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ABSTRACT

The objective of this research was to provide insight into the solidification
kinetics of aluminum oxide (Al,O,) particles formed in the exhaust of solid rocket
motors (SRM) which use aluminized propellants. The research was motivated by
the observation that particles collected from SRM exhausts often show more than
one crystalline phase of ALO,. The larger particles tend to be composed of the
stable alpha phase while the smaller particles tend to be composed of gamma or
one of the other metastable phases. The various phases of Al,O, have different
properties and crystalline structures. The existence of multiple phases is important
in applications where particle density, chemical properties, and optical properties
need to be considered. It is not important to motor performance s'ince the enthalpy
difference between the phases is insignificant.

Although much is known in the field of ceramics about the solidification
kinetics of ALO,, this knowledge had not been applied to rocket exhaust products
in a systematic manner. Thus, an analytical method was devised which combined
the solidification kinetics of Al,O, and the output from industry standard nozzle
and plume codes. This method was used to investigate the dependence of the
crystal phase of solid Al,O, particles upon various parameters.

The kinetic rate analysis indicates that the rapid temperature quench
occurring in a gas dynamic nozzle expansion and free expansion into the
atmosphere is capable of producing significant amounts of metastable aluminas. It
also shows a direct correlation between crystal phase and particle size, the degree

of undercooling, motor type, and altitude.
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CHAPTER L.

INTRODUCTION

Most of the solid rocket propellants in use today utilize a polymer matrix
which contains powdered aluminum. A primary effluent from the exhausts of solid
rocket motors (SRM) which use these aluminized propellants is particulate
aluminum oxide (Al,0,). The formation of Al,O, (or alumina) occurs in the motor
chamber (Fig. 1) during combustion of the fuel at temperatures higher than the
ALO, melt point. Some of the liquid A1,O, droplets are broken up by the strong
shear forces encountered as the nozzle flow accelerates through the nozzle throat.
The rocket exhaust expands downstream of the nozzle throat, and the alumina
eventually solidify as the temperatures of the gas and the ALO, continue to
decrease. If the cooling rate of the exhaust is sufﬁcientl‘y fast, the QIoplets may
reach a temperature lower than the melt temperaﬁre (i.e. undercool) before
solidification occurs.

Samples collected from SRM exhausts have shown that the alumina
sometimes exists in more than one crystalline phase [1,2]. The most
thermodynamically stable phase of ALQ, is the alpha crystalline phase. Several
other less stable phases exist which include the eta, gamma, delta, theta, chi, and
kappa phases [3]. Although other crystalline phases may be present, the smaller
particles are primarily composed of the metastable gamma phase while the larger

particles are predominantly the stable alpha phase [4].
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The alpha and gamma phases of alumina have different crystalline

structures and properties as shown in Table 1. These differences are not important
in terms of motor performance (i.e. thrust, specific impulse, etc.) due to the small
variations in enthalpy between the phases. However, the existence of metastable
phases in the rocket exhausts should be considered in applications where particle
density, chemical properties, or optical properties are important.

One example of the importance of the optical properties of the different
alumina phases is in the measurement of particle size using laser techniques. The
difference in refractive indices (Table 1) between the alpha and gamma phases of
AL, can correspond to a factor of two difference in the backscatter cross section.
This can adversely affect the particle size measurements which are required in the
determination of two-phase moto'r performance loss and in the calculation of the
radiative heat transfer from tﬁe plume [5].

Another phase dependent property of alumina which may affect the
accurate calculation of plume radiative heating is the particle emissivity. The
smaller electronic band gap value [6] for the gamma phase (Table 1) implies that
gamma phase alumina may have a higher emissivity than the alpha phase. This
could be one reason why the measured values of the radiative heating from the
plumes exhausted from space motors are usually higher than predicted values [5].

Also, the difference in the absorption spectra of the gamma and alpha phases has



Table 1. Physical Properties of Alpha and Gamma Al,O,

Property’ Alpha Gamma
Density, g/cc 3.98 3.6
Free Energy, kcal/mole -397.594 -396
Oxygen Sublattice hexagonal (hcp) cubic (fcc)
Melting Point, K 2327 2289
Heat of Fusion, cal/g 256 122
Band Gap, eV 8.8 7.2
Visible Refractive Ihdéx 1.78 1.65 (approx)
Solubility insoluble slightly
in acids and soluble
bases

! Properties given at room temperature




been suggested and has been partly evaluated as a method of discerning the mass

fraction of the gamma and the alpha phases in particle sample collections [4].

The question of the environmental impact of the space shuttle exhaust is
one example where the chemical properties of the alumina phases may be of
importance. Of all the current launch vehicles, the space shuttle releases the most
exhaust products in a single launch [7]. Approximately 276,000 kg of the shuttle
SRM exhaust effluents released into the atmosphere consist of ALO, [2]. Most of
the ALO, (about 63 percent) exhausted by the shuttle is released into the
troposphere (altitudes up to approximately 15 km or 50,000 ft). The remaining
effluent is deposited in the stratosphere up to an altitude of about 43 km (about
140,000 ft) 2, 7]. A few gamma phase particles have been collected from the
shuttle cc;ntrail at low altitudes [2], but very little is known about the relative
amount of alpha or gamma phase particles exhausted into the stratosphere.

The gamma phase particles are more chemically reactive than the alpha
phase particles and can form toxic aluminum chloride (AICL) hydrate (an irritant
to eyes and mucous membranes) from the hydrogen chloride (HCI) and H,O in

the shuttle launch cloud [8] as shown in equation 1 [9].
AlzO3(S)+6HCl(g)+9H2O(g)—)Z[AlCh*6HZO:|(S) (1)

The particulate gamma phase alumina may serve as nucleation sites on
which HCI can condense and eventually increase acidity at ground level (8]. The

possibility of the gamma phase particles acting as an ice nucleation agent in the
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upper troposphere and lower stratosphere has also caused some environmental

concerns in terms of possible climatic impact [2, 10]. Although recent studies
indicate that this may not be a viable issue [11], the long term environmental
impact of the exhausted alumina cannot be known until the amount of the
metastable crystalline phases have been determined.

Thus, the solid rocket motors used on the space shuttle are of particular
utility in the study of solidification kinetics of ALQ, particles. The Redesigned
Solid Rocket Motor (RSRM) is the shuttle SRM currently in use. An Advanced
Solid Rocket Motor (ARSM) is being developed which will eventually replace the
RSRM. The current shuttle SRM (the RSRM) has a 16 percent aluminum loading.
However, the aluminum loading will be increased to 19 percent for the ASRM.
- The increase in thrust provided by the ASRM will aliow an increase in shuttle
payload capacity. However, the increased thrust &mslates into an increase in
liquid alumina in the near field plume. This results in a higher plume radiance. It
has been predicted that the plume radiance of the ASRM may be as much as 75
percent higher than the plume radiance of the RSRM. [12].

An analytical approach was developed in this work which utilized the
flowfield output provided by Moylan [12,13] and current kinetic rate information
on ALO, [14] to calculate the amount of gamma retention in the ASRM and
RSRM plumes under various conditions. The particle temperatures and velocities

provided from Moylan’s flowfield calculations were input into a phase conversion



code which used Steiner’s [14] global kinetic rate equation to estimate the amount

of gamma to alpha conversion. Sixty different cases were considered which
varied such parameters as particle size, undercooling, motor type, and altitude.

The results of these calculations are presented and discussed in this thesis.



CHAPTER II.

BACKGROUND
Crystal Phase

Aluminum oxide occurs in several forms in nature. In the hydrated form it
occurs as bauxite, and in the anhydrous form it occurs as corundum.
Commercially, some forms of corundum are used as abrasives while other forms
are valued as gemstones. The gemstones are formed as a result of impurities in the
corundum due to various metallic oxides (for example, the impurities of
chromium (III) oxide (Cr,0,) and titanium dioxide (TiO,) result in the gemstones
known as rubies and sapphires, respectively). However, although the various
forms of aluminum oxide have the same formula, ALQ,, they have different
crystalline structures and thus diﬁ‘erent properties [15].

Corundum, or alpha phase ALO,, is the most stable crystalline form
exhibited by aluminum oxide. The alpha crystalline structure consists of
hexagonal close packed (hcp) oxygen anions with two thirds of the octahedral
interstices occupied by aluminum cations [3, 16]. Fig. 2a shows a diagram of the
corundum structure with one-third of the possible aluminum sites vacant [17].

There are numerous metastable crystalline phases of solid alumina which
also exist in addition to the stable alpha phase. These less stable phases are
classified into two major groups: the alpha series and the gamma series. The

oxygen anions of the alpha series are hexagonal close packed (as in corundum)
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while those of the gamma series are face centered cubic (fcc, characteristic of

spinel) as shown in Fig. 2b. The alpha series typically consists of the chi and
kappa phases while the gamma series includes eta, gamma, delta, and theta. The
differences between the phases within each series are due to the variations in the
cation sublattice arrangement [3].

All the metastable phases eventually transform into the stable alpha phase
provided they remain at elevated temperatures for a sufficient length of time.
When the liquid ALO, solidifies, it is most likely to evolve into gamma. Then, if
there is sufficient time, it may progress through other phases (delta and theta) until
it finally transforms into the alpha phase with the final transformation requiring
the rearrangement of the anion sublattice. Phase selection as a function of particle
size ha‘s been reported by Levi [3] during an investigation in which
elec&ohydrodynamic atomization was applied in order to produce Al,0, droplets
ranging from 10 nm to 300 pm in size. His study revealed that a diversity in
microstructures were exhibited in the particles ranging from amorphous AL O, to
corundum as shown in Table 2 [3].

The two main crystalline phases of Al,O, which have been observed in
samples collected from SRM exhausts are the stable alpha phase and the
metastable gamma phase. Not only are these two phases different in structure, but
they also exhibit different properties as shown in Table 1. The existence of these

two phases in SRM exhausts have little effect in terms of motor performance since

10




Table 2. Phase Selection as Function of Particle Size

Crystal Phase Particle Diameter, um
0.01 0.10 1.0 10 100
Amorphous « |
Gamma
Delta, Theta @~ e
Alpha

l

Source: Levi, C. G., Jayaram, V., Valencia, J. J., and Mehrabian, R., "Phase
Selection in Electrohydrodynamic Atomization of Alumina," Journal of

Materials Research, Vol. 3, No. 5, pp. 969-983, September/October
1988.
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the difference in enthalpy is relatively small. However, the presence of
multiphases may be important in applications in which the optical properties,

chemical properties, or density of the exhaust must be considered.

Kinetic Rate
An increase in temperature usually increases the rate of a chemical reaction.
In 1889, Arrhenius discovered that an equation with the same form as the Van’t
Hoff isochore could account for the effect of temperature on the reaction rate in
most cases [18]. This equation (known as the Arrhenius equation or Arrhenius
Law) can be deduced from the Law of Mass Action and the Van’t Hoff equation,

and is usually written in its integrated form as follows [18]:

k=A*e:_; ' (2)
where k = Specific reaction rate (or velocity constant)
A = Frequency factor (integration constant)
Q = Activation energy of the reaction
R = Gas constant
T = Temperature
The frequency factor is related to the frequency of the collisions of the
reacting molecules and their orientation. That is, it indicates the number of
collisions with the proper orientation for reaction [9]. The exponential factor e’ @*"

indicates the fraction of the molecules that have an energy greater than or equal to

12



the activation energy of the reaction [9, 18). The activation energy is the minimum

energy required to form a transition state during the collision between reactants.
The concept of activation energy is illustrated in Fig. 3. There is a natural
tendency for the molecules in a system to take positions such that the energy is at
a minimum. However, there is often an energy barrier which must be overcome
before this can occur. The energy which must be put into a system in order to
overcome the energy barrier is known as the activation energy [9] .

The order of the reaction indicates the number of reacting species (i.e.
atoms or molecules) involved whose concentrations determine the kinetics of the
reaction, and it is equal to the sum of the concentration terms of the reactants in
the rate of reaction equation [18]. The order can be expressed in terms of each
reactant or with respect to the overall order of the reaction. For ‘example, in the

general rate equation
k=1[B]*[C]" 3)

I is a rate constant and B and C are two reactants. If the exponent m is equal to 1,
then the reaction is said to be first order with respect to B. If the exponent n is
equal to 2, the reaction is said to be second order with respect to C. The overall
rate of the reaction is equal to the sum of the orders of each reaction (m + n). In
this case, the overall reaction is third order (1 + 2). If a reaction is zero order, the
rate of the reaction is constant and does not change with time (i.e. the rate does

not change with reactant concentration). Thus, if the extent of the reaction, f, is

13
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plotted as a function of time, t, the result will be a straight line, and the rate of the

reaction, k, is given by the slope df/dt [9, 18]:
df
< =K 4

The global reaction rate for the conversion of gamma to alpha in
uncompacted aluminum powders has been determined during several studies in
which the transformation of gamma to alpha followed first order kinetics. The
activation energies found ranged from 79 to 153 kcal/mol [14, 19-22].

One of the most comprehensive rate studies was performed by Steiner et al.
[14] using a starting material of high purity gamma AlL,O, powder. The activation
energy determined by Steiner was 116 kcal/mol. This value was confirmed by
Kato et al. [19] in a study which used an alumina powder starting material
prepared from hydrated alliminum sulfate. Steiner’s results indicated that the
transformation followed zero order kinetics (m=n=0). This zero order rate constant

with an Arrhenius temperature dependence can be express as follows [3, 14]:

=583

k=-j—tf=l.7El4*e T (per sec) (5)

where f = the fraction of alpha Al,O,
k = the rate constant
t = time, sec

T = temperature, K

15



Since the relative rates of the intermediate phases from gamma to alpha have not

been determined, it was assumed for this study that the transformation occurred
directly from gamma to alpha [3].

Although Steiner obtained good results using alumina powder of high
purity, it has been observed that different types of impurities can greatly affect the
phase transformations by either accelerating or retarding the reaction [3, 20]. For
example, the addition of chromium (Cr) to amorphous aluminum hydroxide
caused a reduction in the conversion rate by a factor of two while the addition of
iron (Fe) increased the rate in a study performed by Bye and Simpkin [19, 20].

Thus, although rate equations for the conversion of gamma to alpha have
been determined for pure alumina powders, the direct application of these
equations to calculations involving contaminated alumina (i.e. from rocket
exhausts) introduces an unknown margin of error. For example, if the rate
equation developed by Steiner is increased or decreased by a factor of two, the
amount of alpha conversion is increased or decreased by roughly a factor of two.
However, until a rate equation is determined from a study which uses alumina
obtained from rocket exhausts, Steiner’s rate equation provides a first estimate of

the amount of metastable alumina that may be produced in a SRM exhaust.

Shuttle Solid Rocket Motors
The first space shuttle SRM was developed during the mid-1970s, and the

first shuttle was launched in April 1981. The High-Performance Motor (HPM) was
16



designed in the early 1980s to increase motor performance [23]. In mid-1986, the

design was begun on a new SRM referred to as the Redesigned Solid Rocket
Motor (RSRM). The launch of the Discovery shuttle on September 29, 1988
marked the first flight of a shuttle configured with the RSRM [23]. An Advanced
Solid Rocket Motor (ASRM) with increased thrust is currently being developed
whjch will increase the shuttle payload capacity.

The overall dimensions of the RSRM and ASRM are approximately
equivalent with an overall length of 1,513 in. and an nozzle exit diam of about 150
in. (Table 3) [24]. The RSRM (manufactured by Thiokol Corp.) consists of four
segments designed to provide thrust to the shuttle from liftoff until the first 123
sec of flight. The ASRM (manufactured by Lockheed Missiles and Space
Company) consists of three segments designed to provide thrust to the shuftle from
liftoff until the first 134 sec of flight [24]. The fuel used in the RSRM is
polybutadiene acrylonitrile (PBAN) with a 16 percent aluminum loading [23]. The
ASRM will use hydroxy-terminated polybutadiene (HTPB) with an aluminum
loading of 19 percent [24]. The additional aluminum in the ASRM fuel results in
an increase in gas temperature which provides increased thrust and payload
capacity. However, the increase in gas temperature translates into an increase in
liquid alumina in the nearfield plume. This results in a higher plume radiance
which may be as much as 75 percent higher than the RSRM plume radiance

according to predictions [12].

17



Table 3. RSRM and ASRM Design Parameters

Parameters RSRM ASRM
Total Length, in. 1,513 1,513
Case Diameter, in. 146 150
Nozzle Exit Radius, in. 74.8 74.8
Nozzle Throat Radius, in. 26.92 26.89
Area Ratio (Ae/At) 7.72 7.74
Average Chamber Pressure, psia 625 633
Avg. Vacuum Thrust, Ibf 2,590,000 2,624,031
(webb time)
Specific Impulse, sec 267.9 270.3
(Vacuum)
Motor Weight, Ibs 1,255,978 1,345,807
Propellant Weight, Ibs 1,107,169 1,205,807
Propellant Type PBAN HTPB
Aluminum Loading, % 16 19
Burn Rate, in/sec 0.368 0.345

(@ 625 psia)

Source: Bardos, R., "Shuttle Propulsion Systems," Space Transportation
Propulsion Technology Symposium, Vol. 2 - Symposium Proceedings,

NASA CP-3112, Vol. 2, pp.151-166, May 1991.



CHAPTER III.

METHODOLOGY
Introduction

Preliminary calculations were previously performed to determine the
gamma to alpha conversion for one-dimensional, isentropic flow expanding in a
conical nozzle [5]. The motors considered in that study were smaller than the
ASRM and RSRM with throat radii of 3.94 in. (about 10 cm) or less and thrusts
of approximately 100,000 Ibf. A computer code was developed which integrated
three coupled differential equations consisting of the alumina velocity, enthalpy,
and crystal phase. The methodology that was used to calculate the momentum and
heat transfer was comparable to those used in the Solid Propellant Performance
(SPP) code [25] and the Standard Plume Flowfield (SPF) code [12,13].

The one-dimensional study suggested that significant amounts of
metastable alumina may be formed in solid rocket motors which use aluminized
propellants. The code developed in this study was limited to motors with low
aluminum loading since the assumption of one-dimensional, isentropic expansion
did not allow for two-phase coupling between the gas and the condensed phase.
Thus, another methodology was needed which would provide insight into the
gamma to alpha conversion for the aluminum loadings commonly used in

solid-propellant rocket motors.
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An analytical approach was developed in the current study which utilized

the flowfield output from industry standard nozzle and plume codes as input into a
phase conversion code which predicted the amount of gamma to alpha conversion
in SRM exhausts. The various components in this methodology are described in

the following sections.

Standard Nozzle and Plume Codes

Since the environmental impact of the space shuttle exhaust continues to be
of interest, the ASRM and RSRM were selected for this study. Also, these motors
were larger (throat radius of 26.8 in. and thrust greater than 2,500,000 Ibf) than the
motors studied in the one-dimensional analysis and provided additional insight
into the importance of motor size in the formation of metastable alumina in SRM
exhausts.

Initial plume predictions had already been performed on these motors by
Moylan [12] using three industry standard nozzle and plume codes. Additional
calculations were provided by Moylan as input for the current analysis.

The first prediction code used by Moylan was the Chemical Equilibrium
Code (CEC) [26]. The input for this code (propellant composition and motor
operating pressure) was supplied by SECA Inc. [27]. CEC was used to calculate
the gas constituents at the throat of the nozzle assuming chemical equilibrium. The
output from this code (combustion temperature and exhaust gaseous species

percent mole fractions) was used as input to the second prediction code.

20




The Reacting and Multi-Phase Code (RAMP) [12] was used to calculate the

nozzle flowfield properties. The nozzle exit plane startline conditions generated
with RAMP were used as input to the third code, the Standard Plume Flowfield
Code (SPF/2) [12, 13].

The SPF code was used to predict the entire chemically reacting plume
flow field from the nozzle exit plane to the far field with an output of the gas static
properties, particle properties, and the domain of the Mach disc or reflection point
with an assumption of two phase non-equilibrium.

An undercooling (or supercooling) option, which Moylan incorporated into
the SPF/2 code, was also used to calculate particle temperatures and velocities for
various degrees of undercooling. In the undercooling option, the solidification
temperature of the alumina was assumed to have a value ranging from 80 to 95
percent of the AL O, melt temperature in order to calculate particle undercooling
ranging from 20 to 5 percent, respectively. No particle undercooling was assumed
whenever the solidification temperature was equal to the melt temperature. The
melt temperature assumed in the code calculations was 2318 K. This value is in
between the temperatures listed in Table 1 for the alpha and gamma phases. The
five particle groupings selected by Moylan for these calculations ranged in size
from 3.5 to 9.1 pm in radius. These particle sizes were selected based on

experimental data acquired from similar motors with similar propellants and
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operating conditions. The methodology which Moylan used in performing the

nozzle and plume flowfield calculations are described in more detail in Ref. 12.

Gamma to Alpha Conversion Code

A gamma to alpha conversion code was developed by the author of the
present thesis which integrated the Steiner kinetic rate equation (equation 5) by
using Simpson’s Rule. The particle temperatures and velocities at various axial
locations were calculated using SPF/2 (flowfield output provided by Moylan on
floppy diskettes) and used as inputs to this code. However, these inputs were not
provided at evenly spaced increments and thus had to be interpolated at even axial
locations in order to be used in the cbnversion code. This required the
development of an additional code which could interpolate up to twelve numbers
for a given axial locaﬁon.

The interpolation code was used to calculate the particle temperature and
velocity for five particle sizes at 6 in. increments for distances ranging from 0 to
780 ft (125 nozzle radii) downstream of the nozzle exit. In addition to calculating
the properties at evenly spaced increments, the interpolation code was used to
determine the axial location at which each particle size solidified. For the cases in
which undercooling was considered, the location at which the particles reached the
solidification temperature also had to be determined. The results from this code

were written to separate files for use in the phase conversion code.
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CHAPTER IV

RESULTS
Temperature-Time Histories

The temperature-time histories (calculated using the nozzle codes and
SPF/2) for Al)O, particles of various sizes at an altitude of 100,000 ft and without
undercooling are shown in Figs. 4-6. Calculations were made for the ASRM on
centerline (Fig. 4) and off centerline (Fig. 5). The RSRM on-centerline
calculations are shown in Fig. 6. As shown in Fig. 1, the on-centerline calculations
were made on a line corresponding to the motor centerline. The off-centerline
calculations were made on a line which corresponded to the 25th radial grid
location from the centerline in the SPF/2 flow field (50 radial grid locations were
used to define the flow field). These calculations were made without allowing the
particles to undercool (i.e. the particles were treated as solid below a temperature
of 2318 K); however, additional calculations were made in which the degree of
particle undercooling was varied.

In these figures, the ordinate is the temperature of the ALOQ, particles and
the gas in Kelvin. The lower abscissa is a dimensionless axial distance given by
the ratio of the distance (X) of the particles and the gas downstream of the nozzle
exit to the radius of the nozzle exit (Re). The upper abscissa is the approximate
elapsed time (in sec) from the time the particles and gas left the nozzle exit until

they reached an axial location downstream of the nozzle which: corresponds to a
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distance shown on the lower abscissa. This time was calculated by taking each
axial location and dividing it by an average velocity based on the five particle
velocities at that location (time = distance/velocity).

The alumina starts out as a liquid droplet and remains liquid until the melt
temperature of 2318 K is reached. At this point, the alumina form a two-phase
mixture of part liquid and part solid (or "slushball"). The alumina will remain at
the plateau temperature of 2318 K until solidification is complete. Once
solidification is complete, the particle temperatures continue to decrease.

As shown in Fig. 4, there is a dramatic increase in gas temperature followed
by several smaller temperature increases at an axial distance of about 31 nozzle
radii (about 194 ft) downstream of the nozzle exit. A similar occurrence is shown
in Fig. 6 at a distance of approximately 16 nozzle radii (about 100 ft) downstream.
These temperature increases coincide with gasdynamic reflections at these
locations. At the location of a reflection, there is a sudden decrease in the Mach
number of the gas to a lower supersonic Mach number.

Figs. 4 and 6 show that the gas (the lowest curve) is cooler than the alumina
until the reflection point is reached. After the reflection point, there is a jump in
gas temperature to a level which exceeds the temperatures of some of the particles.
For the off-centerline calculations (Fig. 5), however, the effect of the reflection is
not as great, and there is a gradual increase in gas temperature with little or no

affect on the particle temperatures. As shown in Fig. 5, the amount of thermal lag

27



between the gas and the particles increases with particle size. Also, the residence
time at which the alumina remain at the 2318 K plateau temperature also increases
with particle size.

The gas temperature and the particle temperatures start to converge (Figs.
4-6) after the gas temperature stabilizes at a distance of about 20 to 30 nozzle radii
past the reflection location. At an axial distance of 125 nozzle radii (less than 0.1
sec elapsed time), the gas and particle temperatures have not yet begun to decrease
to the ambient temperature (approximately 227 K at 100,000 ft) [28]. However, it
is expected that at some distance further downstream the gas and particle
temperatures would eventually reach the ambient temperature. A sample
calculation was performed on the RSRM at 100,000 ft for a distance of 1000
nozzle radii downstream of the nozzle exit. At this distance the gas and particles
had still not réached ambient c‘;onditions; however, the gas temperature decreased

to 900 K on centerline and was several hundred Kelvin cooler just off centerline.

Undercooling
The high end temperature of the droplet temperature-time history is
determined by the degree of droplet undercooling prior to solidification which can
have a large effect on the final state of the particle. Undercooling (or

supercooling) is generally defined as the difference between the melt temperature
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(or equilibrium temperature) and the solidification temperature of the droplet [29]

and can be expressed as:
degree of undercooling = Tmelt - Tsolidification (6)

where: Tmelt = the melt temperature of ALO,, K

Tsolidification = the temperature at which the A1,O, begins to solidify, K.
For a solidification temperature of 1854 K, the degree of undercooling would be
464 K (2318 K - 1854 K). Thus, the particles would be undercooled by roughly 20
percent since the solidification temperature is approximately 80 percent of the
melt temperature. For 20 percent undercooling, the solidification temperature can

be calculated by equation 7 [30].
Tsolidification(20%) = (0.8)(Tmelt) (7

The maximum degree of undercooling considered in this study was 20
percent. This percentage was based on the results of an experiment by Nelson
using free falling molten zirconium oxide droplets [31]. The zirconium oxide data
were used because there is no quantitative data for undercooling of Al,O, although
undercooling of alumina has often been observed. These results have previously
been used as an estimate of undercooling in rocket motors by Henderson [30].

Examples of the effects of droplet undercooling on the droplet
temperature-time histories are shown for the ASRM and the RSRM in Figs. 7 and

8 , respectively. The alumina start out as liquid droplets and remain liquid until
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reaching a solidification temperature of 1,854 K (which is well below the freezing

point of both the alpha and the gamma phases). This solidification temperature
was a result of allowing the alumina to undercool by 20 percent. Once the alumina
has reached this solidification temperature, there is an abrupt jump in temperature
which signals the onset of solidification (Fig. 7b). This occurs because the heat of
fusion is being released quicker than it can be dissipated by convection or
radiation. The alumina will remain at the 2318 K plateau temperature until
solidification is complete.

For the one-dimensional isentropic nozzle flow assumption for a motor
with a throat radius of 3.94 in. (10cm) [5], the effect of undercooling on the alpha
mass fraction of a 1 pm radius particle was that gamma retention increased as
undercooling increased. When no undercooling is present, almost all the alumina
are alpha phase. However, as undercooling increases the amount of alpha phasé
decreases. Thus, for undercooling of 20 percent almost all the gamma is retained.
This increase in gamma retention with increase in undercooling is due to the fact
that the onset of solidification is shifted to cooler downstream locations where
there is faster convective cooling.

For the shuttle calculations, however, the increase in undercooling
increased the residence time of the particles at the 2318 K plateau temperature and

shifted the solidification closer to the downstream location of the reflection (or
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Mach disc) and subsequently hotter temperatures. This increased the amount of

gamma to alpha conversion.

Figures 9 and 10 show the alpha mass fraction as a function of
undercooling and particle size for both the ASRM and RSRM, respectively. For
undercooling greater than five percent, there is an increase in alpha conversion
with an increase in undercooling. However, for undercooling less than or equal to ‘
five percent, the results are less predictable.

For the RSRM, alpha conversion decreased in all particle sizes except the
5.4 pm radius particle when undercooling increased from zero to five percent. For
the 5.4 pm radius particle, alpha conversion increased slightly (one percent). For
the case of no undercooling, the 3.5 pm radius particle had more alpha conversion
than the 5.4 and 6.4 pm radii particles (21 and lé percent, respectively). With five
percent undercooling, the 3.5 pm radius particle had six and one percent greater
alpha conversion than the 5.4 and 6.4 um radii particles, respectively.

For the ASRM (3.5 pm radius particle, on centerline, 100,000 ft), an
increase of undercooling of five percent yielded an increase in alpha conversion of
two percent. An increase of ten percent undercooling decreased the alpha
conversion by five percent. When undercooling was increased by 15 percent, there
was no significant change in alpha conversion. However, an increase of 20 percent

undercooling yielded a 12 percent increase in alpha conversion.
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Particle Size

The extent of gamma to alpha conversion is primarily determined by the
residence time of the alumina at the 2318 K plateau temperature. As observed in
Figs. 4 and 7, the residence time is a function of particle size and degree of
undercooling. For very small particles, the residence time is too short for very
much alpha formation to occur. Thus, most of the original gamma is retained.
However, for larger particles, the residence time is sufficiently long for most of
the gamma to be converted to alpha.

Fig. 11 shows the increase of alpha mass fraction with increasing particle
size for the ASRM off-centerline calculation (at an altitude of 100,000 ft and
without undercooling). The 3.5 um radius particle is predominantly gamma while
the particles with radii greater than 5.4 pum are predominantly alpha. No
correlation with particle size could be made for the ASRM on-centerline
calculations (at 100,000 ft. and without undercooling) except that all the particles
with radii greater than 3.5 pm converted completely to alpha. The difference in the
results in these two calculations can be attributed to the fact that the reflection
point does not affect the off-centerline particles as strongly as the particles on

centerline. This is evidenced in the temperature profiles shown in Figs. 4 and 5.

Motor Type

The two motors highlighted in this study were the shuttle RSRM and

ASRM. Calculations were made for both motors in which particle size and the
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degree of particle undercooling were varied. These calculations were made on

centerline and at an altitude of 100,000 ft. (Additional calculations were made for
the ASRM off centerline and at other altitudes.)

The SPF/2 code predictions show that the gas temperature of the ASRM at
the nozzle exit is about 180 K higher than that of the RSRM (Fig 4 and 6). This
results in longer residence times at the 2318 K melt temperature for most of the
ASRM particles and hence less gamma retention. For the on-centerline
calculations with undercooling ranging from 0 to 20 percent, all of the ASRM
particles with radii greater than 3.5 uym completely converted to alpha.

For the 3.5 um radius particles, there were greater alpha conversion in the
RSRM particles than in the ASRM particles for undercooling of less than or equal
to five percent. For undercooling greater than five percent, the reverse was true as
shown in Fig. 12.

It should be noted that for the RSRM, the reflection location was about 16
nozzle radii (about 100 ft) downstream of the nozzle exit as compared to the 31
nozzle radii (194 ft) location in the ASRM. As shown in Fig. 6, the gas of the
RSRM reaches temperatures higher than most of the particle temperatures at
several axial locations (past the reflection location) before the particle
temperatures finally converge to the gas temperature.

For motors smaller than the ASRM and RSRM, the one-dimensional

calculations [5] indicated that at high altitudes there would not be sufficient time
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for the exhausted alumina to transform to the alpha phase. In these cases, the
particles would be predominantly gamma or one of the other metastable phases. At
lower altitudes, however, there is high temperature processing in the plume for
extended lengths of time due to afterburning. In these cases, there should be

sufficient time for the alumina to transform to the more stable alpha phase [5].

Altitude
Calculations were made for the ASRM at several altitudes. These
calculations were made on centerline and without undercooling. The
temperature-time histories show that the distance downstream of the nozzle exit at
which the reflection (or Mach disc) is located increases with increasing altitude
and decreasing motor chamber pressure. The strength of the reflection also varies
as evidenced by the temperature increase of the gas following the reflection. Table

4 lists the chamber pressure (Pc), reflection (or Mach disc) location, and change in

gas temperature (AT) for four altitudes. The gas temperature before the reflection

or shock is denoted as T1, and Tmax represents the maximum temperature that the
gas reaches after going through the reflection or shock.

At sea level, the reflection was located approximately four nozzle radii
(about 25 ft) downstream of the nozzle exit. The gas temperature reached a
maximum temperature of 2,682 K. Since the alumina was still liquid at 10 nozzle

radii (62 ft), no further calculations were made (Fig. 13).
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Table 4. Reflections and Mach Disc Location and Gas Temperature Variation for
Several Altitudes

Pc,psia  Location, ft  Altitude, ft TI1,K AT,K  Tmax, K

940 25 Sea Level 1,721 961 2,682
600 94 60,000 910 1,085 1,995
540 193 100,000 600 1,013 1,613
450 349 140,000 300 3,200 3,500
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At an altitude of 60,000 ft, the reflection was approximately 15 nozzle radii
(94 ft) downstream of the nozzle exit. The gas reached a maximum temperature of
1,995 K (Fig. 14) . Since the particles never melted again after solidification, the
alpha mass fraction was calculated for each particle size for approximately 125
nozzle radii (780 ft). It was found that there was a large amount of gamma
retention in most of the particle sizes upstream of the reflection. However, after
passing through the reflection, all particles quickly converted to alpha.

At an altitude of 100,000 ft (Fig. 4), the reflection was located 31 nozzle
radii (194 ft) downstream of the nozzle exit. The maximum gas temperature was
1,613 K. The 3.5 pm radius particle had a gamma retention of about 63 percent.
All other particle sizes converted completely to alpha. As mentioned earlier, the
off-centerline calculation (Fig. 10 ) at this altitude showed gamma retention in
three particle sizes ( 3.5, 5.4, and 6.4 um radii).

At an altitude of 140,000 ft, a Mach disc (or shock) was located at
approximately 56 nozzle radii (349 ft) downstream of the nozzle exit. The gas
flow decelerated from supersonic to subsonic at the Mach disc location. The
maximum gas temperature was calculated (using SPF/2) to be 3,500 K (Fig. 15). It
should be noted that the actual gas temperature would probably be lower than
3,500 K since the calculations made in SPF are made with the assumption that the
chemical properties of the flow are frozen across the shock [13], and the species

are not allowed to react. Prior to the location of the Mach disc, -all particles were
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solid and at fairly stable temperatures. After the Mach disc, however, all the
alumina melted and remained liquid until the end of the calculation (780 ft
downstream of the nozzle exit). Since at 780 ft (125 nozzle radii) the gas
temperature of 2,581 K was well above the melt point of Al,O;, no further

calculations were made.
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CHAPTER V.
CONCLUSIONS

An analytical approach was developed which calculated the alpha mass
fraction of AL,O, particles formed in the exhaust of solid rocket motors which use
aluminized propellants. The kinetic rate analysis indicated that significant amounts
of metastable aluminas may be formed during the rapid temperature quench often
occurring in a gas dynamic nozzle expansion. This study also showed a direct
correlation between the alumina crystal phase and particle size, degree of
undercooling, motor type, and altitude.

Preliminary calculations were performed [5] for motors smaller than the
ASRM and the RSRM with the assumption of one dimensional, isentropic flow
nozzle expansion and low. aluminum loading. The motors considered had throat
radii of 3.94 in. (about 10 cm) or less with thrust of about 100,000 Ibf. It was
estimated that at high altitudes there would not be sufficient time for the alumina
to transform to the alpha phase, and the exhaust particles would be predominantly
gamma or one of the other metastable phases. However, at lower altitudes where
there is high temperature processing in an afterburning plume for extended lengths
of time, there should be sufficient time for the alumina to transform to the more
stable alpha phase [5].

Additional calculations were made using an analytical method which

utilized the output from industry standard nozzle and plume codes (CEC, RAMP,

48



and SPF/2) as input to a phase conversion code which was based on Steiner’s 3]
global kinetic rate equation. With this analytical approach, motors with higher
aluminum loading and more complex flow fields could be modeled. The nozzle
and plume codes were used to model the flow fields for the space shuttle ASRM
and RSRM. The particle temperatures and velocities output from these codes were
used as input to the phase conversion code which calculated the amount of gamma
to alpha conversion for various conditions. On-centerline calculations were made
for both motors at an altitude of 100,000 ft with particle sizes varying from 3.5 to
9.1 ym radius and for undercooling varying from 0 to 20 percent. Additional
calculations were made for the ASRM at 100,000 ft off centerline and at altitudes
ranging from sea level to 140,000 on centerline. The conclusions from these

calculations are as follows:

1. PARTICLE SIZE: Generally, the alpha mass fraction increased with
increasing particle size. Particles less than 5.4 pm in radius tended to be

predominantly gamma while larger particles were predominantly alpha.

2. UNDERCOOLING: For undercooling greater than five percent, the
amount of gamma retention decreased with increased undercooling. For

undercooling less than or equal to five percent, the results were more erratic

and less predictable.

3. MOTOR TYPE: In most cases, the ASRM calculations yielded greater
amounts of alpha conversion than the RSRM calculations for all particle
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sizes. The alpha conversion of the ASRM particles ranged from 10 to 50
percent higher than that of the RSRM particles. The reduction in gamma
retention in the ASRM may make it more environmentally safe than the

RSRM, but the increase in plume radiance may cause other concems.

. ALTITUDE: The ASRM on-centerline calculations showed a slight
increase in gamma retention with an increase in altitude from 60,000 ft to
100,000 ft. Other altitudes were considered (sea level and 140,000 ft) but
were not pursued when the temperature-time histories indicated that the
alumina would remain liquid for extended distances downstream of the

nozzle exit.

. ASRM ON CENTERLINE: For the on-centerline ARSM calculations at an
“altitude of 100,000 ft, all particles greater than 3.5 pm in radius converted

completely to alpha (with and without undercooling).

. ASRM OFF CENTERLINE: The off-centerline calculations made for the
ASRM at an altitude of 100,000 ft indicate that the particles off centerline
are not as affected by the reflections which are present in both the ASRM
and RSRM plumes.. Dramatic decreases in particle and gas temperatures
observed in the SPF/2 flowfield calculations at locations just off the
centerline also indicate that the centerline results may be atypical of the
motor exhaust and that the off-centerline calculations may give a more

accurate indication of the gamma to alpha conversion which occurs in these
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plumes. Also, there was an increase in gamma retention in the

off-centerline calculations which means that there may be more metastable
alumina present in the ASRM exhausts than indicated by the on-centerline
calculations. Additional off-center calculations for both the ASRM and
RSRM at various altitudes and degrees of undercooling would be of interest
for future studies. A better understanding of the off-centerline flow field is
needed before more definite conclusions can be made about the amount of
metastable alumina present in SRM plumes.

It has been predicted that significant amounts of metastable alumina will be
present in the éxhausts of SRM which use aluminized propellants. The amounts of
metastable alumina may vary with particle size, undercooling, altitude, and motor
type. The presence of metastable alumina is not significant to motor performance,
but it may be important in such issues as environmental effects of rocket exhausts,
plume radiative heating predictions, and particle size determination by laser
scattering. The calculations performed in this study provides some insight into
these issues although updated kinetic rate data (based on alumina from SRM
exhausts) and actual high altitude measurements of alpha and gamma particles are
also needed in order to determine how much metastable alumina are actually

present in SRM exhausts.
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