain a better understanding of aluminum combustion,

it becomes necessary to improve on experiments which have been

performed in the past. This is exactly what the combustor of this

thesis is designed to accomplish. This combustor concept will have

the versatility to observe aluminum combustion under a variety of

oxidizing environments. This will be accomplished by varying the

fuels and oxidizers used to produce the flame. Figure 10 shows a

simplified schematic of the original conceptual design for this

combustor. The original design concept is modified and improved in

later chapters. Both optical and high speed camera data will be

recorded during this combustor's operation. In addition, for a

nominal cost, it will be possible to either vary the size of the

injected particles (by changing the injector plate, if necessary) or

to change the operating pressure at which the combustor operates

(by changing the area of the exit nozzle throat).

This thesis presents, in detail, the simplest design in which the

most useful data for aluminum combustion can be obtained. Since
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Observation

Point

<1^

Connecting Rod
(One of Four)

Nozzle to Control Pressure

'(Up to 1000 psia Maximum)

Quartz Tube

Cooling Gases

Oxidizer

Fuel and Aluminum

•Injector Plate

To Flow Meters and

Pressure Regulators

Figure 10: Solid Rocket Motor Aluminum Combustor Simulator
(Simplified Schematic)



the majority of heavy-lift launch vehicle in use today contain

aluminized composite propellants, These composite propellents will

be the first to be simulated by this combustor. In addition, this

thesis discusses, in limited detail, methods which will be used in

the future to vary the combustor to its fullest potential. Although

these additional methods may only be discussed briefly, they will

provide enough information to make modifications on the initial

combustor design.
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CHAPTER 111. - Combustion Analysis

Before any of the specific design characteristics of this

combustor can be discussed, a detailed combustion analysis must be

performed. This chapter discusses, in detail, the specific fuels and

oxidizer which will be used during the first operational test of this

combustor. This chapter also suggests and discusses, in less detail,

alternative fuels and oxidizers which may be used for later

combustor experiments. This chapter briefly describes the

equilibrium chemistry of the combustion process. The equilibrium

chemistry is used to determine, via a computer program, the flame

temperature and physical constants of the mixture. These

properties are then used to determine the flame boundaries. These

boundaries and temperatures will play a key role in the physical

dimensions and heat transfer analysis discussed in chapter 4. In

addition, the chemical reactions determine the molar flow rates for

the chemical species, which, in turn, determine the mass flow rates

for the system.

3.1. Oxidizer Selection

Since the goal of this thesis is to present the simplest combustor

design, the initial operation of this combustor will use gaseous
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oxygen as the oxidizer species. The use of gaseous oxygen

simplifies the design(as opposed to using liquid oxygen) by

eliminating the need for cryogenics. Although gaseous oxygen may

simplify the combustor design, the high pressures involved for this

combustor lead to some additional safety considerations which are

discussed in chapter 5. It should also be noted that although gaseous

oxygen will be the first oxidizing specie to be used, other oxidizers

will be introduced later in order to more accurately simulate the

solid rocket motor environment. Most noteworthy of the later

oxidizers to be tested is a mixture of nitrogen, hydrogen, chlorine,

and oxygen combined at the proper mass fractions in order to

accurately simulate ammonium perchlorate.

3.2. Fuel Selection

This section describes the two fuels which will be used during

the initial tests of this combustor. Since the initial goal of this

combustor is to accurately observe the aluminum combustion

phenomena, this combustor will start by using low aluminum

concentrations (mass fractions less than 5%). This low mass

fraction should make it possible to observe individual burning

aluminum particles. Due to the low aluminum content, it is possible

to inject the aluminum particles using a gaseous carrier fuel (To

avoid the problem of auto ignition of the small aluminum particles,

it was decided to use the fuel as the carrier gas instead of the
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oxidizer.) [22]. This simplifies the injection design (compared to

using a liquid fuel) due to the fact that fuel droplet spray patterns

and evaporation rates do not need to be considered. The gaseous

fuels to be used are -a) gaseous hydrogen with solid aluminum

particles; and -b) gaseous methane with solid aluminum particles.

Each of these fuels and their assumed chemical reactions are

discussed in detail in the following sections.

3.2.1. Gaseous Hydrogen with Solid Aluminum Particles

Gaseous hydrogen is an attractive fuel for this combustor due to

its availability, high flame temperature and "clean" combustion (its

main combustion product is water vapor). In addition, since water

vapor is one of the combustion products in solid rocket motors, it is

important to understand aluminum combustion in a water vapor

environment. Its "clean" flame also allows for easy recognition of

product species within the flame. It is for these reasons that the

initial combustor operation will use gaseous hydrogen with solid

aluminum as the fuel. Although hydrogen will be used as the initial

fuel, it is important to note that some additional safety problems

concerning its detonation must be considered. These safety

considerations are discussed in more detail in chapters 4 and 5.
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When the hydrogen and aluminum react with the gaseous oxygen,

the assumed single step, stoichiometric reaction is:

4H2(g) + 4aAl(s) + (3a + 2X)2(9) ̂  2aAl203(<) + 4H20(g) (4)

where 'a' is a dummy variable which changes as the mass fraction of

aluminum changes and (g), (£), and (s) represent gaseous, liquid, and

solid phases, respectively. Although this equation is very simplified

(due to the fact that many more product species are actually

produced) it is extremely useful in estimating the 0/F ratio required

for stoichiometry and other parameters which are used in the NASA

CETPC program [16]. For example, the mass fraction of aluminum in

equation 4 is:

V  'HaI^AI
TIh + ̂O^'^O, + W^AI

where ti is the number of moles and M is the molecular weight of the

subscripted species. Substituting the proper values one can solve

equation 5 for the value of a:

a = (6)
107.92-203.92)(4, ^ '

where X^i will be the specified mass fraction of aluminum.
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Once 'a' has been calculated the assumed stoichiometric 0/F ratio

can be found by using:

0 ̂ ^ 96a+ 64 .y.
F  + TiA^^Al 107.92a+ 8.064

Due to the input procedure used for the CETPC program the fuel

must be described in weight percent of the total fuel. In other

words, the mass fraction of the hydrogen is:

w  ̂ ^ 8.064 ,gv
f"""' naMH.+lAHAI 107.923 + 8.064

and the mass fraction of the aluminum is simply:

^fuelm ~1~^fuelH2

From the single step reaction (equation 4) it is also possible to

predict the mole ratio of aluminum oxide produced. The mole ratio

from this equation will be the maximum amount of aluminum oxide

which can be produced for a given mass fraction of aluminum. This

is due to the fact that the single step reaction assumes that all of

the aluminum is converted to aluminum oxide. Therefore, the
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maximum mole ratio of aluminum oxide produced is given by:

The parameters calculated in equations 6 - 10 are tabulated in

Figure 11 for various mass fractions of aluminum.

3.2.2. Gaseous Methane with Solid Aluminum Particles

The second fuel which will be used in this combustor is gaseous

methane. This fuel will provide the influence of carbon and its

oxides, as well as water vapor, on aluminum combustion. This is

important because carbon is used in the hydrocarbon binders of many

solid rocket motors. Since carbon soot by itself is a very strong

emitter in the same range as aluminum oxide it is important to run

these experiments at high (above stoichiometry) 0/F ratios [23-25].

Otherwise, the carbon may not form into its oxides causing optical

data which may be difficult to decipher.

When methane and aluminum react with oxygen, the assumed

single step stoichiometric reaction is:

2CH4(g) + (3b+4)02(9) + 4bAl(s) ̂  2C02(g) + 4H20(g) + 2bAl203(<) (11)
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where b is a dummy variable which is related to the initial mass

fraction of aluminum. As with the hydrogen single step reaction,

this reaction is simplified due to the omission of the additional

product species which would be produced. In addition, the actual

reaction would not occur in a single step, but would require a series

of many reactions to reach completion.

From equation 11, the mass fraction of aluminum is given by:

)Cv| = (12)
TICH^'^CH, hOjI^Oj + 'Hai'^ai

Substituting and solving for b:

■  160.084)(i^i /-ON
107.92-203.92)^^1

Similarly, the stoichiometric 0/F ratio can be calculated using:

0 _ _ 96b + 128

F  'ncH4'^CH4 ^W^Ai 107.92b +32.084
(14)

As with the hydrogen case, the fuels must be expressed in percent

of total fuel. Therefore, the relative amount of methane is given by:

w  ̂ch^Mch^ _ 32.084
1ch.Mch, + 107.92b+32.084 ^ '
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Also, the relative weight of aluminum is given by:

XfueU=1-XfueU^ (16)

Similar to the hydrogen case, the maximum amount of aluminum

oxide for this reaction can be predicted. The maximum mole fraction

of aluminum oxide produced is given by:

/v ) = fl 71
max + TIHjO + ̂COj b + 3

The parameters calculated in equations 13 - 17 are listed in figure

12 for various aluminum mass fractions.

3.3. Chemical Equilibrium Calculations

Flame temperature, combustion products and transport were

calculated using a version of NASA SP-273 [16] called CETPC. The

CETPC version of this computer program is a version which is

capable of running on most IBM compatible personal computers while

maintaining equal accuracy. This versatile computer program is

capable of calculating: -1) equilibrium compositions for assigned

thermodynamic states; -2) theoretical rocket performance, -3)

Chapman-Jouquet detonations; and -4) shock tube parameter

calculations.
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Since this project is interested in obtaining the properties of

aluminum combustion, this thesis will use the equilibrium

calculations portion of the CETPC program to calculate the

necessary properties for this combustor. These equilibrium

properties are calculated using the minimization of free-energy.

Depending upon the thermodynamic properties which are specified,

the minimization of free-energy can be found by using Gibbs free-

energy, Helmholz free-energy, or the maximization of entropy. Since

the initial temperature (and therefore heat of formation) and

pressure of the reactants are known for this combustor, the

minimization of Gibbs free-energy is used in the computer code

equilibrium calculations. When making these calculations, this

computer program assumes that all gases are ideal and all condensed

phases are pure. The main interest in these calculations for this

combustor is to determine the -a) products of combustion, -b)

flame temperature and -c) transport properties. The above

parameters are discussed further in the following sections.

3.3.1. Products of Combustion

Since the initial goal of this combustor is to observe the

combustion phenomena of aluminum and the optical properties of

aluminum and its oxides, it is important to verify that most of the

aluminum is being converted into aluminum oxide. The CETPC

program was use to find the species present in the equilibrium
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combustion of the Hydrogen - Oxygen - Aluminum and the Methane -

Oxygen - Aluminum systems. Samples of the mole fractions of the

product species (for an aluminum mass fraction of 0.01) are listed

in Appendix 1 (Hydrogen) and Appendix 2 (Methane). The chemical

products were calculated using pressures ranging from 500 psia to

1000 psia, 0/F ratios ranging from 1 to 25, and aluminum mass

fractions ranging from 0.0005 to 0.10. One of the surprises which

came from this array of data points was the formation of a type of

aluminum hydroxide (AIO2H or AIO(OH)) instead of aluminum oxide

(AI2O3) at low mass fractions of aluminum. Not surprising, however,

was the fact that for a given 0/F ratio and aluminum mass fraction,

the mole fractions of these products were nearly constant with

changing pressure. The mole fractions of these two products vs. the

mass fraction of aluminum are plotted for the hydrogen fuel (Figures

13-17) and for the methane fuel (Figures 18-23) at 500 psia. As can

be seen from these plots, at low mass fractions and low to

stoichiometric 0/F ratios the mole fraction of AIO2H is greater than

the mole fraction of aluminum oxide. Since solid rocket propellants

produce large quantities of aluminum oxide and little or no AIO2H it

is necessary to operate this combustor at points where the amount

of aluminum oxide is far greater than the amount of AIC)2H produced.

This occurs at high mass fractions of aluminum (5-10%) and high

0/F ratios. Since erosion of the nozzle throat is a concern for high

temperature, oxygen rich flows and since high 0/F ratios may reduce

the flame temperature so much that aluminum ignition becomes
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difficult, it is necessary to limit the 0/F ratio to as close to

stoichiometric (fuel rich would be better) as possible. However,

since it is difficult to obtain a large mass flow rate of aluminum

particles while maintaining observational quality, it is necessary to

also limit the mass fraction of aluminum injected. Therefore, it is

necessary to make a trade off between high mass fraction of

aluminum and high 0/F ratios. In other words, the initial combustor

will run at moderate mass fractions of aluminum (0.5-5%) and

moderate 0/F ratios (stoichiometric to 10 for hydrogen and

stoichiometric to 5 for methane). It should also be noted that as

aluminum content increases, stoichiometric 0/F ratio decreases

from the stoichiometric 0/F ratio of the fuel alone (0/F = 8.0 for

hydrogen and 0/F = 4.0 for methane) at zero aluminum content to a

minimum at the stoichiometric 0/F ratio of the aluminum alone (0/F

= 1.78) at zero fuel content. Obviously, the best combination of

these two parameters will need to be experimentally determined.

3.3.2. Flame Temperature

The flame temperature calculations of the mixture were also

performed using CETPC at a variety of pressures, 0/F ratios and

aluminum mass fractions. Since varying the aluminum content of

the mixture only had a slight influence on temperature (less than

10% total change), the average temperature (between aluminum

mass fractions of 0.001 and 0.05) vs. the 0/F ratio were plotted and
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are shown in Figure 24 for hydrogen and Figure 25 for nnethane. As

can be seen from these figures the highest temperature for the

hydrogen fuel mixture is near 3680 K and the methane fuel mixture

maximum temperature is approximately 3900 K. Taking the largest

of these and adding a 15% margin of error, the design temperature of

4485 K is obtained. This is the absolute maximum temperature

which the combustor will ever see for either of these two fuels.

2.3.3. Transport Properties

The third, and final, parameters found using the CETPC code were

the transport properties. These transport properties of the

combustion products included: density (p), molecular weight (M),

ratio of specific heats (y), sonic velocity (c), viscosity (p), specific

heat at constant pressure (Cp), conductivity (k), and Prandtl number

(Pr). Most of these parameters remained fairly constant with

changing aluminum mass fraction. However, some of these

properties differed by up to 20% with varying aluminum mass

fractions. Never the less, all of these transport properties were

averaged from an aluminum mass fraction of 0.001 to an aluminum

mass fraction of 0.05. These values were then plotted at pressures

of 500 and 1000 psia at various 0/F ratios (Figures 26-41). It

should be noted that the values found for Cp, k, and Pr were found by

using equilibrium reactions instead of frozen reactions. (By

equilibrium reactions it is meant that the reaction is assumed to
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reach its equilibrium composition instantaneously. Conversely,

frozen reactions assume that the reaction times are infinitely slow

causing the chemical composition to remain fixed.)

As would be expected from the ideal gas equation, the density of

the combustion mixture nearly doubles when the pressure is doubled.

The density also increases as the 0/F ratio increases. From the

other figures it can be seen that the other transport properties do

not vary significantly when the pressure is changed from 500 psia to

1000 psia. However, these properties do change substantially as the

0/F ratio is changed. Therefore, it is necessary to use the correct

value for these transport properties during the design portion in

chapter 4.
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CHAPTER IV - Design Analysis

This chapter uses the information found in the previous chapters

to determine the physical size and operating conditions to be used

for this combustor. The first section of this chapter describes how

the physical dimensions and materials of the combustor were

determined. The next section presents a simplified heat transfer

analysis in order to predict the temperatures and allowable

operational times of this combustor.

4.1. Physical Dimension Calculations

The first step in the design process of this combustor is to

determine the physical size of the combustor. Since this combustor

is designed to operate at high pressures and high temperatures, the

interior dimensions of the combustor must be limited in order to

reduce the required thickness (and therefore cost) for the materials

used in this combustor. This section presents the methods used to

determine the dimensions of the injector, the necessary dimensions

for the nozzle throat, and the length and thickness of the glass tube

required.
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4.1.1. Injector Dimensions

Since the dimensions of the combustor must be minimized, it is

imperative that the overall injector diameter also is minimized. It

would also be more cost effective if the same injector could be used

for multiple fuel requirements. The first step in this injector

design was to establish the maximum operating conditions for this

combustor. Since the length of the combustor must also be kept to a

minimum, the injection velocities of the aluminum particles must be

slow enough to ensure complete combustion. Therefore, it was

decided to limit the absolute maximum injection velocity to 10 m/s

[26]. Using this assumption, design curves were generated for

hydrogen, methane, and oxygen. These design curves show the mass

flow rates possible for various pressures (Figures 42-56) and for

various injection velocities (Figures 57-71). These figures were

generated by using the equation:

m = pAV (18)

where m is the mass flow rate, pis the gas density, A is the area of

the injector, and V is the average injection velocity.

Since the aluminum particle concentration is small, the two

phase flow effects were neglected in these calculations. However,
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it should be noted that the densities of the various gaseous species

were found at each pressure (and are shown in Figure 72) using the

ideal gas equation:

where P is the pressure at the injector face, M is the species

molecular weight, Ris the universal gas constant, and T is the

injection temperature (assumed to be 298.15 K).

Due to the fact that the injector is of a concentric annulus design

(Figure 73), it is necessary to use both the inner and outer tube

diameters to calculate the flow areas. In other words, the area of

annulus n is given by:

-RL) (20)

where n = 1 for the fuel injector (Roq =0), n = 2 for the oxidizer

injector and n = 3 for the nitrogen injector; Ri denotes the inner tube

radius, and Ro denotes the outer tube radius of area n.

From chapter 3 it was shown that it is necessary to operate this

combustor at 0/F ratios which are stoichiometric (or greater) and

aluminum mass fractions between 0.5% and 5% (in order for a

significant amount of aluminum oxide to be produced). This 0/F
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Pressure Hydrogen Methane Oxygen Nitrogen

(psia) Density Density Density Density

(g/cc) (g/cc) (g/cc) (g/cc)

100 0.000561 0.00446 0.00891 0.00779

200 0.00112 0.00892 0.0178 0.0156

300 0.00168 0.0134 0.0267 0.0234

400 0.00224 0.0178 0.0356 0.0312

500 0.00280 0.0223 0.0445 0.0389

600 0.00336 0.0268 0.0534 0.0467

700 0.00393 0.0312 0.0623 0.0545

800 0.00448 0.0357 0.0712 0.0623

900 0.00505 0.0402 0.0801 0.0701

1000 0.00561 0.0446 0.0891 0.0779

Figure 72: Densities of Species

%
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ratio equation can also be written as:

0 m. (pAV)„ . .
F-av-(pAV), ^ '

In an effort to improve mixing of the combustion gases, the fuel in

this combustor will flow at a faster rate than the oxidizer.

Additionally, to simplify the valving required, the initial

experiments will vary the fuel velocity (and not the oxygen and

nitrogen velocities) to control the 0/F ratio. This will also allow

the aluminum concentration to be varied.

Since high 0/F ratios become dangerous (potential for burning of

equipment to occur), it is necessary to run this combustor near the

stoichiometric 0/F ratio. If the 0/F ratio is varied between +/- 20%

of stoichiometric, the velocity of the hydrogen fuel would fall into

the following ranges:

z.eVcH, < Vh^ < e.oVcH, (zz)

where Vch4 is the velocity of the methane which would be required

for the above mentioned 0/F ratios. This range of velocities should

easily be accomplished with one injector and a suitable valve

system.
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For the purpose of this combustor design the diameters of the

supply manifolds should be kept to a minimum. By doing so the

thickness of the materials will be smaller and therefore usually

less costly. Since the center jet will determine the size of the

outer annuli, it is necessary to determine its dimensions first.

Since the size of the interior injector is mostly arbitrary, It was

decided to use a thin-walled 0.25 in. outside diameter (tubing is

usually listed according to its outside diameter) stainless steel

tube for the fuel injector. Since the center supply injectors are

enclosed by the outer nitrogen shroud injector, the pressure

requirements will be much lower for the fuel and oxygen injectors

than for the nitrogen injector. Even though, theoretically, the fuel

and oxygen injectors should experience the same pressures on their

inner and outer surfaces, it was determined that a 10% margin of

error of the maximum operating pressure should be required of these

injectors. In other words, the thickness of the fuel and oxidizer

injectors will be designed for 100 psia pressure differential across

these injector tube walls.

Using the thin-walled pressure vessel equation [27], the

approximate maximum tangential stress is given by:

P(di + t)
2t

o,™. = -4r-^ (23)
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where P is the absolute interior pressure, di is the inside diameter,

and t is the tube thickness. In order to determine the thickness of

the tubing, a factor of safety of 2 was used and when the maximum

tangential stress equaled the yield point was considered to be the

mode of failure. The yield point of AISI 1015 steel, used in these

calculations, was found to occur at 30000 psia [28]. Accordingly,

the thickness of an inner diameter tube of 0.25 in. is given by :

t = = 0.00084 in. (24)
K-p)

where Oy is the yield strength of the steel. Although this

calculation is for an interior diameter of 0.25 in., an outside

diameter of this size could also be used (as mentioned previously

this diameter is mostly arbitrary). Since the smallest standard

thickness is 0.006 in. for a 0.25 in. outside diameter, this size of

tube should be more than adequate for the fuel injection nozzle. It

should be noted then, however, that the interior area used to

calculate mass flow rates is based on the interior diameter of 0.238

in. (0.6045 cm.).

In order to determine the diameters of the outer tubes it was

necessary to first determine the maximum flow rate which the

oxygen Jet would experience. This was done by using the maximum

0/F ratio for the hydrogen fuel (9.6). As mentioned earlier, to

enhance mixing of the fuel, the fuel was assumed to flow faster than
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the oxygen. The ratio of the oxidizer velocity to the fuel velocity

was assumed to be a minimum of 0.1. Thus the area ratio of the

oxygen supply was calculated using equation 21 and was found to be

6.045. However, as can be seen in Figures 73 and 74, the flow re-

circulators and igniter wires obstruct a portion of the area of the

oxygen injector. It was assumed that these re-circulators would

obstruct 4 times the area of the igniter wires or approximately 0.05

square inches (assuming the diameter of the wires to be 0.125 in.).

Thus the area required for this flow rate would require a minimum

inside diameter of 0.709 in. and (using equation 24) a thickness of

0.002 in. Therefore, using a standard tubing would require the use of

a 0.75 in. outside diameter tube with a thickness of 0.02 in. (or an

inside diameter of 0.710 in.). In order for the area ratio to remain

constant for an 0/F ratio of 6.4, it is necessary to reduce the 0/F

velocity ratio to 0.067. Thus, the 0/F ratio could be decreased by

increasing the hydrogen velocity to 15 m/s or by decreasing the

oxygen velocity to 0.67 m/s.

Since the stoichiometric 0/F ratio is much lower for methane

(approximately 4) than for hydrogen (8), the velocity of the methane

supply will have to be slower than the velocity of the hydrogen

supply. Assuming both fuels will use the same injector, and

therefore areas, these velocity ratios can be calculated from

equation 21. Thus, the range of velocities for the methane fuel

would be between
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2.5 and 3.8 times the velocity of the oxygen (as opposed to hydrogen

where its velocity is up to 15 times that of oxygen).

The final area to be determined is the area of the nitrogen cooling

shroud. Since this cooling shroud is designed to protect the quartz

glass from conductive and convective heat transfer, it was felt that

a flow rate of nitrogen equal to one half of the total mass flow

should be sufficient [22]. Therefore, the mass flow rate of the

nitrogen would be given by:

m,, = O.Strv = 0.5[(pAV)^^^, + (pAV)^ ] (25)

In order to simplify this equation each side was divided by the mass

flow of the oxidizer. In other words:

^  ̂ Q 5 (p^^luei ̂  Q 5 (26)
" (PAVI " n (PAV),Oz

Since the objective is to eliminate the conductive and convective

heat transfer, it is necessary that the velocity of the nitrogen equal

the velocity of the oxygen. It is also necessary that the area ratio

be largest required. Therefore, the mass flow of the fuel must be

its maximum. Since the area ratio of the fuel and oxidizer remains

fixed, the maximum mass flow will occur for methane fuel at its
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maximum velocity. Therefore, the equation for the area ratio of the

nitrogen shroud would simplify to;

^ = 0.752 (27)
Ao,

Using the same equations as before (20 and 24), it was found that

a minimum inside diameter of 0.92 in. and thickness of 0.03 in. was

required. It should be noted that this tube was designed to

withstand 1000 psia. Since steel tubing does not come in this

standard size, it was decided to use a tube of 1 in. outside diameter

and 0.035 in. thick (0.930 in. inside diameter).

Since the injector ports should have a uniform circumferential

velocity profile (at the face), it is necessary that each injection

tube have sufficient length. For this injector, it was felt that a

length of 4 to 5 diameters should be sufficient to get a velocity

profile which will be constant at each radial location. Therefore the

length of the nitrogen injector should be the longest at 4.65 in.

However, since this combustor must also be designed for ease of

manufacture, it was decided to use a length of 4.75 in. Although the

other injection tubes could be much shorter to get fully developed

flow, these tubes were designed to be nearly the same length for

ease of construction. Thus, the oxygen injection tube will also be

4.75 in. long and the fuel supply tube will be slightly shorter at 4.5
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in. long (to enhance mixing). The dimensions of the injection tubes

are listed in Figure 75.

4.1.2. Nozzle Dimensions

After the diameter of the chamber has been defined, the diameter

of the nozzle throat can be calculated. Since this nozzle was

designed with a plug to vary the area (see Figure 76), the throat area

was designed for the maximum operating conditions. These

maximum conditions will occur at a chamber pressure of 1000 psia

and the maximum mass flow rates of methane, oxygen, aluminum,

and nitrogen. Therefore, the area of the throat was calculated by

using [28]:

A, = (28)(7+1)
f

Pfy Y + lJ

Since the specific heat ratio (7), the gas constant (R), and the

chamber temperature (Ti) all vary with 0/F ratio, it is important to

select the correct values when performing this calculation.

The maximum total mass flow is given by:

= nTcH4 + + "Ia, = 1.55(mcn^ + "loe) = S.SSitTch, (29)
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Injection Tube Inside Diameter Outside Tube Length

(in.) Diameter (in.) (in.)

Fuel 0.238 0.25 4.5

Oxygen 0.710 0.75 4.75

Nitrogen 0.930 1.0 4.75

Figure 75: Injector Dimensions
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where the constants are derived from the maximum 0/F ratio and

maximum flow rates. Assuming the velocity of the oxygen to be 1

m/s, the maximum velocity of the methane would be 3.8 m/s.

Therefore, at 1000 psia, the mass flow of the methane would be 4.86

g/s and the total mass flow would be 43.73 g/s. The values for the

temperature, specific heat ratio, and sonic speed of the combustion

products were found using Figures 25, 36, and 37, respectively.

These values were found to be: temperature - 3800 K; specific heat

ratio - 1.135; and sonic speed - 1300 m/s. However, since half of

the mass flowing through the nozzle is nitrogen, it is necessary to

average these values with the corresponding values for nitrogen at

300 K. The average values used in equation 28 were: sonic speed -

876.4 m/s; and specific heat ratio - 1.266. Using these values it

was found that the throat area needed to be 0.0748 square

centimeters and the corresponding throat diameter was determined

to be 0.12 in.

Using a 40 degree convergent section for the nozzle, the length of

the convergent section was found to be:

4 = ̂ ^ (30)
2tane

where dc is the chamber diameter, dt is the throat diameter, ande Is

the angle of the convergent section. Therefore, the length of the

convergent section was found to be 0.48 in.
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Since the throat diameter is so small, it is necessary to use a

small ceramic needle (instead of a cooled plug) to change the throat

area. This needle will have a 20 degree angle at the point which will

match the nozzle exit angle. Since the length of this section is not

an important design consideration, an arbitrary length of 0.5 in. was

chosen for the 30 degree divergent section of the nozzle.

4.1.3. Glass Tubing Dimensions

Since the glass tube must contain the flow of the combustion

gases and must also eliminate flow recirculation zones at the wall,

it is necessary that the interior diameter of the glass tube match

the diameter of the largest injector. In other words, it is necessary

that the interior diameter of the glass tube be equal to the diameter

of the nitrogen injector (0.930 in.). Additionally, due to the fact

that quartz glass is much stronger in compression than in tension,

this combustor was designed with a pressurized (and windowed)

outside chamber (see Figures 75 and 76). This should allow the

glass tube to be much thinner and also less expensive to replace in

the event of failure. Another factor that will allow this glass tube

to be used is that it will only be required to experience small

pressure differentials at high temperatures (when the glass

becomes weaker). (A more expensive design could incorporate a

valve and pressure sensor system which would pressurize the

87



outside chamber to a slightly higher pressure than the current

pressure within the combustion chamber).

Never the less, this glass tube must be capable of withstanding

up to n 00 psia compressive load at room temperature. As

previously mentioned, quartz glass is outstanding in compression

(with a compressive strength of 1.66x10® psia at room temperature

[28]). The equation for the tangential stress on a cylinder was used

to calculate the thickness of the glass required. Thus, the

tangential stress on a cylinder is given by [27]:

Pir'-Poro-ri'r,' Po Pi
-2

O, =
'  r'-r'"o

(31)

where p is the absolute pressure, r is the radius, and the subscripts

i and o refer to the inner and outer surfaces, respectively. This

equation was solved for the outside radius using the inside pressure

as zero, the outside pressure as 1100 psia, and the allowable

tangential stress to be 0.1 times the compressive strength (at r =

rj). Therefore the required thickness of the glass was found to be

0.0031 in. Even at a factor of safety of 100, the required thickness

of the glass would be only 0.034 in. However, since quartz glass

tubing is usually sold by a specified outside diameter and thickness,

it was decided to use a quartz glass tube of the same dimensions as

the steel tubing (used in the nitrogen injector). This means that the
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quartz tubing will also have a 1 in. outside diameter and a thickness

of 0.035 in. (inside diameter of 0.93 in.).

Unlike the tube diameter, which is mostly defined by the injector

diameters, the tube length calculations are complicated by the

combustion process occurring in the chamber. The first problem to

consider when designing the glass tube length is the fact that the

combustion of the aluminum particles must be completed within the

combustion chamber. The method used to calculate the burn times

used equations 1 through 3. It also assumed the worst case scenario

and therefore calculated the longest time required to completely

consume 25 pm aluminum particles in this combustor. The

parameters used in equations 1 through 3 are listed in Figure 77. It

should be noted that the values of Ig and Too were taken from the

figures in Chapter 3.

In order to calculate the length required, the particle velocity

was assumed to be the maximum gas velocity of 15 m/s. Thus, the

length required to burn the particle was simply calculated by:

Lb = Vgttot = 0.048 m (32)

where Vg is the maximum gas velocity. Therefore, the length

required to burn a 25 pm aluminum particle is approximately 1.9 in.
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Parameter Definition Value Used

gas thermal 0.4 cal/m K s

conductivity

Too gas temperature 3500 K

To initial aluminum BOOK

temperature

Pai Aluminum density 2702 kg/m3

Ti melting temperature 2350 K

of Aluminum Oxide

Tmm melting temperature 933 K

of Aluminum

Cp. heat capacity of 215.67 cal/kg K

Aluminum

L heat of fusion of 95000 cal/kg

Aluminum

D particle diameter 25 X 10-6 m

k burn rate constant 0.5 X 10-5

s/(A/m)(l/n)

n burn rate exponent 2.0

ti ignition time 0.1 X 10-3 s

tb burn time 3.125 X 10-3 s

ttot total combustion 3.225 x 10-3 s

time required

Figure 77: Parameters for Burn

90
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The second consideration for the tube length requirement was the

fact that the aluminum particles must first pass through the non

reacting core flow (see Figure 78). This potential core length is

dependent upon the relative velocities of the fuel and oxidizer. Its

length is also dependent upon the diameter of the fuel injector and

relative densities. Therefore, an estimate of the length of the core

flow was determined from [30]:

Xp = do
^  (pV)4 + 12^^^

(pvL,
(33)

where do is the fuel injector diameter. Thus the maximum length of

this potential core was found to be 5.5 in. (for do = 0.238, Vox = 1

m/s, Vfuel = "10 m/s). However, since the fuel injector is recessed

by 0.25 in., the length of the glass required for the potential core

region would be only 5.25 in. at its maximum.

An additional consideration which was investigated while

calculating the quartz tube length was the consideration of heat

transfer effects. As mentioned earlier, the conductive and

convective heat transfer effects must be eliminated (or at least

limited). Since the nitrogen gas is moving at the same velocity as

the oxygen, there should be no turbulent mixing across their

interface. However, as the hot fuel/oxidizer mixture burns, it also

spreads out towards the quartz tube walls (see Figure 78). Since
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this combustor will most likely need to operate in a slightly over

ventilated condition (to produce aluminum oxide), it is imperative

that the hot flame front does not impinge on the quartz tube walls.

Although the flame envelope does expand from the initial injector

face, this combustor assumes that the flame will not expand far Into

the nitrogen shroud. This assumption is made due to the fact that

the oxygen should be mostly consumed by the time the nitrogen

shroud is reached. Additionally, since the velocity and density of

the nitrogen and oxygen are nearly identical, very little oxygen

should diffuse into the nitrogen shroud layer (laminar mixing occurs

at the molecular level). Therefore, for the heat transfer

calculations in the next section, it is assumed that the flame front

will reach a maximum diameter which will only slightly penetrate

the coolant shroud. This maximum diameter is arbitrarily assumed

to be 0.80 in. As discussed in the next chapter, this assumption will

have to be experimentally determined to insure safe operation of

this combustor.

Since the main objective of research done when using this

combustor is to observe aluminum particles during combustion, it is

important to have a glass tube with sufficient length to obtain the

required data. In a rocket engine, a large narrow combustion

chamber and its associated pressure and temperature drops would be

detrimental to engine performance. For this combustor, the opposite
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is true. Not only will a long chamber possibly eliminate the need for

a cooled nozzle (provided the flame does not expand to the tube

walls), but it will also allow for further optical data to be compiled

after the aluminum combustion is complete. Even though the nozzle

was designed for a constant pressure chamber, it is not necessarily

a concern. This is due to the fact that the chamber pressure can be

increased by inserting the needle into the nozzle (and decreasing the

area).

In order to determine the appropriate length of the tube it is

therefore necessary to calculate the flame length and compare it to

the sum of the core length and burn length. According to Beer [30]

the length of a turbulent diffusion flame is dependent upon the fuel

used and the diameter of the jet. The equation used to obtain an

estimate of the length of a free turbulent free flame was:

L, = 6do(R +1)
/  nO.5
Pe

Pf.
(34)

where R is the stoichiometric air/fuel weight ratio, pe is the fuel

gas density, and pf is the average flame density.

Although this equation is fairly accurate for free turbulent

flames burning in ambient air, its accuracy would not apply for the

high operating pressures of this combustor. Never the less, rough

estimates for the longest flames for methane and for hydrogen were
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calculated to be 22.6 in. and 15.2 in., respectively. These flame

length estimates are grossly exaggerated and would, in reality, be

much shorter for this combustor's operational range. Thus, the

actual flame length will also have to be experimentally determined.

Therefore, it is recommended that a relatively short glass tube and

cooled nozzle be used during the initial experiments for this

combustor. The length of the quartz tube should be long enough to

contain the core length and burn length plus an additional length

designated for extra instrumentation. Therefore, the total length of

the quartz required will be:

Lt = Lb + Xp + Li (35)

where Lj refers to the extra length reserved for additional

instrumentation. This additional length will need to be

approximately 2.75 in. long for a typical observation window. Thus,

the total length of the glass tube required would be 9.9 in. long.

Again, for ease of construction, the quartz tube on this combustor

will be 10.0 in. long.

4.2. Heat Transfer Calculations

The final step in the design of this combustor is to determine the

heat transfer rates to the various combustor surfaces. These heat

transfer rates determine the transient and steady state
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temperatures at various points in the combustor. These

temperatures, in turn, determine the operational test times

allowable or the necessary coolant which will be required. This

section presents the calculations used to determine the heat

transfer to the quartz tube and nozzle surfaces.

4.2.1. Heat Transfer to the Quartz Tube

The first step in the heat transfer to the quartz tube is to

determine what the highest steady state temperature of the interior

glass surface would be. Thus, the first portion of the problem would

be to set up an energy balance on the glass tube (see Figure 79).

That is [31];

Ein n Eout + Egen = Est (36)

where Bin is the rate at which radiant energy (since convection and

conduction are considered to be negligible) is absorbed by the glass.

Bout would be the radiant energy emitted and reflected by the glass,

Bst is the energy stored by the glass, and Bgen is the rate at which

energy is generated (which would be zero for this case). The Bst

term would simply be:

Est = ̂(pVCpT) (37)
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Radiation

Convection

Radiation

Figure 79: Simplified Energy Diagram
of Quartz Glass Section
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where p is the density of the glass, V is the volume of the glass, Cp

is the specific heat of the glass, T is the temperature, and d/dt

represents the time derivative of the quantity.

Since the glass tube is so thin, it is likely that the conduction

effects within the quartz will be negligible. In order to verify this

assumption it was necessary to verify that the Biot number was

sufficiently small. If this is true, the temperature of the quartz can

be assumed to be uniform. Thus, the criteria for which the glass

canbe assumed to be of uniform temperature is given by [31]:

B■ = ^<0.^ (38)

where Bj is the Biot number, h is the convection coefficient at the

exterior surface of the glass, Lc is the characteristic length, and k

is the thermal conductivity of the glass. Since the value of the
convection coefficient on the outside of the glass will be

somewhere between that of forced convection and that of free

convection, a borderline value of 25 W/m^K was assumed [31].

It should be noted that the characteristic length in this equation

is given by the volume of the object divided by its exposed surface
area. Thus, the characteristic length for the quartz tube would be
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given by:

V^n(^-rf)L^^ (39)
A, 27c(r, + n)L 2

Therefore, the Blot number for the quartz tube is only 0.004 (far

less than 0.1) and the temperature can be assumed uniform.

As mentioned earlier, the energy into the glass is the radiation

from the flame. Assuming the flame to be an infinite cylinder

enclosed by an infinite cylinder (the glass tube), the net heat

transfer to the glass would be given by [31]:

aAffV -T_M
Qfg = . y (40)
l + lz£a
Ef Eq

II

where a is the Stefan - Boltzmann constant (5.67 x 10'8 W/m2K4),

Af is the surface area of the cylindrical flame. If is the predicted

flame temperature, Tq is the temperature of the quartz glass, rf is

the maximum radius of the flame, andr^^ is the inside radius of the

quartz tube.

Since hydrogen will be the first fuel to be tested in this combustor,

it was decided to use the hydrogen flame temperature of

approximately 3700 K for these heat transfer calculations.
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However, quartz glass has very poor transmittance properties in the

water vapor wavelengths (see Figure 80). Since hydrogen fuel

produces mostly water vapor, it was assumed that the quartz glass

would absorb all of the radiation between 2.5 and 3 /vm. It was also

assumed that the quartz glass would absorb all of the radiation

above 3.5 /jm. The simplified transmittance plot for the quartz

glass is shown in Figure 81. Since the sum of the transmissivity,

reflectivity, and absorptivity are equal to one, it was assumed that

the transmissivity would be one at places where the actual

transmissivity was greater than 0.9. In other words, since the sum

of the reflectivity and absorptivity would be less than 0.1 in these

regions, it was assumed that the absorptivity would be negligible.

Therefore, this assumption should only slightly underestimate the

heat transfer rate to the quartz glass.

Since quartz glass does not absorb all of the radiation in all of

the wavelengths, it is necessary to calculate the fraction of

blackbody radiation which will be absorbed. This is done by

obtaining the plot of the blackbody spectral emissive power at the

assumed flame temperature (see Figure 82). Due to the

transmittance properties of quartz glass it is necessary to calculate

the fraction of the blackbody emissive power at the wavelengths

between 2.5 and 3 /vm and greater than 3.5 pm. This was

accomplished by first computing the fraction of the blackbody
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radiation emitted from zero to the desired wavelength. This

fraction is given by [31]:

cV i oV

Thus the fraction of blackbody radiation emitted up to a given

wavelength is a function of the product of X and T. The value of

is tabulated in most heat transfer textbooks.

In order to find the fraction of blackbody radiation emitted

between two wavelengths it is necessary to subtract the fraction

emitted up to the lower wavelength from the fraction emitted up to

the higher wavelength. Thus, the fraction emitted between two

wavelengths is given by:

l"x, ->X2 ~ '"0-»X,2 ~ (42)

For the design of this combustor, it was necessary to determine

the fraction of blackbody radiation emitted by the flame between 2.5

and 3 pm and for wavelengths greater than 3.5 pm. The fractions

for these two bands were found to be 0.0369 and 0.0665,

respectively. Since water vapor emits between 2.5 and 3 pm, it is

likely that this portion of the emission will behave as a blackbody.

However, beyond 3.5 pm, few of the products would behave as a
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blackbody. It was therefore deemed acceptable to scale the larger

band widths by a gray body emissivity of 0.5. Thus, the total fraction

of the blackbody emission, or the flame emissivity, in these desired

wavelengths was found to be:

Ft = e, = (Fo^ - Fo^.s) + 0.5(1 - = 0.07015 (43)

This value was used in equation 40 for the flame emissivity.

Since the conduction of the quartz tube is negligible, the outflow

of energy can only occur by convection and radiation. The convection

heat transfer from the quartz tube to the surroundings is:

q<,.(co„) = hA,,(T,-T.) (44)

where h is the convective heat transfer coefficient, and subscript

$2 denotes the outside surface of the glass. Since the pressurizing

gas on the outside of the quartz glass tube would most likely be

between forced and free convection, it was decided that a value of

25 W/m2K would be appropriate for the convective heat transfer

coefficient [31].

Due to the fact that some of the radiation can escape through the

high pressure vessel window(s) (and the fact that the outer pressure

vessel will be substantially larger than the quartz tube), it was
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deemed appropriate to treat the surroundings as a blackbody atX.

(instead of using the infinite cylinder equation). Thus, the radiation

from the quartz tube to the surroundings would simply be:

qqs(rad) = As,6^0(1; - T." ) (45)

Assuming the term pVCp is constant, equation 36 would become:

+  -Tj)] = pVC,f (46)
'  . J ^ ' f

expanding the area terms and cancelling, this equation would

become:

-T.) + e,a(T,' - Tj)] = pC^r^ - (47)
I  ' Tf
+

'f
rV'a y

In order to obtain the steady state solution it is necessary to set

the right side of the equation equal to zero and iterate the

temperature of the quartz glass for a given emissivity. Since the

emissivity of quartz glass ranges from 0.41 to 0.9, the steady state

temperature was found to occur between 1800 K and 2250 K.

However, this temperature as expected, is well above the maximum

temperature (for continuous life) of quartz glass (1273 K).

106



Since the time dependent equation is nonlinear, it was necessary

to use a numerical procedure in order to obtain a solution. Since

this equation is already in terms of dT/dt, a fourth order Runge

Kutta solution was obtained [33]. Using this computer program and

the range of emissivities of quartz glass and the specific heat of

quartz glass (0.25 cal/g K (1047 J/kg K)), the temperature of the

quartz tube was found as a function of time (see Figure 83). As can

be seen from Figure 83, both curves reach 1273 K after only four

seconds. If one wished to operate a fused quartz tube at its limited

life temperature of 1573 K, the operating time limit would increase

to approximately eight seconds. Depending upon the duration of the

experiment, the failure criteria of the glass could be changed to the

annealing point (1453 K) or the softening point (2003 K). An

alternative to this dangerous approach would be to choose a glass

with similar optical properties yet higher operational temperature

capabilities (see Figure 84). One such glass is sapphire. Although

sapphire is capable of significantly higher operating temperatures,

it is also much more expensive. Therefore, it is recommended that

this combustor initially run for very short times (two to three

seconds) witha fused quartz or fused silica tube. Obviously the

flame temperature in the actual combustor will be less due to

losses in the chamber and mixing with nitrogen. Never the less,

these computed combustion times provide for worst case conditions

and suggested run times should not be exceeded until after this heat
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Fused

Quartz

Fused Silica Pyrex Sapphire

Softening 2003 1873 1093 2313

Point (K)

Anealing 1453 1393 838

Point (K)

Strain Point 1348 1298 788

(K)

Max. Temp. 1273 1223 503 1373

continuous

(K)

Max. Temp. 1573 1473 763

limited life

(K)

Figure 84: Physical Properties of Optical Materials
Adapted from: 34. ESCO Products, Inc., "Optical Materials and
Components Handbook", Oak Ridge, New Jersey, pp. 6.
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transfer analysis has been adequately investigated with

experimental data.

4.2.2. Heat Transfer to the Nozzle

Unlike the quartz tube heat transfer problem, the nozzle of this

combustor is expected to operate at steady state conditions (or at

least significantly longer than the quartz tube). Additionally, the

nozzle, unlike the quartz tube or the injector, will experience both

high temperature and high pressure operating conditions. Since the

strength of most materials decreases dramatically at high

temperatures, it is necessary to first define what the maximum

operating temperatures of the nozzle will be. Also, the nozzle

throat will experience large convective heat transfer rates.

Since the nozzle throat will experience the largest convective

heat transfer rate, the convective heat transfer coefficient, for this

area, must be calculated. The convective heat transfer coefficient

for the nozzle throat was calculated from [30]:

h =0.026g  po.2 (48)

where /i is the viscosity, Pr is the Prandtl number, v is the local

velocity, and the subscripts am and o refer to the arithmetic mean

and stagnation properties, respectively. The term is the free

stream value of the local gas density which was assumed to be equal
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to the arithmetic mean density. Since the nozzle was designed for

the maximum flow rate of methane fuel, the average values of the

physical properties for methane combustion products and nitrogen

were used in this calculation. From equation 48, it was found that

the convective heat transfer coefficient at the nozzle throat was

12700 W/m2K.

To calculate the heat transfer rate to the nozzle wall, the

following equation was used:

C|„ = h^,(T,-T,) (49)

where Tg is the average gas stagnation temperature (2050 K), 7$ is

the temperature of the inner surface (1033 K (assumed to be 0.66

times the melting temperature of stainless steel)), and At is the

surface area of the entire nozzle (including the convergent

(0.000668 m2), throat (0.0000606 m2), and divergent (0.000479 m2)

sections of the nozzle). Certainly, in reality, the convective heat

transfer coefficient would not be as large as the one calculated, in

equation 48, along the entire nozzle area. However, by assuming this

coefficient is constant, a worst case heat transfer rate of 16000 W

was calculated. Since radiation heat transfer is less than three

percent of the convective heat transfer, it can be ignored in this

heat transfer calculation.
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After the convection heat transfer to the nozzle area was

calculated, the dimensions of the various nozzle components were

determined. Since the temperature of the inner nozzle surface is

1033 K or less, the thickness calculations must use the strength of

the nozzle material at this temperature. For stainless steel at this

temperature, the yield strength drops to approximately 15000 psia.

Therefore, the thickness of each section of the nozzle must be

significantly greater than the other sections. Again using a factor

of safety of two and equation 24, the thickness at each section was

calculated and the dimensions of the nozzle are shown in Figure 85.

Note, these dimensions also correspond to standard tubing

dimensions.

In order to determine the temperature distribution in the

stainless steel nozzle, it was again necessary to calculate the Biot

number. Since the nozzle convection coefficient will most likely be

maximum at the interior of the nozzle throat, the value from

equation 48 was use to determine the Biot number. Additionally, the

volume of steel and interior and exterior surface areas of the throat

region were used to calculate the characteristic length. Thus, the

Biot number was found to be 0.102. This value was sufficiently
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close enough to 0.1 for the uniform temperature assumption to be

valid.

Since the Biot number is sufficiently small, the only heat

transfer outflow is due to convection of the coolant water (radiation

can also be neglected here). The energy balance on the nozzle

section therefore simplifies to:

hA(T.-T.) = hAo(T.-T.) (50)

where Ai is the inner surface area and A© is the outer surface area.

In order for the water coolant to be effective, it must not be heated

above its boiling point. It was assumed that the water would enter

the coolant passage at 300 K and be heated to no more than 368 K.

Thus, T„was assumed to be the average value of 334 K. Therefore, it

follows that h| must have a value of approximately 13873 W/m^K.

In order to achieve this coolant coefficient, it is necessary that

the water flow rate be sufficient. In order to determine the water

flow rate, the following equation was used [30]:

.o.sC nnh, = 0.02Xp(pv) n ^ (Pr)' (51)
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Substituting the constants and simplifying, equation 51 becomes:

v = 8.414D°" (52)

where Dh is the hydraulic radius (4 times the cross-sectional area

divided by the wetted perimeter). For the worst case, the wetted

perimeter would be that of an annulus with the inner radius equal to

the outer radius of the nozzle throat. Thus, the hydraulic radius for

this case is:

_ 47t(r| r^,) _ ^
24„ + rto)

where r^ is the inner radius of the coolant jacket, and r^^ is the

outer radius of the nozzle throat.

Thus, for a coolant passage of 1.25 in. inside diameter, a volume

flow rate of 42.4 gallons per minute (with the mean velocity of the

water equal to 3.43 m/s) is required to produce the necessary

convection coefficient at the throat region. This would correspond

to a flow rate 2.63 kg/s. These flow rates should easily be

obtainable with standard pumps.

Additionally, it must be verified that the water will enter and

exit the coolant tube at the desired temperatures. This can be easily
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accomplished by using [30]:

q = mC,(T„,-T„,) = 749KW (54)

where T^^and are the coolant fluid outlet and inlet mean

temperatures, respectively. Since this heat transfer rate is much

larger than the required heat transfer rate, the temperature change

of the coolant water will not be as large as anticipated. Never the

less, the predicted flow rate should be sufficient to provide

adequate nozzle cooling, especially for the short run times of this

combustor.
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CHAPTER V - Safety and Operational Requirements

Once this combustor has been constructed there are several

important tests which must be conducted before actual testing of

the apparatus may begin. These tests are designed to ensure the

safe and stable operation of this combustor. This chapter divides

these test requirements into four sections. The first section deals

with the verification of flame stability. The second section

describes the procedure to be used to ensure an adequate supply of

aluminum particles. The third section discusses the necessary tests

required to guarantee that the operating pressures and temperatures

can safely be achieved. The fourth section of this chapter describes

the safety procedures and devices to be used on this combustor.

5.1. Flame Stability

The first, and most important, topic discussed in this chapter is

the issue of flame stability. These tests are divided into two

categories: cold flow tests and combustion analysis.
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The first step in determining the flame stability of this

combustor is to conduct cold flow experiments. In this portion of

the combustor development process, it is necessary to verify that

the velocities discussed in chapter 4 are achievable by setting the

defined 0/F ratios and pressures specified. This will be

accomplished by installing the necessary valving and measuring the

velocity profiles at atmospheric pressure (no nozzle) to ensure a

uniform flow at the injector face. The gases used in these cold flow

experiments will be inert gases (or merely non-reacting) which will

have similar physical properties as the corresponding fuels and

oxidizers (nitrogen will still be used). Additionally, glass beads

may be used to simulate the aluminum particulates in the fuel flows.

After the flow fields and particle flows have been verified, the non

combustible gases will be fed in at operational pressure ranges

(500-1000 psia), and the average velocities will be calculated (by

equation 18) from the flow rates into the chamber. By observing the

flow meters, the velocities of the gases may be calibrated to the

valve positions. Next, the gases may be injected with smoke to

establish the flow fields which will be important for the

combustion analysis. From these flow fields it should be possible

to determine the length of the core flow and an adequate location for

the ignition source. Alternatively, liquids could be used with dyes

as long as Reynolds similarity was maintained. Additionally, a good

approximation of the diameter of the flame may be obtained by

observing the distance which the simulated oxygen diffuses into the
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nitrogen. From this distance the heat transfer problem in chapter 4

will be reexamined, and verified.

The next step in ensuring flame stability is to verify that the

actual fuels to be used will burn in a predictable and safe manner.

From observing the cold flow experiments (and making the necessary

design changes), the igniter wires should be placed in their proper

position. It should be verified (before actually trying to ignite the

mixture) that there is an adequate voltage supply to permit a

continuous spark at the desired flow rates. After the wires are in

position, the voltage source is turned on, then the gas (no particles)

is started. Hopefully, this will result in a stable flame which does

not impinge on the glass tube walls. If the flame hits the tube-wall,

the combustor is immediately shut down and a larger quartz tube and

nitrogen injector will be made. However, if the flame does not

impinge on the glass, temperatures at various locations along the

outside of the glass tube will be recorded in order to verify the heat

transfer analysis. If this step is successful the process is ready to

be repeated with the aluminum particles.

5.2. Aluminum Particle Feed System

This section describes the method which will be used to inject

the particles into the flow of the combustor. The particle injection

mechanism will consist of a tube (capable of withstanding up to
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2000 psia) filled with aluminum particles (see Figure 86). The

gaseous fuel will be injected into one end of the tube and leave

through a small orifice at the other end. It has been found in a

similar experiment that the diameter of this orifice should be

approximately 3 times the diameter of the particles to be injected

[35]. Therefore this feed system should be calibrated for each fuel

used and each particle size used. The pressure drop across the tube

should also be recorded.

From the heat transfer analysis the operational time limits were

determined. Using these time limits and the maximum flow rate of

particles, the mass of aluminum in kg to be contained in the tube can

be found from;

mAi = 1 -Snimax^p (55)

where1.5 is used to ensure that particle supply does not run out

during the test, m^ax 's the maximum flow rate of particles in kg/s,

and top is the operational time specified in the heat transfer

process. From this equation the tube volume can easily be estimated

by:

V = (56)
CiPai

where Ci is a constant for the packing fraction which can be

obtained (which should be near unity for these small particles).
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4.3. Operational Temperature and Pressure Requirements

Since this device operates at extreme temperatures and

pressures it is important to guarantee that the design of this

combustor is sound before operational tests can begin. One of the

first design assumptions which should be verified is the heat

transfer and temperature calculations. More importantly, it is

necessary to find the time required for quartz tube to reach its

maximum operating temperature. Before the actual combustor is

built, a (very) rough estimate of this time could easily be obtained

by heating a small quartz tube sample with a torch (in roughly the

same orientation as the flame will be inside the combustor) and

recording the temperature of the glass surfaces. The parameters of

the torch should be used in the heat transfer equations in chapter 4

and the experimental data compared with the theoretical data. If

there are any major discrepancies the heat transfer assumptions

may have to be re-evaluated and a new design obtained. Likewise,

before the nozzle has been constructed the same type of experiment

may be conducted to verify its heat transfer analysis. Alternatively,

the combustor could be built and transient temperatures of critical

components could be measured with thermocouples.

After the temperature ranges have been verified, the pressure

ranges of the combustion apparatus must be verified. This can

easily be done by assembling the combustor and plugging the ends.
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The chambers can then be filled with liquids and pressurized at the

desired pressure (see Figure 87). In this way the seals can be

checked by coloring one of the liquids. Thus, a leak could easily be

detected and corrected before operational tests.

5.4. Safety Devices and Procedures

Obviously, due to the high pressures and temperatures involved

the primary concern of operating this combustor should be the

safety of the test personnel. Of secondary importance should be the

safety of the equipment and instrumentation. This section discusses

the considerations which were made to ensure the safety of both the

personnel and equipment.

The first, and easiest step, in personnel safety is to separate the

test crew from the combustor during test operations. This can be

accomplished by placing the combustor in a test bay (similar to the

one in UTSI's propulsion lab) and observing the overall operation

with a real-time camera. Both the observation point of the crew and

the camera should be adequately protected in the event of failure.

The crew protection may come from sufficient separation distance

and the camera protection could be provided by a Plexiglas shield.

Since some of the gases used in this combustor may become

detonable or poisonous, it is also necessary to provide for leak
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detection devices within the test cell to ensure crew safety

(especially between operational tests).

Besides the safety of the personnel, the integrity of the

combustor and instrumentation is also important. In order to

protect the instrumentation, it is necessary to shield all detection

devices from debris formed in the event of a failure. This Is usually

accomplished by using Plexiglas shields. In addition, the combustor

can be designed so that if failure does occur, it does so in a

predictable manner. One way to accomplish this is to place burst

disks on the gas feed lines which do not face the instrumentation.

The burst disk on the interior chamber protects the integrity of the

combustor in the event the nozzle becomes plugged while the outside

burst disk should protect the instrumentation. It should also be

incorporated into the combustor operation that all valves will shut

once one of these burst disks is compromised.

As mentioned earlier in this thesis, this combustor development

program will start with the simpler experiments and then work

towards more complicated experiments. This is also done to ensure

the safe operation of this combustor. It makes it safer to allow the

operators to observe the characteristics of this combustor under

various conditions and recording the data for future personnel to

use.
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CHAPTER VI - instrumentation Requirements

This chapter describes briefly the instrumentation required for

the operation of this combustor. The instrumentation necessary can

be divided into two groups: -1) those which are necessary to insure

the safe operation of the combustor and -2) those which are

necessary to collect the desired data pertinent to the aluminum

combustion. As mentioned earlier, these instruments are only

mentioned briefly and the exact specifications are not listed. Never

the less, the two aforementioned instrumentation divisions are

discussed below.

6.1. Instruments Used for Safety Purposes

The first safety instruments to be discussed are the pressure

sensors. These sensors should be capable of determining the

pressure in the combustion chamber and within the outer chamber.

If the pressure reaches over 1100 psia in the combustion chamber or

over 1200 psia in the outer chamber, the fuel and oxidant feed

systems of the combustor should be automatically and immediately

shut down. Since these sensors must be capable of determining the

pressures nearly instantaneously, these pressure sensors must be
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capable of high speed response. This is due to the fact that any

catastrophic failure would most likely result in a rapid pressure

increase. Therefore, it is necessary that these pressure sensors

have fast response times.

The second type of safety instruments for this combustor is the

temperature sensors. One thermocouple should be on the outside of

the quartz glass tube. Once the maximum temperature, as specified

by the heat transfer analysis in chapter 3, of this outside surface is

reached, the device should immediately and automatically stop.

Similarly, a thermocouple should be placed on the outside of the

nozzle throat with its own criteria for emergency shutdown. Since

these thermocouples also require nearly instantaneous data

acquisition, they should also have response times on the order of 1

millisecond.

The third, and final, safety instrument to be used is an ordinary

video camera. This camera should be capable of providing real-time

video output. It should have a wide angle view of the experimental

apparatus so in the event of any malfunction the operator can

manually implement emergency shut down procedures. Additionally,

in order to protect the camera, the camera should be placed in a

Plexiglas compartment (shield) and/or the camera should be at a far

enough distance to remain out of harm's way.
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6.2. Data Acquisition Instrumentation

Since one of the main objectives of this project is to obtain

accurate optical data on aluminum/aluminum oxide particles, it is

necessary to have several optical sensors. These optical sensors

must be capable of determining the spectral radiation emitted from

the flame/particles. The observed spectral reaction should show the

relative intensity of the radiation verses the wavelength for that

intensity. The device recommended for this data acquisition is the

Optical Multi-Channel Analyzer. This device is capable of acquiring

and recording the required data.

Another optical sensor, which is necessary for data acquisition

during the operation of this combustor, is the mass spectrometer.

This device is capable of identifying individual species by their

emitted wavelengths. It is also capable of determining the mass

fractions of each of these individual species.

The third instrument required for data acquisition is a high speed

motion camera. This camera should be capable of observing the

combustion of individual aluminum particles. It is therefore

necessary that the camera also have adequate magnification

capabilities. This device will be extremely useful to determine the

best location for the other optical devices. This will be done by

running trial experiments with the camera at various axial
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positions. By viewing the camera data, the optimum placement for

the other optical sensors will be determined.

The fourth, and final, instruments necessary are the flow meters

in the gas supply lines. These flow meter readings will be

necessary to determine the exact operating conditions (i.e., 0/F

ratio, etc.) which the combustor was operating. Since this data will

be necessary for later analysis, it is recommended that the output of

the flow meters be recorded.
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CHAPTER VII - Conclusions and Recommendations

As stated throughout this thesis, the design of this combustor

was intended as a simple-as-possible initial design, with the need

to gradually work towards more complex designs that would more

accurately simulate the combustion of aluminum in a solid rocket

motor environment. Therefore, this design work was mainly based

upon simplified pressure vessel equations, equilibrium chemistry

calculations, and a simplified heat transfer analysis. (Each of these

design criterion are discussed below.)

Although the simplified pressure vessel equations are by no

means a finite element analysis, they should be sufficiently

accurate for the intended operations of this combustor. However,

the dimension of the central injector was arbitrarily chosen. In

reality, the area and flow rate of each injection tube could

drastically change the stability of the flame and the combustion

products which are formed. In addition, this design assumed that

the nitrogen and oxygen would not intermix. In reality, this is not

the case. This is due to the fact that there will be some vorticity

produced between the oxygen and nitrogen interface. Any

substantial mixing between these two gases could cause the flame
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to expand to the quartz tube wall resulting in excessive heat

transfer rates. For these reasons, it is imperative that the flow

rates and flame stability be verified and all necessary redesign

work be completed before the initial test operations begin. These

redesigns may include changing the dimensions of the injectors, the

flow re-circulator locations, and the flow rates of the gases.

The use of equilibrium chemistry for this combustor should

provide a fairly accurate overview of the species, transport

properties, and temperatures which will be produced in this

combustor. The accuracy of the NASA equilibrium chemistry code

has been confirmed in numerous tests. However, since these

chemistry calculations assume infinite reaction rates and reactions

which continue until completion, the actual species produced in this

combustor will probably be slightly different from those which were

predicted. In reality, the rate of reaction will be mainly controlled

by the turbulent mixing of the species at the injector face. Also, the

reaction of the aluminum particles (with oxygen) may be difficult

due to the (possible) lack of oxygen along the center of the

combustor. Further complications which may affect the aluminum

particle combustion include the formation of a protective oxide on

the particles and the collision of molten aluminum particles which

may form large agglomerates (and therefore, substantially longer

burn times). All of these factors must also be experimentally
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verified and any necessary design changes must be incorporated into

the combustor before actual tests can begin.

Another problem which may occur during the operation of this

combustor is the erosion of the nozzle throat. Although the heat

transfer calculations should insure that the nozzle will be

maintained below its melting temperature, it does not necessarily

guarantee that the nozzle throat will not erode. The high flow

velocities of the reactive and corrosive combustion gases can still

erode (and possibly react) with the stainless steel nozzle. Since the

velocities should be their maximum at the nozzle throat, it is

recommended that the nozzle design be incorporated with graphite

inserts in the nozzle throat. Although the graphite insert will still

probably erode, it should not threaten the integrity of the nozzle

itself. This should, in the long run, decrease the cost and increase

the safety of the nozzle design. Additionally, since the ceramic

needle may cause the nozzle to plug with aluminum slag (resulting in

catastrophic over pressures), it is recommended that the variable

throat area design be carefully evaluated in testing, and, if it proves

unsatisfactory, it should be discarded in favor of alternative nozzle

designs. Each of these nozzles would have graphite inserts with the

throat area corresponding to choked flow for the flow rate of the

particular experiment. Although this may be more expensive, it may

necessary to insure the safe operation of this device.
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As mentioned in chapter 4, due to the high heat transfer rates it

was necessary to use a two wall construction for the quartz

observation windows (Figure 74). This was also necessary due to

the poor strength of quartz in tension (especially at high

temperatures). If a single glass tube were used for this combustor,

it would require a tube which would be approximately 0.5 in. thick

for a 1.0 in. inside diameter tube. This thick tube would act as a

(powerful) lens which would make data acquisition difficult.

Alternatively, the combustor could use a single chamber with a thick

recessed quartz window. In order to cool this recessed window, it

would be necessary to purge this window with a coolant gas. This

may make it difficult to observe the combustion process along the

entire length of the combustor. Also, this alternative design may

result in the formation of recirculation zones of hot combustion

gases near the combustor walls (unlike the two wall design)

resulting in catastrophic heat transfer rates. Not oniy may this

alternative design be more dangerous, but it could also be more

expensive to develop the purge system for the recessed window

design. For these reasons, it is recommended to develop the two

wall design configuration.

Obviously, the combustion of aluminum particles in a flame may

not accurately simulate the heterogeneous reactions which occur

within an actual solid rocket motor. However, this combustor

concept is designed to be capable of observing the effects of the

133



individual species on the aluminum combustion process. This design

should also be able to observe the effects of individual species on

the optical properties of aluminum and its oxides. In order to

accurately simulate the solid rocket motor species, it is necessary

to operate this combustor in the fuel rich regime for the first two

suggested fuels (hydrogen and methane). (The two main species

produced in a typical rocket motor are free hydrogen and carbon

monoxide.) Fuels which will be used in later experiments should

produce hydrochloric acid and free nitrogen (two other species

produced in solid rocket motors). It is recommended that each of

these species and their effects on aluminum be studied individually

(if possible). Eventually, after numerous limited specie tests, this

combustor may be able to provide observations of aluminum

combustion in an environment which contains all of the prevalent

species found in a solid rocket motor.

Once this combustor is built (after all of the necessary design

verifications and/or have been incorporated), it should provide a

versatile research tool. Not only should this combustor provide

insight into the aluminum combustion process, but it could also be a

valuable tool for the observation and measurement of coaxial jet

mixing and combustion. This combustor may be used to study the

combustion characteristics of new fuels and additives for solid

rocket motors. In conclusion, this combustor (or its derivatives)

should be a valuable research tool for years to come.
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Appendix A

CETPC Output Data for Hydrogen Fuel Combustion

Products and 0.01 Aluminum Mass Fraction

141



Species 0/F=6.0 0/F=7.3 0/F=8.0 0/F=10 0/F=15 0/F=20

(Stoich.)

A! 0.00003 0.00001 0.00001 0 0 0

AlO 0.00029 0.00027 0.00023 0.00011 0.00001 0

AlOH 0.00029 0.00020 0.00015 0.00007 0.00001 0

AI02 0.00002 0.00003 0.00003 0.00002 0.00001 0

AI02H 0.00249 0.00282 0.00272 0.00208 0.00076 0.00024

H 0.05283 0.04437 0.03894 0.02458 0.00750 0.00232

H02 0.00007 0.00019 0.00025 0.00040 0.00050 0.00042

H2 0.21482 0.13238 0.10651 0.05857 0.01757 0.00623

H20 0.62902 0.64951 0.64914 0.62898 0.55055 0.48030

H202 0.00001 0.00003 0.00003 0.00004 0.00004 0.00003

0 0.01069 0.02080 0.02463 0.03038 0.02426 0.01403

OH 0.07565 0.10825 0.11740 0.12547 0.09654 0.06244

02 0.01225 0.03988 0.05868 0.12785 0.30053 0.43233

AI203 0.00153 0.00126 0.00127 0.00146 0.00172 0.00165

Figure 88: Mole Fractions of Hydrogen Combustion

Product Species Vs. 0/F Ratios
(Pressure = 500 psia, Aluminum Mass Fraction = 0.01)
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Appendix B

CETPC Output Data for Methane Fuel Combustion

Products and 0.01 Aluminum Mass Fraction
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Species 0/F=2.0 0/F=3.0 0/F=3.8

(Stoich.)

0/F=5.0 0/F=10 0/F=15

Al 0.00014 0.00009 0.00004 0.00001 0.00001 0

AIH 0.00002 0.00001 0 0 0 0

AlO 0.00046 0.00099 0.00068 0.00031 0 0

AlOH 0.00060 0.00048 0.00026 0.00011 0 0

AI02 0.00001 0.00007 0.00009 0.00006 0.00001 0

AI02H 0.00153 0.00369 0.00353 0.00261 0.00043 0.00004

AI20 0.00004 0.00002 0.00001 0 0 0

AI202 0.00001 0.00001 0.00001 0 0 0

CO 0.28514 0.21687 0.16620 0.11432 0.02216 0.00345

C02 0.03078 0.07066 0.09652 0.11840 0.12998 0.10752

H 0.06076 0.06376 0.04645 0.02856 0.00384 0.00043

HCO RAD 0.00003 0.00002 0.00001 0 0 0

H02 0.00001 0.00013 0.00029 0.00045 0.00046 0.00024

H2 0.31328 0.13241 0.07506 0.04044 0.00583 0.00097

H20 0.27429 0.36133 0.36432 0.34601 0.26163 0.20720

H202 0 0.00001 0.00002 0.00003 0.00002 0.00001

0 0.00287 0.02581 0.04268 0.05085 0.02686 0.00745

OH 0.02571 0.09460 0.12160 0.12620 0.06888 0.02680

02 0.00098 0.02738 0.08057 0.16965 0.47780 0.64423

AI203 0.00335 0.00165 0.00167 0.00196 0.00208 0.00166

Figure 89: Mole Fractions of Methane Combustion

Product Species Vs. 0/F Ratios
(Pressure = 500 psia, Aluminum Mass Fraction=0.01)
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