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Abstract

Addition of aluminum to solid rocket propel-
lants can significantly improve performance but
may seriously increase plume visibility and radia-
tive heating of the nozzle.

The goal of this project is to obtain data that
will help identify the reaction mechanism and the
ignition limits of aluminum at elevated tempera-
tures and pressures, Formidable problems arise
when attempting such measurements in rocket
motors since conditions are unsteady and not easy
to control, Therefore, it was decided to mount
a pure aluminum sample to the end wall of 2 shock
tube and to ignite the sample using a reflected
shock wave. The pressures and temperatures that
can be achieved {40 atm, 5000°K) are typical of
rocket motor conditions and are much higher than
those obtained in previous studies using incident
shock waves in conventional shock tubes. The
aluminum sample reacts with 2 test gas in which
the proportions of nitrogen, hydrogen, oxygen and
chlorine are the same as found in ammonium
perchlorate, A single pulse shock tube was used.

Ignition of the aluminum sample occurred
for temperatures above 2400K. A numbher of inter-
mediate species were detected in the Af-N_.H

2 2
C!Z..O2 reaction at 40 atm., 5000K using emission

spectroscopy. Species that were conclusively
identified were Af, Af+, ALC, H,O,04, and N,
Other weak emission bands were believed due to
AfH, OH, A1OH or A#Ct. Time histories of the
ALQO emission band indicate that A4Q reaches a
maximum before the continuurm radiation reaches
a maximum, which is an indicator, but not posi-
tive proof, that ALO is a precursor to AL, O_ in
. 272
the reaction scheme,
Solid products of combustion were analyzed
using a transmission electron microscope, elec~
tron diffraction, and X-Ray diffraction techniques.
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0.1 to lpm size range.

AL,0,,

two products causing appreciable agglomeration of
the Af203 particles, Levels of NO were 10,000

times larger than the predicted concentrations,

particles were observed in the

The major products were
HCf, and HZO as expected, with the latter
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indicating that significant deviations from the
equilibrium NO chemistry cceurred,

I, Introduction

The motivation for the present research
project has been the need to obtain fundamental
data relating to aluminum combustion in a control-
led environment in the pressure range up to 40 atm
and the temperature range up to 5000 K, typical of
rocket motor conditions. Previous work in con-
trolled laboratory experiments has been confined
to pressures less than approximately 10 atm, using
such devices as flow reactors, burning ribbons,
lager heating, and incident shock waves in shock
tubes. 1-7 '

For example, a fast flow reactor produces
a laminar, premixed aluminum vapor/oxygen flat
ftame which is several centimeters thick and ideal
for kinetics studies. Unfortunately, the pressure
must be maintained below 0,1 atm, and the result-
ing premixed flame may not be representative of
the diffusion flames that actually occur around
burning aluminum particles in rocket motors.
Burning ribbons and incident shock wave studies
generally have been limited to pressures helow
10 atm. Using incident shock waves, aluminum
particles are quickly accelerated in a shock tube,
and conditions near the moving particle are diffi-
cult to ascertain, Convective effects that dominate
such processes were not of interest in the present
study,

The primary region of interest is the re-
action zone that occurs near the surface of a
burning aluminum particle, which is shown sche-
matically in Fig. 1. To simulate this reaction
zone, it was decided to mount an aluminum
sample on the end wall of a shock tube, and sub-
ject to a strong reflected shock wave as shown in
Fig. 1. This technique offers the following advan-
tages: (a) The aluminurn surface is stationary,
the reaction zone is large enocugh {(Zem by 2cm)
and the test time long enough {10 msec) to allow
spectroscopic techniques to be used;
(b) Pressures up to 40 atm are easily controlled
and measured, and are uniform in the reaction
zone; likewise the gas temperature prier to igni-
tion can be measured and controlled up to 5000 K.
These pressures and temperatures are consider-
ably higher than used in previous studies, includ-
ing previous shock tube work,



{c) Gas composition is easily varied; initially

pure oxygen was used; later a mixture of .1 N2 +

.4 HZ +.1 CEZ + .4 OZ was used because it has

the same elemental composition as ammonium
perchlorate (NH CfO ).

(d) Solid and gas phase combustion products are
easily collected and analyzed.

II, Experimental Facility

A, Design and Instrumentation

The shock tube shown schematically in
Fig. 2 is designed to allow for single pulse,
"tailored' conditions, similar to those achieved by
Brabbs® at NASA and Bauer’ at Cornell, It con-
sists of a 14 ft long stainless steel driver section
(3.5 in, OD, .30 in. wall) and a 20 It long driven
section (3,5 in. x 2.5 in., .30 in. wall)., The
driver tube has c¢ircular cross section in order to
withstand driver pressures up to 3000 psi; the
driven tube is rectangular so that the windows that
are mounted near the end wall are flush with the
sidewalls, In this way the windows will not dis-
furb the shock wave near the end wall,

The effective test time awailable is labeled
on the t-x diagram of Fig., 2. When the primary
diaphragm is broken, the incident shock reflects
off the end wall; meanwhile, expansion waves
reflect off the end wall of the tube. This quenches
the reaction at the end wall. In addition, the interw
face between the driver gas {(helium) and the
driven gas may reflect off the end wall which alsao
quenches the reaction, The secondary diaphragm
is broken using an exploding wire at some time
after the expansion wave has reflected off of it, in
order to prevent further reheating of the sample.

The aluminum sample (2 cm x 2 ¢cm x . 1 em)
was mounted on two copper electrodes which form-
ed the end wall of the shock tube, as seen in Fig. 2,
Since the test time available is 10 msec, it is
imperative that the thermal inertia of the sample
be small enough so that the sample surface will
reach the temperature of the gas behind the shock
wave in less than 1 msec. This was accomplished
by preheating the sample to 700 K by passing a DC
current through it.

The temperature of the aluminum sample
depends on the thermal properties of material on
which it is mounted. At time t = 0 a temperature
discontinuity at the end wall occurs., After time
zero, a thermal boundary layer propagates, having
thickness 6g =nNg t where ¢ is the thermal

diffusivity of the gas. A thermal boundary layer
of thickness GW = awt also propagates to the
right through the solid wall, which has thermal
diffusivity CI Equating heat flux from the gas to

heat flux to the wall results in a temperature at the
gas-wall interface ofs

K K
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Thus, if the aluminum sample is mounted on a
good insulator, kW/ N a << kg/ Na . and the

aluminum temperature will always remain near
Tg {i.e., above 4000 K) whereas if the aluminum

sample is mounted directly on a metal wall,
kW/ '*Ja»w >> kg/ '\)a»g and the aluminum tempera-

ture will remain near 300 K, The sample in this
study was mounted on 2 Pyrex plate and preheated
to 700 K,

The shock tube is instrumented with piezo-
electric pressure transducers, pressure gauges, a
photographic system, and a spectrometer, An

oscilloscope records the pressures PZ and 13‘5

which occur behind the incident and the reflected
shock, A HP 5314A time interval counter mea-
sures the time between pulses cutput by two trans-
ducers twe meters apart, so that incident shock
velocities and reflacted shock velocities are
measured, The photographic system consisted of
a Fastax 16 mm movie camera, a Polaroid camera
for long time exposure photographs and a series of
lenses to magnify the test section region,

B, Range of Run Conditions

To measure the run conditions, the end
wall pressures P, and P_ behind the incident
shock and the ref%ected s%ock were measured. The
incident and reflected shock speeds u and u, were

measured using pressure transducers mounted two
meters apart, Also, the driver gas pressure P4

was measured.

To determine gas temperatures and com-
position just prior to ignition, the NASA Eguilibri-
um Gas Composition Program developed by Gordon
and McBride was used, This computer program
accounts for real gas effects {dissociation and re-
actions of the test gases---Nz,Oz, Hz, Clz) and

predicts the gas conditions behind the reflected
shock wave, The typical conditions achievable are
shown in Fig. 3.

III, Results

A, Ignition of Aluminum in Oxygen

The ignition and combustion of the alumi-
num sample in 2 pure oxygen environment was
studied first, A typical pressure history of the
gas adjacent to the aluminum sample is shown in
Fig. 4a. Run conditions for this trace weres:
Heliurmn driver pressure = 400 psi; oxygen initial
pressure = 20 mm Hg; incident shock strength =
Mach 7; pressure behind reflected shock = 13 atm;
temperature behind reflected wave = 4100 K, The



pressure trace shown in Fig. 4b was obtained
using a pressure transducer mounted two metexrs
from the end wall., It clearly shows the gas pres-
sure rising to a value P_ behind the incident shock
and later to a value P5 behind the reflected shock

Figure 5 shows the ignition of a2 aluminum
sample, The incident shock has traveled from the
right to the left and has reflected back from the
left to the right. Some hot particles, either At or
At O are seen to travel to the right, away from
the réaction zone, These particles may be emitted
due te boiling of the alurminum at the sampling
surface, caused by gaseous impurities in the alu-
minum, as proposed by Glagsman., ~ Aluminum
and condensed AEZO drops or particles contria
bute black body radiation which interferes with
spectroscopic measurements.,

Low temperature runs in the range T5 =

1600 - 3200 K were made to determine the ignition
temperature of aluminum. Data shown in Fig. 6
shows that when the sample is exposed to pure
oxygen at temperatures below 2000 K, no ignition
was ohserved, When the oxygen temperature was
above 2400 K, ignition occurred on every run. For
oxygen temperafures between 2000 and 2400 X, the
small particles emitted from the sample emnitted
bluish-white light, indicating that they ignited,
Therefore it is believed that no unique ignition
temperature exists, although ignition does oceur
in the range 2000 - 2400 K, The igniticn process
is controlled primarily by the melting of the oxide
layer, which is generally less than one micron
thick and has a melting temperature of 2300 K, As
the oxide layer reaches the melting point, any
aerodynamic stripping of this oxide layer would
aid in the ignition process, and may be the reason
why the smaller moving particles are observed to
ignite when the large sample does not,

B, Reaction of Aluminum in HZL'Q“Z' CJ!Z,_N2

For the typical run conditions of a Mach
7.8 incident shock wave in a gas mixture of 40%
HZ’ 40% OZ.’ 1% CEZ and 10% NZ’ which corre-
sponds to the elemental composition of ammonium
perchlorate, the calculated equilibrium gas con-
ditions are given in Fig, 7, An equilibrium code
was run to get some idea of the species that exist
during the reaction, and those that later appear
after the reaction is quenched to room tempera-
ture. The calculations are useful as a guide to
indicate which spectral lines to look for in the
emission spectrum. Thirty-nine species were 5
determined to have mole fractions above 0.5 x 107,
In addition, 41 other species were considered in
the calculations but their mole fractions were less
than 0.5 x 10-2, The final products are seen in
Fig, 7 to be mostly HZO liquid, HC{, alumina, NZ'

and ammonia, with traces of H,O vapor.

2
The computed chemical equilibrium product

of the NH4C£O4-AE reaction were compared with

the products of the .1 N2 + .4 H2 +.1 Cg2+ 40 +
' 4

Al reaction in order to assess how closely the
shock tube conditions compare with actual rocket
motor conditions, As seen in Fig, 8, both reac-
tions have the same intermediate species in simi-
lar rocket motor conditions therefore is justified.
The effect of increasing the aluminum content of an
ammonium perchlorate-aluminum propellant on the
resulting flame temperature is shown in Fig. 9,

C. Spectrographic Results

Three problems arcse while measuring the
emission spectrum of the aluminum reaction,
First, the solid aluminum and alumina particulates
gave off strong black body continuum radiation that
obscured the discrete bands emitted by gaseous
Species.l -17 Secondly, the AfO bands were so
intense that they tooc obscured other bands. Third-
ly, many of the minor species occur in low concen-
trations and have low intensity spectral bands.,

Initially, the emission spectrum of the
alumimimeoxygen reaction was recorded, A typi-
cal emission spectrum is shown in Fig, 10,
Spectral lines associated with Afand AfT are
clearly visible, and four bands corresponding to
AfQO arc seen., No spectral bands associated with
species AEZOZ or AEOZ could be identified. It is
suspected that the emission spectrum emitted by
these species lies in the ultra violet region that
cannot be recorded using the windows and film of
the present experiment,

The emission spectrum of the AE-NZ-HZ_
OZ..CE2 Tt is difficult to
associate the bands with the various species be-
cause many of the bands overlap each other.
Therefore, runs were made in which various
species were removed from the reactant gas mix-
ture in a systematic way, OSpectra were recorded
for the AQ-HZ, Af-Ct_, ALO AI_HZ-OZ,

2’7 2’
Al - -N_-H_ -~ i A
4 sz H‘2 and Af NZ 5 CJZZ reactions, 10,

A, Ar*, H,N,0,0%, and N have been positively
identified. There is some evidence that observed
bands beleng to OH and AfH also, but the bands
were too weak to be positively identified. Other
weak bands could not be positively identified, but
most probably were associated with A{OH, AfCe,
and AfCJZZ. A strong continuum also was measur-

reaction was recorded.

ed; this contimium has been reported in previous
studies!® and is believed to be associated with

A
QZOZ.

D, Chemical Kinctics

The time history of the A£O emission band
at 4846 A was recorded using a polychromator and
photomultiplier tubes. The background continuum
at 4500 A also was recorded. Results are shown
in Fig. 11. The intensity of the AfO band peaks at
1.4 msec after ignition; at 2 msec after ignition
no more ALO was observed, only background con-
tinuum, The background conkinuum first occurs
at approximately 2 msec after ignition and exists
for the entire test period of 12 msec in this case.



King18 has postulated that the background
continuum ©¢bserved by a number of researchers
may be due to Azzoz. If this is so, then the re-

sults shown in Fig. 11 indicate that AfO is a pre-
cursor to AIZOZ, which would verify that the
mechanism observed by Mann! at low pressures
also occurs at the 40 atm test conditions of this
study. However, additional spectroscopic work is
needed to conclusively determine if the background

truly represents the presence of AEZOZ.

It is felt that much information concerning

Al i Al - - -
the At 02 reaction and the Al NZ HZ C!Z 02

reaction can be obtained by measuring the spatial
profiles of the observed emission bands. To do so,
an optical multichannel analyzer is needed, To
measure intermediate species concentrations,
laser fluorescence diagnostics have proven useful
in similar studies, For example, fluorescence
technique could prove useful in helping to interpret
the emission spectroscopy results since the inten-
sity of ALQO bands may partly be due to chemilum-
inescence and may not be an accurate measurc of
A20O concentration.

E, Solid and Gaseous Combustion Products

The solid and the gaseous products of com-
bustion were collected after shock tube runs and
were analyzed using? (a) scanning electron micro-
scope, (b) transmission electron microscope, (¢}
electron diffraction technique, (d) X-ray diffraction
technique and (e} infrared gas analysis,

After the aluminum sample was burned in
pure oxygen, the white powder that formed a thin
layer on the inside of the shock tube walls was
collected and verified to be aluminum oxide
{(at 2‘03). To collect the A!ZOS, a carbon block

was inserted in the electrode flush to the wall.
After the run, the carbon block, on which the
visible A.QZO3 powder had settled, was taken to the
electron nmticroscope laboratory., Carbon was
chosen as the mounting material because it is
transparent to the electron microscope.

A transmission electron micrograph of the
A£203 particulates is shown in Fig. 12. The

particles are seen to be spherical and in the size
range from 0.1 to 0.6 pm,

When the aluminum sample was burned in
the shock tube with the gas mixture . 1 NZ + .4 H, +

2
.1 CIZ +.4 02, the products of combustion were

observed to be solid particles suspended in a green
colored liguid, The liquid was determined to be
HZO and HCZ and the solid particles were A!ZO3,

with some unburned Af, No traces of other pos.
sible solids, such as NH4C1 or NH4N3 were

detected, probably because all the available hydro-

gen combined with the excess O2 to form HZO’

The solid product ALC! was not detected; it is de-
duced that the aluminum atoms combined with the
excess 02 to form A!ZO3 rather than combine

with chlorine. The result of the analysis of solid
and liquid combustion products was that the only
major products are A1203, HC! and HZO’ which

is consistent with results of rocket motor sampling,
such as done by Strand et al, 19

Various minoy species were detected in the
solid products of combustion., An electron micro-
graph of the solid products is shown in Fig, 13, It
15 seen that the presence of condensed HZO and

HC! causes the A!ZO3

strands, bearing no resemblance to the spherical
particle from the At.O2 reaction which were shown

to agglomerate into long

in Fig. 12, The regions that appear grey in Fig.
13 are AEZO3 and HZO; the regions that appear

white contain chlorine, as deduced from quantita-
tive X-Ray analysis. The X-Ray analysis indicates
elemental components only and, as seen in Fig., 13,
verifies the presence of aluminum and chlorine in
large quantities., Trace amounts of copper, iron
and silicon are detected, which were contributed by
the copper electrodes, the steel diaphragm and the
glass windows, respectively,

From the above results, it is concluded
that HCZ and HZO have major effects on the agglo~
meration of Af_O

AT Future work in the shock tube

facility would be necessary to systematically study

the effects of HC¢ on the nucleation of AEZO3 and

the resulting particle sizes., It is known that HC!?

in rocket plumes acts 25 nucleation sites for HZO

condensation and thereby enhances contrail vigibil-
ity. The shock tube provides ideal controlled con-
ditions for studying how chemical species affect

A !ZO 3 condensation,

The results of the analysis of gaseous prod-

ts af busti the A -N_-H_- - -
ucts of combustion for the At ZHZ Ctz Ozre

action are shown in Fig., 14, An evacuated sample
bag was filled with the gaseous products after 2 run,
The sample was analyzed using infrared gas absorp-

tion analysis, An estimate of the final HZO and

HCE concentrations could be inferred from an
overall species balance:

3 A N .
L3333 A0+,1 2+.4H2+ 1(34!2

O+ ,2HC# +.1N2+.166A£

+.40, -

L3H

O
2 + trace

2
products

For the shock tube ran conditions, ,025 moles of
the test gas and ., 008 moles {, 21 grams} of alumi-
num were consumed,

An unexpected result was the large fraction

of nitric oxide (NC) and nitrous oxide NO2 that was

measured in the gasecus products, The NO and
NO2 bands are clearly prominent in Fig., 14; the
measured level of NO and NO_ were 0.4% and 0.06%
of the products. These levels are at least three
orders of magnitude larger than the predicted
equilibrium results, some of which are shown in

Fig, 7. It is believed that the unexpectedly high
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levels of NO and NO2

are a result of the "prompt

NO" mechanism that is well documented in hydro-
carben-air flames,

5.

IV, Conclusions

The chemical kinetic shock tube provided
controllable combustion of aluminum at condi-
tions that simulate the surface of a burning
aluminum particle in a rocket motor, Temper~
atures and pressures achievable {5000 K, 40
atm) were higher than for any previous coatrol-
led laboratory study of aluminum combustion,
and were realistic of rocket motor conditions,

No distinct ignition temperature for alums-
inum was observed; small particles of alumi-
num ejected from the sample ignited at 2000 K
while the entire sample always ignited at tem-
peratures above 2400 K, Ignition occurred

within a + 100 ¥ range about the A!203 layer

melting point, which is 2319 K,

Intermediate species detected in the A£.O

reaction by emission spectroscopy were: Af,
AL, and ALO. Intermediate species detected

i Af.N_-H_.C?_.0O i
in the A¢ NZ 5 29, reaction at 40 atm,

5000 K were: Af, AtT ar0,H,0,07, N,

Weak bands that could not be conclusively ident-
ified were believed to be due to AL H, OH, A¢QOH,
and Af Ct, A strong continuum was measured
which has been associated with Alez in other
studies.

2

No emission bands were found that could be
identified with intermediate species A!ZO or
Al OZ .
fluorescence or Raman scattering are needed to
detect these species,

Additional diagnostic techniques such as

Time histories of the AZO band at 4846 A
and the continuum at 4500 A indicate that the
A4O emission reaches a maxirmum before the
continuum reaches a maximum. If the contin-
uum can be associated with A¢_O this would

272
verify that AfC is a precursor to Al 202 in the

in the reaction mechanism.

Spherical Al
the size range .1 - 1.0 microns when aluminum
was burned in pure oxygen. When aluminum
was burned in the presence of NZ’ HZ’ C!Z, and
02, extensive agglomeration of the AIZO3

particles was observed; the major products
were A!ZO3, HC{¢, and HZO only. The solid
products were analyzed using a transmission
electron microscope, and X-Ray and an elec-
tron diffraction method.

203 particles were formed in
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<2l Run Conditions for AZ-0, Peaction

Conditions behind reflected shock: 4000 K, 17 atm
Incident shock: M= 5
Initial oxygen pressure: 1.16 psi

Driver pressurc: 460 psi helium

Typical Run Conditions for Af + .1 N, * C&z + .4 L1

* 4 C, Reaction

Conditions bchind reflected shock: 4149 K, 14.3 atm
Incident shock: M= 7.8
Initial gas pressure: .38% psi

briver gas pressure: 400 psi helium
25.67 g/mole

Ratio of specific heats: 1.117%

Molecular wecight of mixture:

Gas Composjtion Prior to Aluminum Ignition {Mele Fraction)

Percent Percent
o] 17.405 Cx 9.847
QK 14,249 HCL 7.036
H 13.397 H2 7.008
G, 11.400 i, 6,208
H,0 10.3%2 NO 2.936

Maximum P, T Run _Conditiens_for AL

Conditions behind reflected shock: 5150 X, 40 atm
Incident shock: M =10.5
Initial gas pressure: . 386 psi
Driver gas pressurc; 1500 psi

Figure 3 Typical Shock Tube Opexating Conditions
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Figure 7  concluded

.1H2+,4HE+.IC12£402 + Al Reaction

(mass gas/mass Al # 2,6, 14,3 atm.,4360%, correspondirg
te shock tube conditions)

..... m{qcm'; + Al Reactien

{mass NH,C10,/ mass Al = 2.6, 14.3 atm., 4360 K) 1544.0 39615 44,2 4842.3 5079.3  5336.9
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Figure 10, )
Emission spectrm of aluminum — oxygen reaction in the shock tube.

Figure 8 comparisen of Computed Equilibrium Products of the
MH'J’C]()‘1 - A1 Reaction with those for the .il‘thfl}i?'.lCT?*.dO?

Reaction
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Figure 13 Electron Micrograph and X-Ray Dfffraction Analysts

Flguee 1L Time History of Emtsslon Spectry
of Products af Al + Hy o Hy + l:!'2 + 0, Reaction
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Figwra 1k Inrared Sprctrometar Anelyits of Giresus Frodicts of Coatuttion

Figure 12 Trensmlasion slectron mierograph of AL,0g
formed in shock tube.



