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Abs t r ac t  

Addition of a luminum to solid rocket propel- 
lants can significantly improve  pe r fo rmance  but 
may ser ious ly  i n c r e a s e  plume visibility and radia- 
tive heating of the nozzle. 

The goal of this pro jec t  is to obtain data that 
will help identify the reac t ion  mechanism and the 
ignition l imi t s  of a luminum a t  elevated tempera-  
t u r e ~  and p r e s s u r e s .  Formidable  problems a r i s e  
when attempting such  measu remen t s  in rocket 
mo to r s  s ince  conditions a r e  unsteady and not ea sy  
to control. 
a pure aluminum sample  to the end wall of a shock 
tuhe and to ignite the s a m p l e  using a reflected 
shock wave. The p r e s s u r e s  and t empera tu res  that 
can be  achieved (40 a t m ,  500OOK) a r e  typical of 
rocket mo to r  conditions and a r e  much higher than 
those obtained in previous studies using incident 
shock waves in conventional shock tubes. 
aluminum sample  r eac t s  with a t e s t  gas  in which 
the proportions of nitrogen. hydrogen, oxygen and 
chlorine a r e  the s a m e  as found in ammonium 
perchlorate.  

T h e r e f o r e ,  i t  was decided to mount 

The 

-’ 

A single pulse shock tube was used. 

Ignition of the aluminum sample  occur red  
fo r  t empera tu res  above 2400K. 
media te  spec ies  were  detected in the AP-N .H 

2 2  
C12-02 reaction a t  40 a t m . ,  5000K using emiss ion  
spectroscopy. Species that were  conclusively 
identified were  A!, A f t ,  A I O ,  H ,O,Ot ,  and N. 
Other weak emiss ion  bands were  believed duc to 
AIH, OM, AlOH o r  AICI .  T ime  h is tor ies  of the 
APO emiss ion  band indicate that A I 0  reaches a 
maximum before the continuum radiation reaches  
a maximum,  which is an indicator,  but not posi- 
tive proof ,  that A 1 0  is a p r e c u r s o r  to A f 2 0 2  in 
thc: reaction scheme. 

using a t ransmiss ion  e lec t ron  microscope ,  elec- 
tron diffraction, and X-Ray diffraction techniques. 
Spher ica l  A! 0 par t ic les  were  observed in the 

0 . 1  to l p m  s i z e  range. 
A 1 2 0 3 ,  I-IC!, and H 0 as  expected, with the l a t t e r  

two products causing appreciable agglomeration of 
the A t  0 par t ic les .  Levels of NO were  10, 000 
t imes  l a r g e r  than the predicted concentrations,  

A number of in te r -  

Solid products of combustion were  analyzed 

2 3  
The m a j o r  products were 
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indicating that significant deviations f r o m  the 
q u i l i b r i u m  NO chemis t fy  occurred .  

I. Introduction 

The  motivation fo r  the  p re sen t  r e s e a r c h  
pro jec t  has  been the need to obtain fundamental 
data relating to a luminum combustion in a control-  
led environment in the p r e s s u r e  range  u p  to 40 a t m  
and the tempera ture  r ange  u p  to 5000 K, typical of 
rocket motor  conditions. 
trolled labora tory  exper iments  has  been confined 
to p r e s s u r e s  less than approximatcly 10 a t m ,  using 
such devices as flow r e a c t o r s ,  burning ribbons,  
l a s e r  hcating, and incident shock waves in shock 
tubes. l-’ 

Previous  work in con- 

F o r  example,  a f a s t  flow reac to r  produces 
a l amina r ,  premixed aluminum vaporloxygen f l a t  
f lame which is seve ra l  cen t imeters  thick and idea l  
for kinetics studies.  Unfortunately, the p r e s s u r e  
must  be maintained below 0. 1 a t m ,  and the resu l t -  
ing premixed f lame may not be  representa t ive  of 
the diffusion f l ames  that actually occur around 
burning aluminum par t ic les  in rocke t  motors .  
Burning ribbons and incident shock wave studies 
generally have been l imited to p r e s s u r e s  below 
10 atm. Using incident shock waves, aluminum 
par t ic les  are quickly acce lera ted  in a shock tube, 
and conditions nea r  the moving par t ic le  are diffi- 
cult to ascer ta in ,  Convective effects that dominate 
such p rocesses  w e r e  not of i n t c re s t  in the p re sen t  
study. 

The  p r imary  region of i n t e re s t  is the re-  
action zone that occu r s  nea r  the su r face  of a 
burning aluminum pa r t i c l e ,  which is shown sche- 
matically in Fig. 1. To s imula te  this reac t ion  
zone ,  i t  was decided to mount an  a luminum 
sample  on the end wall of a shock tube, and sub- 
j ec t  to a s t rong  reflected shock wave as shown in 
Fig. 1. This  technique o f f e r s  the following advan- 
tages: (a) The aluminum su r face  is s ta t ionary ,  
the reaction zone is l a r g e  enough (2cm by 2cm) 
and the t e s t  time long enough (10 msec) to allow 
spectroscopic techniques to be  used; 
(b) P r e s s u r e s  u p  to 40 a t m  are eas i ly  controlled 
and measu red ,  and a r e  uni form in the reaction 
zone; l ikewise the gas  t empera tu re  p r i o r  to igni- 
tion can be  measu red  and controlled u p  to 5000 K. 
These  p r e s s u r e s  and t empera tu res  a r e  consider- 
ably higher than used  i n  previous studies,  includ- 
ing previous shock tube work. 



( c )  G a s  composition i s  easi ly  var ied;  initially 
pure  oxygen was used: la te r  a mixture  o f .  1 N 2 
. 4  H t . 1 C !  t . 4  0 was used because i t  has 

the same elemental  composition as ammonium 
perchlorate  (NH C!04). 
(a) Solid and gas  phase combustion products arc 
eas i ly  collected and analyzed. 

i 
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11. Experimental  Faci l i ty  

A. Design and Instrumentat ion 

The shock tube shown schematical ly  i n  
Fig. 2 is designed to allow for  single pulse, 
"tailored" conditions, s imi l a r  to those achieved by 
Brahbs8 a t  NASA and Bauer  at Cornell. It con- 
s i s t s  of a 14 f t  long s ta in less  s tee l  d r ive r  section 
(3. 5 in. OD, . 30 in. wall) and a 20 f t  long dr iven 
sect ion (3. 5 in. x 2, 5 in . ,  . 30 in. wall). Thc 
d r ive r  tube has  c i r cu la r  cross section in  order  to 
withstand d r i v e r  p r e s s u r e s  up  to 3000 psi; the 
dr iven tube is rectangular  so that the windows that 
are mounted nea r  the end wall are  f lush with the 
sidewalls. In this way the windows will not dis-  
tu rb  the shock wave near  the end wall. 

9 

The effect ive t e s t  t ime avai lable  is laheled 
on the t-x diagram of Fig. 2. When the p r imary  
diaphragm is broken, the incident shock r e f l ec t s  
off the end wall; meanwhile, expansion waves 
ref lect  off the end wall of the tube. 
the react ion a t  the end wall, In addition, the inter-  
f ace  between the  d r i v e r  gas  (helium) and the 
dr iven  gas  m a y  re f lec t  off the end wall which a l so  
quenches the reaction. The secondary diaphragm 
is broken using a n  exploding wire  a t  some  t ime 
af te r  the expansion wave has  ref lected off of i t ,  in 
o r d e r  to prevent  fu r the r  reheating of the sample. 

This  quenches 

The aluminum sample  (2 c m  x 2 c m  x . 1 cm) 
was mounted on two copper e lec t rodes  which form-  
ed the end wall of the shock tube, a s  seen in F i g .  2. 
Since the t e s t  t ime available is 10 m s e c ,  i t  is 
impera t ive  that the thermal  iner t ia  of the sample  
be small enough so that the sample  sur face  will 
r e a c h  the tempera ture  of the gas  behind the shock 
wave in l e s s  than 1 msec.  This  was accomplished 
by preheating the sample  to 700 K by passing a DC 
cu r ren t  through it. 

The tempera ture  of the aluminum sample  
depends on the the rma l  proper t ies  of ma te r i a l  on 
which i t  is mounted. At t ime t = 0 a t empera ture  
discontinuity at the  end wall  occurs. 
zero, a the rma l  boundary layer  propagates ,  having 
thickness 6g = a where a is the the rma l  

diffusivity of the gas. 
of thickness 6 w  = 

r ight  through the solid wall, which has  thermal  
diffusivity a . Equating hea t  flux f r o m  the gas  to 

heat  flux to the wall r e su l t s  in a t empera ture  a t  the 
gas-wall interface of :  

After t ime 

g g 
A the rma l  boundary layer  

a l so  propagates  to the 

W 

Thus, if the aluminum sample  is mounted on a 
good insulator ,  k /r << k g / <  and the 

aluminum tempera ture  will always remain  near  
T (i.  e . ,  above 4000 K) whereas  i f  the aluminum 

6 
sample  i s  mounted d i rec t ly  on a metal wall, 
k I 
tu re  will r ema in  nea r  300 K. 
study was  mounted on a Pyrex  plate and preheated 
to 700  K. 

w w  

>> kg/ 5 and the aluminum tempera-  
W 

The sample  in this 

The shock tube is instrumented with piezo- 
e lec t r ic  p r e s s u r e  t ransducers ,  p r e s s u r e  gauges, a 
photographic sys tem,  and a spec t rometer .  An 
oscilloscope r e c o r d s  the p r e s s u r e s  P 

which occur  behind the incident and the ref lected 
shock. A H P  5314A t ime in te rva l  counter mea-  
sures the t ime between pulses  output by two trans- 
ducers  two m e t e r s  apa r t ,  so  that incident shock 
velocities and ref lected shock velocities are 
measured.  
a Fas tax  16 mm movie camera ,  a Polaroid c a m e r a  
f o r  long t ime exposure photographs and a s e r i e s  of 
lenses to magnify the t e s t  section region. 

B. Range of Run Conditions 

5 
and P 2 

The photographic sys t em consisted of 

To m e a s u r e  the run conditions, the end 

shock and the reffected sgock were  measured.  The 
incidcnt and reflected shock speeds u. and u were  
measured  using p r e s s u r e  t ransducers  mounted two 
meters apart .  
was measured.  

wall p r e s s u r e s  P and P behind the incident I/ 
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To de termine  gas  tempera tures  and com- 

A l s o ,  the  d r ive r  gas  p r e s s u r e  P 

position ju s t  p r i o r  to ignition, the NASA Equil ibr i -  
um Gas  Composition P r o g r a m  developed by Gordon 
and McBride was used. This  computer p r o g r a m  
accounts  for  r e a l  gas  effects  (dissociation and re -  
act ions of the test  gases - - -N2 ,02 ,H  , Cf ) and 

predic t s  the gas  conditions behind the reflected 
shock wave. 
shown in  Fig. 3. 

2 2  

The typical conditions achievable a r e  

III. Results 

A. Ignition of Aluminum in Oxygen 

The ignition and combustion of the alumi-  
num sample  in  a pure  oxygen environment was  
studied f i rs t .  
gas  adjacent to the aluminum sample  is shown in  
Fig. 4a. Run conditions for  this t r ace  were: 
Helium dr iver  p r e s s u r e  = 400 psi; oxygen ini t ia l  
p r e s s u r e  = 20 mm Hg; incident shock s t rength = 
Mach 7; p r e s s u r e  behind ref lected shock = 13 a h ;  
tempera ture  behind ref lected wave = 4100 K. The 

A typical  p r e s s u r e  h is tory  of the 

u 



p r e s s u r e  t r a c e  shown in Fig. 4b was obtained 
using a p r e s s u r e  t r ansduce r  mounted two m e t e r s  
f r o m  the end wall. 
s u r e  r i s ing  to a value P 
and l a t e r  to a value P 

It  c l ea r ly  shows the gas  p re s -  
behind the incident shock 

‘behind the reflected shock 5 
W Figure  5 shows the ignition of a aluminum 

samplc.  The  incident shock has  traveled f r o m  the 
right to the left  and has  reflected back f r o m  the 
left  to the right. Some hot par t ic les ,  e i ther  A I  o r  
A 1 2 0 3  are seen  to t rave l  to the right,  away f rom 
the reaction zone. These  par t ic les  may be emitted 
due to boiling of the aluminum a t  the sampling 
sur face ,  caused by gaseous  impur i  ICS i n  the alu- 
minum, as proposed by Glassman. “Aluminum 
and condensed A1203  d rops  o r  par t ic les  contri- 
bute black body rad ia t ion  which in t e r f e re s  with 
spectroscopic measurements .  

Low t empera tu re  runs  in the range T L_ 

5 
1600 - 3200 K w e r e  made  to de te rmine  the ignition 
tempera ture  of aluminum. Data shown in Fig. 6 
shows that when the sample is exposed to pu re  
oxygen a t  t empera tu res  below 2000 K,  no ignition 
was observed. When the oxygen tempera ture  was 
above 2400 K, ignition occur red  on eve ry  run. F o r  
oxygen t empera tu res  between 2000 and 2400 K,  the 
s m a l l  par t ic les  emi t ted  f r o m  the sample  emitted 
bluish-white light, indicating that they ignited. 
Therefore  it is believed that no unique ignition 
tempera ture  ex is t s ,  although ignition does occur  
in the range 2000 - 2400 K. 
is controlled p r imar i ly  by the melting of the oxide 
l aye r ,  which is genera l ly  l e s s  than one micron  
thick and has  a melting t empera tu re  of 2300 K. 
the oxide layer  r eaches  the melting point, any 
aerodynamic  stripping of this oxide layer  would 
aid i n  the ignition p rocess ,  and m a y  be  the reason 
why the s m a l l e r  moving par t ic les  a r e  obscrvcd  to 
ignite when the l a rge  sample  does not. 

B. Reaction of Aluminum in H 0 C1 N 

The ignition p rocess  

A s  

d 

2 -2 -2 -2 
F o r  the typical run conditions of a Mach 

7 .8  incident shock wave i n  a gas  mixture  of 40% 
H2, 40% 02, 10% C I L  and 10% N2,  which corre- 

sponds to the e lementa l  composition of ammonium 
perchlora te ,  the calculated equilibrium gas  con- 
ditions arc given in Fig. 7. An equilibrium code 
was run to get some idea of the spec ies  that ex is t  
during the reaction, and those that l a t e r  appear  
a f t e r  the reaction is quenched to room tempera-  
ture. The calculations are usefu l  as a guide to 
indicate which s p e c t r a l  l ines to look f o r  in the 

5 
emiss ion  spec t rum.  Thirty-nine spec ies  were  
de te rmined  to have mole  f rac t ions  above 0.5 x 10- . 
In addition, 41  o ther  spec ies  were considered in 
the calculations hut the i r  mole fractions were  less 
than 0. 5 x The f ina l  products are seen  in 
Fig. 7 to be  most ly  N 0 liquid, HCI, alumina, N 

and ammonia,  with t r a c e s  of H 0 vapor. 
2’ 

The computed chemica l  equilihrium product 
of the NH C / O  -AI  reaction were  compared  with 

the products of the .1  N2 t . 4  H t . 1 C12+  . 4 0 2 t  

2 

2 

4 4  - 2 

A I  reac t ion  i n  o r d e r  to a s s e s s  how c lose ly  the 
shock tube conditions compare  with ac tua l  rocket 
mo to r  conditions, A s  seen  i n  Fig. 8 ,  both reac-  
tions have the s a m e  in te rmedia te  spec ies  in simi- 
lar rocket mo to r  conditions therefore  is justif ied.  
The effect of increas ing  the aluminum content of an  
ammonium perchlora te -a luminum propellant on the 
result ing f lame t empera tu re  is shown in Fig. 9. 

C. Spectrographic Results 

Three  problems a r o s e  while measur ing  the 
emiss ion  spec t rum of the aluminum reaction. 
F i r s t ,  the solid aluminum and alumina par t icu la tes  
gave off s t rong  black body continuum radiation that 
obscured the d i sc re t e  bands emitted by gaseous  

Secondly, the A I 0  hands were so 
intense that they too ohscured  o ther  bands. Third- 
ly, many of the minor  spec ies  occur  i n  low concen- 
t ra t ions  and have low intensity spec t r a l  bands. 

Initially, the emis s ion  spec t rum of the 
aluminum-oxygen reac t ion  was  recorded .  
cal emiss ion  spec t rum is shown i n  Fig. 10. 
Spec t ra l  l ines  assoc ia ted  with A I  and A!’ are 
c lear ly  visible, and four  hands COrresDOndinE to 
A t 0  arc seen. No spec t r a l  bands assoc ia ted  with 
spec ies  A f  0 o r  A I 0  could be identified. I t  i s  
suspected that the emiss ion  spec t rum emitted by 
thesc spec ies  l i e s  in the u l t r a  violet region that 
cannot be rccorded  using thc windows and f i lm of 
the p re sen t  experiment.  

A typi- 

2 2  2 

The emiss ion  spec t rum of the A I - N  -H - 
2 2  

0 - C I  reaction was recorded. I t  is difficult to 
a s soc ia t e  the hands with the var ious  spec ies  be- 
cause  many of the bands ove r l ap  each other. 
Therefore ,  runs  w e r e  made in which var ious  
spec ies  were  removed f r o m  the reac tan t  gas  mix- 
tu re  in a sys temat ic  way. Spec t ra  were  recorded  
fo r  the A I - H  AI-CI  A I 0 2 ,  A I - H  -0 

AI-CI  - H  and AI-N -1I - C I  reactions.  A 1 0 ,  
2 2  2 

A I ,  AI’, H , N , O . O t ,  and Nt have been positively 
identified. The re  is s o m e  evidencc that observed  
hands belong to O H  and AIIH also, hut the bands 
were  too weak to be positively identified. 
weak bands could not be  positively identified, but 
mos t  probably were  assoc ia ted  with AIOH, AICI  , 
and AfC12. 

ed: this continuum has  been rcpor ted  in previous 
studies18 and is believed to be associakqd with 
A1202. 

2 .2 

2’ 2’ 2 2’ 

2 2  

Other  

A s t rong  continuum also was m e a s u r -  

D. Chemical Kinetics 

The t ime h i s to ry  of the A10 emiss ion  hand 
a t  4846 A was recorded  using a polychromator and 
photomuitiplicr tubes. The  background continuum 
a t  4500 A a l so  was  recorded. Resul t s  a r e  shown 
in Fig. 11. 
1.4 msec a f t e r  ignition; a t  2 m s e c  a f t e r  ignition 
no m o r e  A I 0  was ohserved, only background con- 
tinuum. The  background continuum f i r s t  o c c u r s  
a t  approximately 2 msec a f t e r  ignition and ex is t s  
f a r  the en t i re  t e s t  period of 1 2  msec in th i s  case.  

The intensity of the A I 0  hand peaks a t  



King1* has  poshtlated that the background 
continuum observed by a number of r e s e a r c h e r s  
m a y  be due to A1202. 
su l t s  shown in Fig. 11 indicate that A I 0  is a pre-  
cursor to Af202 ,  which would verify that the 

mechanism observed by Mannl a t  low p r e s s u r e s  
a l so  occur s  at  the 40  a t m  t e s t  conditions of this 
study. However, additional spectroscopic  work i s  
needed to conclusively de te rmine  if the background 
t ruly r ep resen t s  the p re sence  of A9 0 

If this i s  so ,  then the re- 

2 2' 
It is fe l t  that much information concerning 

the A f - 0  react ion and the A I - N  - H  -C1 -0 

react ion can be obtained by measur ing  the spat ia l  
prof i les  of the observed emiss ion  bands. 
an optical multichannel analyzer  is needed. 
m e a s u r e  intermediate  spec ies  concentrat ions,  
l a s e r  f luorescence diagnostics have proven useful 
in s imi l a r  shtdies. F o r  example, f luorescence 
technique could prove useful in helping to in tc rpre t  
the emiss ion  spectroscopy r e su l t s  s ince  the inten- 
s i ty  of A10 bands may par t ly  be due to c h e m i h m -  
inescence and m a y  not be an  accura te  measu rc  of 
A 1 0  concentration. 

E. 

2 2 2  2 2  

To do so ,  
To 

Solid and Gaseous Combustion Products  

The solid and the gaseous products  of  com- 

(a) scanning electron micro- 
bustion were  collected a f te r  shock tube runs  and 
were  analyzed using: 
scope, (b) t ransmiss ion  e lec t ron  microscope ,  ( c )  
e lec t ron  diffraction technique, (d) X-ray diffraction 
technique and ( e )  in f ra red  gas  analysis. 

After the aluminum sample  was burned in 
pu re  oxygen, the white powder that  formed a thin 
layer  on the inside of the shock htbe wal ls  was 
collected and ver i f ied to be aluminum oxide 
(A1 203). 
was  inser ted in the electrode flush to the wall. 
After the run, the carbon block, on which the 
vis ible  Af 0 
electron microscope  laboratory. Carbon was 
chosen as the mounting ma te r i a l  because i t  is 
t ransparent  to the e lec t ron  microscope.  

To col lect  the A f 2 0 3 ,  a carbon block 

powder had settled, was takcn to the 
2. 3 

A t ransmiss ion  electron micrograph  of the 
A f  0 part iculates  i s  shown in  Fig. 12. The 
par t ic les  a r e  seen to be spher ica l  and in  the s ize  
range f r o m  0.1 to 0 . 6  vm. 

2 3  

When the aluminum sample  was burned in 
the shock tube with the gas mixture  . 1 N 

. 1 C f 2  t .4 02, the products of combustion were  

observed to be solid par t ic les  suspended in  a green  
colored liquid. 
H 0 and HCf and the solid par t ic les  were  Af203 .  

with some unburned A f  . No t r a c e s  of o ther  pos- 
s ible  sol ids ,  suchas N H  Cf o r  NH N were  

detected, probably because all the available hydro- 
gen combined with the excess  0 
The solid product A f C f  was not detected; i t  i s  de- 
duced that the aluminum a toms combined with [.he 
excess  0 to f o r m  A I  0 ra ther  than combine 

t . 4  H t 
2 2 

The liquid was  determined to be 

2 

4 4 3  

to f o r m  H 0. 2 2 

2 2 3  

with chlorine. 
and liquid combustion products was that the only 
ma jo r  products are A I  0 

i s  consis tent  with r e su l t s  of rocket motor  sampling, 
such as done by Strand et  al. 

The re su l t  of the analysis  of solid 

HCI and H20, which 2 3' 

v 
Various minor spec ies  were detected in the 

An electron micro-  
It 

solid products of combustion. 
graph of the solid products  i s  shown in  Fig. 13. 
i s  seen that the p re sence  of condensed H 0 and 

HCf  causes the A1 0 to agglomerate  into long 
2 3  

s t r a n d s ,  bearing no resemblance  to the spher ica l  
par t ic le  f r o m  the A f - 0  

2 
in Fig. 12. The regions that appear  grey  in Fig. 
1 3  a r e  A1 0 and H 0; the regions that  appear  

uh i t e  contain chlor ine,  as deduced f r o m  quantita- 
tive X-Ray analysis .  The X-Ray analysis  indicates  
e lemental  components only and, a s  seen in Fig. 13, 
ver i f ies  the presence  of aluminum and chlorine in 
large quantities. T r a c e  amounts  of copper, i ron  
and silicon a r e  detected, which were contributed by 
the copper e lec t rodes ,  the steel  diaphragm and the 
g lass  windows, respectively. 

that HCt and H20 have ma jo r  e f fec ts  on the agglo- 
mera t ion  of A1 0 Fuh t re  work in the shock htbe 

faci l i ty  would he  necessa ry  to systematical ly  shtdy 
the effects of HCf on the nucleation of A1 0 and 

thc resul t ing par t ic le  sizes. It is known that HCf 
in  rocket plumes a c t s  a s  nucleation s i tes  f o r  H 0 

condensation and thereby enhances contrai l  visibil- 
ity. The shock htbe provides  ideal  controlled con- w 
ditions for studying how chemica l  spec ies  a f f ec t  
A f 2 0 3  condensation. 

The results of the analysis  of gaseous prod- 
ucts of cornbustion f o r  the AL - N  - H  -CL -0 re- 

action are shown in  Fig. 14. A n  evacuated sample  
bag was filled with the gaseous products a f te r  a run. 
The sample  was  analyzed using in f r a red  gas  absorp-  
tion analysis. 

IiC1 concentrations could he inferred f r o m  an 
overa l l  spec ies  balance: 

2 

react ion which were shown 

2 3  2 

F r o m  the above resu l t s ,  i t  i s  concluded 

2 3' 

2 3  

2 

2 2  2 2  

An es t imate  of the f inal  H 0 and 2 

. 3 3 3 A f t . 1 N 2 t . 4 H  + . IC!  t.40 - 
2 2 2 

. 3 H20 t . 2  HC1 t .1 N2 t . 1 6 6 A I  0 t t r ace  
products 

For the shock tnbe run  conditions, .025 moles  of 
the t e s t  gas  and .008 moles  (. 21 g r a m s )  of alumi- 
num were  consumed. 

An unexpected r e su l t  was the l a rge  fract ion 
that was of nitsic oxide (NO) and nitrous oxide NO 

measured  in the gaseous products. 
NO bands a r e  c lear ly  prominent  in Fig. 14; the 

measured  level  of NO and NO 
of the products. These  levels  a r e  a t  l ea s t  th ree  
o r d e r s  of magnihtde l a rge r  than the predicted 
equili!,rium resu l t s ,  some  of which are shown in 

Fig. 7. 

2 
The NO and 

were  0.4% and 0.06% 
2 

2 

... 
It is believed that  the unexpectedly high 



l eve ls  of NO and NO2 a r e  a r e su l t  of the "prompt 
NO" mechanism that is well documented in hydro- 
carbon-a i r  f lames.  

v IV. Conclusions 

1. The chemica l  kinetic shock tube provided 
controllable combustion of a luminum a t  condi- 
tions that s imula te  the sur face  of a burning 
aluminum par t ic le  in a rocket  motor. Temper-  
a tu re s  and p r e s s u r e s  achievable (5000 K,  40 
a tm)  were higher  than for  any  previous control- 
led labora tory  study of aluminum combustion, 
and were rea l i s t ic  of rocket  motor  conditions. 

2. No dis t inct  ignition tempera ture  fo r  alum- 
inum was observed;  sma l l  par t ic les  of a lumi-  
num ejected f r o m  the sample  ignited a t  2000 K 
while the en t i r e  sample  always ignited a t  tem- 
pe ra tu re s  above 2400 K. 
within a 100 K range about the Af 0 laye r  
mel t ing point, which is 2319 K. 

Ignition occurred  

2 3  

2 
3. Intermediate  spec ies  detected in the A f - 0  

4 . 1 ,  
Intermediate  spec ies  detected 

react ion by emiss ion  spectroscopy were: 
A f t ,  and A f 0 .  
in the AI-N -H -C1 -0 react ion a t  40 a tm,  

5000 K were: A f ,  A i t ,  4 1 0 . H . 0 . 0 t .  N. 
2 2  2 2  

~ 

1. 

2. 

3. 

4. 

5. 

. . .  . 
Weak bands that could not be conclusively ident- 
ified were believed to be due to A1 H, OH, A1 OH, 6. 
and A1 C1. A s t rong  continuum was measu red  
which has  been assoc ia ted  with A f 2 0 2  in o ther  
s l d i e s .  

No emiss ion  bands were found that  could be 
identified with in te rmedia te  spec ies  A1 0 o r  

A 1  02. 
f luorescence  o r  Raman scat ter ing a r e  needed to 
detect  these  species .  

d 4- 
2 

Additional diagnostic techniques such a s  

5. Time  h is tor ies  of the A10 band a t  4846 A 
and the continuum a t  4500 A indicate that the 
A 1 0  emiss ion  r eaches  a maximum before  the 
continuum reaches  a maximum. If the contin- 
uum can be assoc ia ted  with A! 0 this would 

ver i fy  that A 1 0  is a p r e c u r s o r  to A1 0 i n  the 

Spherical  A! 0 par t ic les  were formed in 

2 2 '  

in thc reac t ion  mechanism.  2 2  

2 3  
6. 

the s i ze  range , 1 - 1.0 microns  when aluminum 
was  burned in pu re  oxygen. 
was burned in  tbe p re sence  of N 2. H2, C f 2 ,  and 
02, extensive agglomerat ion of the A f  0 

2 3  
par t ic les  was  observed: the ma jo r  products  
were  A t 2 0 3 ,  HCI , and H20 only. The solid 
products  were  analyzed using a t ransmiss ion  
electron microscope ,  and X-Ray and an  elec- 
t ron diffract ion method. 

When aluminum 
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