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LIK arreci of aiuminum powder i n  d:unping s o l i d  

propel lant  i n s t a b i l i t y  had been invest igated i n  a 
vortex burner developed previously. 
was composed of a main chamber having a shallow 
center-per forated g r a i n  and a hot  gas generator. 
The generator fed combustion gases tangent ia l l y  
i n t o  t h e  main chamber causin& t ransverse mode com- 
bust ion i n s t a b i l i t y .  Aluminum powder was  added 
e i t h e r  t o  t h e  main propel lant  or t o  the  gas gener- 
a t o r  charge. Measurement of the amplitude of t h e  
pressure o s c i l l a t i o n s  ind icated the  ef fect iveness 
of the  metal ac t ing  (1) as an ingredient  a t  the  
s o l i d  sur face and i n  the  gas phase and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2) i n  t h e ,  
gas phase only. In the  absenre of aluminum the  
rombui-tor was unstable, exhihicing an o s c i l l a t i o n  
frequency of 3800 cps with a peak-to-peak amplitude 
ci' 55 percent. The addi t ion of f i n e  aluminum 
powder t o  t h e  propel lant  i n  the  main chamber w a s  
s u f f i c i e n t  t o  damp out  the  high-frequency i n s t a b i l -  
i t y .  Addition of aluminum t o  the  gas generator 
propel lant  only was a l s o  e f f e c t i v e  i n  e l iminat ing 
i n s t a b i l i t y  provided t h a t  an eqi' i .valent concentra- 
t i o n  of metal p a r t i c l e s  was a d d d .  It was con- 
cluded t h a t  t h e  addi t ion of aluminum powder t o  
s o l i d  propel lants  suppresses i n s t a b i l i t y  by act ing 
as an a t tenuator  of sound i n  the  gas phase r a t h e r  
than a l t e r i n g  the  dr iv ing o r  response of t h e  pro- 
p e l l a n t s .  Viscous damping is  i n fe r red  t o  be t h e  
pr inc ipa l  damping mechanism. Addition of t h e  alu- 
minum produced a nonacoustic disturbance which ap- 
peared t o  be el iminated a t  hig 
sures . 

The combustor 

In t roduct ion 

The a b i l i t y  of f i n e  metal powders t o  suppress 
combustion i n s t a b i l i t y  has been w e l l  demonstrated 
i n  p r a c t i c a l  s o l i d  propel lant  motors. It was gen- 
e r a l l y  be l ieved t h a t  the  metal powders were ef fec-  
t i v e  a t  the  burning s f c of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp opel lants  r a t h e r  
than i n  the  gas phase?lB,e2),(-.? A t  a 1960 pan- 
e l  it was concluded that "a considerable body of 
experimental observations e x i s t  t o  ind ica te  t h a t  
t h e  s i te  of t h e  ac t ion  of suppressants, such as 
aluminum and aluminum oxide, i s  i n  t h e  ac t ive  layer  
a t  the  burning sur face i n  cont ras t  t o  t h e  poss i -  
b i l i t y  they might funct ion as a l t e r n a t o r s  of sound 
i n  the  gas phase." However, base on recent  experi- 
mental work it was  concluded t h a t  t h e  incorporation 
of aluminum i n  s o l i d  propel lants  does not s i g n i f i -  
can t ly  a f f e c t  the  res onse funct ion o f , t h e  propel- 
l a n t  combustion zone;r4) t h a t  is, t h e  dr iv ing is  
unaffected by aluminum. Since t h e  dr iv ing was un- 
a f fected by aluminum it w a s  concluded i n  r e f e r -  
ence 4 t h a t  t h e  change i n  growth r a t e  brought about 
by the  addi t ion of aluminum t o  t h e  propel lant  must 
be due t o  increased damping caused by suspended 
meta l l i c  p a r t i c l e s  i n  t h e  combustion gases. This 
conclusion is  contrad ic tory  t o  t h e  e a r l i e r  obser- 
v a t i o n d l ) ,  (2) ,(3) and presented a source of puz- 
zlement t o  t h e  authors of reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 .  The 

l im i ta t ions  and sourc I .  ,I uncer ta in ty  i n  1I.c 
treatment of t h e i r  dat:r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,:r re  discussed i n  rei ( ~ r  
ence 4. 'The unce? i . ~ i ~ i l y  v ' i s  based on the erssuit., - 
t ions t h a t  (1) t h t  burnpr damping i s  the  sam? br - 
fore and a f t e r  burnoht .ind (2) t h a t  t h e  frequency 
during t h e  gmwth and decay of t h e  osc i l3 " t  
the same. The qu:t l i f ied conclusion was that. "1 

response functions 0 1 '  the  propel lants  a r e  apprw i -  
mately t h e  same, ?nd the  g r e a t e s t  e f f e c t  of the  
addi t ives is i n  yroducjng damping, which one i n l e r s  
as being due t v isco, !  damping caused b y , p a r t i e l e . ,  
in  t h e  g a ~ . " ( ~ P  Examii. , t i o n  of t h e  discrepancy 
tha t  cur ren t ly  e x i s t s  ?--garding the  manner of sup- 
pression forms t h e  bas is  f'or t h i s  paper. The 
pr inc ipa l  ob ject ive of .I h i s  study was t o  determj l i t ,  

whether aluminum powdc. i.s ef fec t i ve  a s  a surf'ic.. 
ingredient or i n  the  c.2' phase o r  exh ib i ts  a com- 
bined ef fect iveness.  iiie r?sults of a new experi- 
mental technique u t i l i z i n g  .L s c l i d  propel lant  vor- 
tex combustor a r e  prezcnted. This burner exh ib i ts  
a t ransverse mode of i n s t a b i l i t y  and incorporates 
the e f f e c t  of a ve loc i ty  f i e l d  i n  cont ras t  t o  t h e  
center-vented combustor (T-burner) with end burn- 
ing gra ins  used i n  re ference 4.  U s e  of end burn- 
ing gra ins  leads t o  zero ve loc i ty  a t  t h e  propel- 
lant sur face.  Comparison of the  r e s u l t s  obtained 
in t h e  present  study with t h e  conclusion ar r i ved  
a t  with t h e  center  vented should serve as a check 
on t h e  v a l i d i t y  of gas phase ef fect iveness.  

Apparatus and Procedure 

Motor Assembly 

The experimental combustor was composed of a 
main chamber having a shallow center  per forated 
propel lant  gra in ,  a hot  gas generator and an i n -  
s t a b i l i t y  j e t .  The mode of operation is i l l u s -  
t ra ted  i n  f igure  l ( a ) .  The gas generator feeds 
combustion gases tangent ia l l y  i n t o  t h e  main cham- 
ber i g n i t i n g  the  main propel lant  and causing 
t ransverse mode combustion i n s t a b i l i t y .  A cross 
sect ion o f  the  assembled motor is shown i n  f i g -  
ure l ( b ) .  The main chamber and t h e  assembly w a s  
held together  with two clamping rings having 48 
114 inch b o l t s .  Pressur izat ion of t h e  space bc- 
tween t h e  two windows with n i t rogen a t  250 p s i a  
prevented t h e  windows from bowing during t h e  
f i r ing .  Two t h r o a t  diameters were used: 1/2 and 
314 inch. 
a m a x i m u m  design pressure of 45 p s i a  with r a d i a l  
burning, t h a t  is, i n  the  absence of tangent ia l  f low 
t o  the  propel lant  sur face.  
throat  y ie lded an unchoked condit ion with r a d i a l  
burning. 
havior and design a r c  given i n  re ferences 5, 6 and 
7. 

The motor with t h e  1/2 inch th roa t  gave 

U s e  of t h e  314 inch 

Further d e t a i l s  regarding t h e  motor be- 

Propellant 

The propel lant  i n  t h e  main chamber, 5 inches 
in  ins ide  diameter, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 inches i n  outs ide diameter 



by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl / Z  inch thick, w1s cast into place above an 
expendable plexiglass ring. 
18 hour cure the top surface was machined flat 
leaving it 1/8 inch higher than the motor surface. 
Compression of the propellant grain between the 
plexiglass surfaces prevented combustion from oc- 
curring on the top surface of the propellant. 
Burning was restricted to the inside diameter of 
the grain only. 

Subsequent to an 

The prqcllznts used In this zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAst i tdy  were com- 
posed of ammonium perchlorate and polybutadiene 
scrylic acid, 81 and 19 percent by weight, respec- 
tively. 
and unground zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(8%) crystals. Both the propel- 
lant in the main chamber and the gas generator had 
30 percent ground oxidizer. 
(5p mean weight diameter) was added to the propel- 
lant replacing a portion of the oxidizer. 
particle size distributions are given in refer- 
ence 8. The percentage of the metal used was 0, 
l / Z  and 1 percent by weight in the gas generator 
and 0 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA112 percent in the main chamber. 
aluminum was added either to the main propellant 

The oxidizer was a blend of ground (lb) 

Fine aluminum powder 

The 

The 

propellant surface and gradually increased in map- 
nitude for about 6 seconds after which the gener- 
ator ceased burning. Following generator burnout, 
the unconsumed propellant continued to burn in thc 
low-pressure environment. The flow during this rL- 
maining portion of the test quickly changed to the 
radial direction toward the nozzle entrance. The 
m a x i m  pressure developed in the motor with the 
1/2 inch throat was approximately 285 psia. In the 
absence of tangential flow, the maximum operating 
pressure was experimentally observed to be 35 psilt. 
For the motor with the 3/4 inch throat, which would 
operate unchoked without tangential flow, the maxi- 
mum pressure was 105 psia. These large increases 
in motor chamber pressure were caused by (1) addi- 
tion of mass from the gas generator, (2) erosive 
burning due to the high tangential velocities in 
the main chamber, and (3) reduction of the effec- 
tive nozzle throat area due to vortexing flow in 
the vicinity of the nozzle. The latter has been 
shown(6) to be primarily responsible for the large 
chamber pressure. 

or to the gas generator charge. 
case the aluminum could function both as an in- 

In the firmer Reference Condition zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- No Aluminum 

gredient at the solid surface and in the gas phase 
whereas in the second case the aluminum was intro- 
duced into the swirling gas flow above the solid 
surface and for all practical purposes could only 
be effective in the gaseous zone. 

Instrumentation 

A high-frequency, helium bled, water-cooled 
quartz-crystal transducer was used to record cham- 
ber pressure at a point close to the initial inside 
diameter of the propellant grain, see figure l(d). 
The output from the high frequency transducer, the 
main chamber pressure measured at several positions 
and the gas generator pressure were recorded di- 
rectly on magnetic tape. 
transducers is shown in figure l(d). 
of the high-frequency transducer is shown in fig- 
ure 2 .  

The location of the 
The mounting 

Measurement of the amplitude of the pressure 
oscillations with aluminum in the main chamber in- 
dicated the effectiveness of the metal acting both 
as a solid surface ingredient and in the gas phase. 
Measurement of the oscillation amplitude with alu- 
minum in the gas generator only indicated the 
amount of gas phase damping. The behavior of the 
combustor in the absence of any aluminum has been 
investigated(5) , (6) and serves as a reference case. 
Figure 3 represents the three basic ways in which 
the experimental tests were conducted. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA total of 
65 firings were made; 15 with no aluminum, 22 with 
aluminum in the motor propellant and 28 with alu- 
minum in the generator. 

Results and Discussions 

General Pressure-Time Behavior 

The increase of burning area within the gas 

The corresponding change in the main 
generator yielded a gradually increasing pressure 
(fig. 4 ) .  

chamber pressure, Pc, follows the generator output 
quite closely. The flow field within the motor was 
primarily tangential relative to the burning 

An oscilligraph record of the pressure-time 
behavior for the motor with the 3/4 inch throat 
(corresponding to fig. 4) and containing nonalumi- 
zed propellant is .shown in figure 5. 
amplitude of the pressure oscillation was approxi- 
mately 55 percent and the oscillation frequency was 
about 3500 cps. This frequency corresponded to the 
first traveling transverse mode and varied with a 
change in the inside diameter of propellant grain. (6) 
Figure 6 shows the resolution of the pressure oscil- 
lation as recorded by the high frequency transducer. 
(The disturbance labelled "signal interference" in 
fig. 5 was caused by the closing of a relay at igni- 
tion parer cutoff which altered the amplitude oftim- 
ing signal. It can also be seen on the other runs). 

The maximum 

Aluminized Propellant 

The addition of a 1/2 percent by weight' of 51.1 
aluminum powder to the propellant in the main cham- 
ber was sufficient to damp out the high-frequency 
instability. See figure 7. However, a low fre- 
quency "oscillation" was introduced by the alu- 
minum, whose general behavior was characterized by 
periods of 80-200 cps oscillations followed by ran- 
d m  noise as shown in figure 8. 
varied throughout the run, measuring less than 15 
percent. 
correspond to any of the acoustic modes of the 
chamber, but rather was associated with the burning 
behavior of the metal particles (9) ,(lo) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  dis- 
cussed in the next section. 

The amplitude 

This low frequency oscillation did not 

Addition of aluminum to the generator charge 
only was also effective in eliminating high- 
frequency instability provided that an equivalent 
concentration of metal particles was added. Figure 
9 shows the pressure-time trace when 1/2 percent of 
aluminum was incorporated in the gas generator. 
Resolution of the wave shape (fig. 10) revealed the 
existence of a low amplitude high frequency oscil- 
lation as well as the nonacoustic disturbance noted 
above. 
completely eliminated the low amplitude high- 
frequency component, see figures 11 and 12. m e  
amount of aluminum required in the gas generator 

Increasing the aluminum content to 1 percent 

2 



i n  order t o  obtain an equivalent concentration zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
p a r t i c l e s  ( r e l a t i v e  t o  using aluminized propel lant  
i n  the main chamber) was determined from the  r a t i o  
of the burning areas and l i n e a r  regression r a t e s  
of t he  main chamber and gas generator.  It was de- 
termined t h a t  at  t he  beginning of t he  run t he  r e -  
quired weight of aluminum i n  the  generator should 
be approximately twice t h a t  i n  the  main chamber 
whereas towards the  end of t h e  run the required 
weight is  approximately 1.5 t imes g rea te r .  U s e  of 
t he  propel lant  with 1 percent aluminum i n  the gen- 
e r a t o r  descr ibed above would therefore y ie ld  a 
concentrat ion of aluminum p a r t i c l e s  i n  the main 
chamber equivalent t o  or greater  than t h a t  ob- 
ta ined with a 1/2 percent of aluminum added t o  the  
main chamber. 

The conclusion t o  be drawn is t h a t  aluminum 
powder damps high-frequency combustion i n s t a b i l i t y  
i n  composite propel lants  by producing gas phase 
damping r a t h e r  a sur face e f fec t .  

Nonacoustic Behavior 

The low-frequency distrubance introduced by 
the  addi t ion of aluminum d id  not correspond t o  any 
of t h e  acoust ic  modes of t h e  chamber. It is be- 
l i eved  t o  be associated with the burning behavior 
of t he  aluminum and fu r the r  bel ieved t o  be pres- 
sure dependent. 
mechanism are under i n t e m i y e  study, t h e  present  
understanding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis speculat ive.  (11) 
ve r i f y  t h e  pressure dependancy of t he  phenomenon, 
tests w e r e  conducted with t h e  motor having a 
1/2 inch diameter th roa t .  
(1/2 percent by weight) was used i n  t h e  gas gener- 
a t o r .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs shown i n  f i gu res  13 and 14 t h e  low- 
frequency nonacoustic osc i l l a t i ons  were el iminated 
by operat ing at  these higher chamber pressures.  
The low-amplitude, high-frequency o s c i l l a t i o n  ev i -  
dent i n  f i gu res  13 and 14  were due t o  the  insuf-  
f i c i e n t  quant i ty  of aluminum added t o  the  gas gen- 
e ra to r .  (See a l s o  previous sect ion where the  ad- 
d i t i o n  of 1 percent el iminated the  high-frequency 
o s c i l l a t i o n ) .  

Although d e t a i l s  of t h e  pulsat ing 

In order to 

Aluminized propel lant  

Experimental L imitat ions 

Several  f a c t o r s  should be considered i n  in-  
t e rp re t i ng  the  experimental results presented 
here in.  When aluminum is introduced i n t o  t h e  main 
chamber v i a  the  gas generator some of t he  alumnium 
p a r t i c l e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmay t r a v e l  t o  the  propel lant  sur face and 
conceivably produce some sur face e f fec t .  
d id  occur t o  any extent  t he  hot  aluminum p a r t i c l e s  
held against  t he  sur face by centr i fugal  force 
would produce an augmentation i n  t h e  burning rate 
of t h e  propel lant .  However, t he  mean pressure- 
time behavior of t he  motor d id  not s ign i f i can t l y  
d i f f e r  from the nonaluminized case, ind icat ing 
t h a t  the propel lant  burning rate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas not i n f l u -  
enced by t h e  presence of hot metal p a r t i c l e s  i n  
t h e  chamber. Hence it is concluded, that t o  f i r s t  
order, m e t a l  p a r t i c l e s  were not  re ta ined on t h e  
propel lant  surface. Photographic observations 
o f fe r  d i f f i c u l t i e s  due t o  problems of  smoke emis- 
s ion,  resolut ion and f i e l d  of view. Other fac to rs  
t o  be considered are t h a t  s i z e  d i s t r i bu t i on  and 
degree of r e a c t i v i t y  of the m e t a l  p a r t i c l e s  may 
not be the same i n  both cases where aluminum was 
used. 

If t h i s  

With the  exception of a smal l  number of 

agglomerated p a r t i c l e s  it i s  bel ieved t h a t  the 
nature of t he  p a r t i c l e s  produced by the  gas gener- 
a t o r  a r e  s im i la r  t o  those produced by the main 
chamber propel lant .  

The addi t ion of t he  aluminum t o  the propel-  
l a n t  d id  not  s ign i f i can t l y  alter the burning r a t e  
as measured i n  a st rand burner.  The generator op- 
erated at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 c h ~ k e d  ccnditior, both with and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwiLhout  
aluminum i n  the  propel lant .  Hence t h e  e x i t  veloc- 
i t y  of t he  j e t  enter ing the  main chamber was un- 
a l t e r e d  by the  addi t ion of aluminum. It i s  ex- 
pected therefore t h a t  the tangen t ia l  ve loc i t y  i n  
the  chamber was not appreciably d i f f e ren t  with or  
without aluminum. 

A p r a c t i c a l  l i m i t  e x i s t s  on t h e  amount of 
aluminum t h a t  can be added t o  the  gas generator 
propel lant  due t o  plugging of t he  i n s t a b i l i t y  j e t .  
I n  f i gu re  11, it is  evident t h a t  the maximum gen- 
e ra to r  pressure wi th 1 percent aluminum is  s i g n i f -  
i c a n t l y  l a r g e r  than i n  the other  runs. 
runs made with 2 percent aluminum i n  t h e  generator 
revealed r a t h e r  e r r a t i c  pressure-time t races  due 
t o  plugging and unplugging of t he  i n s t a b i l i t y  j e t .  
Post - f i r ing inspect ion revealed the  presence of a 
subs tan t i a l  amount of aluminum i n  the  j e t  passage. 

Several  

Damping Mechanism 

The experimental r e s u l t s  y ie lded s t rong ev i -  
dence t h a t  t he  damping ef fect iveness of aluminum 
occurs i n  the  gas zone ra the r  than a t  t he  burning 
surface. Modes of damping other than a r t i c u l a t e  

s idered the  p o s s i b i l i t y  of damping due t o  droplet  
deformation, sur face v ib ra t i on  of a droplet ,  drop- 
l e t  sha t te r i ng  and aluminum blockage of t h e  burn- 
i ng  surface from acoust ic  disturbances. 
concluded i n  re ference 12 t h a t  p a r t i c u l a t e  damping 
is t he  dominant d i ss ipa t i ve  mechanism i n  the high 
frequency range. However, an order of magnitude 
analys is  ind icated t h a t  agglomerates -of aluminum 
on the burning sur face blocking i n te rac t i on  wi th 
t h e  acoust ic  f i e l d  could be as important as par- 
t i c u l a t e  damping. 
study suggest that such i s  not t h e  case a t  low 
levels of aluminum loading. 
postu la ted( l3)  t h a t  t he  aluminum promotes a cata-  
l y t i c  e f f e c t  on the  gas phase react ions.  
present  study does not r e f u t e  this poss ib i l i t y .  
However, any proof of t h i s  mechanism requ i res  de- 
t a i l e d  analys is  o f  t h e  gas phase react ions i n  the  
flame zone. Spa t ia l  resolut ion of t h e  combustion 
react ions are a necess i ty  i n  order t o  asses t he  
c a t a l y t i c  e f fec t .  
reference 14 o f f e r s  a p o s s i b i l i t y  of obtaining t h e  
necessary measurements. 

damping a r e  possible.  A recent  study( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF 2) has con- 

It was 

The results of the  present  

It has been f w t h e r  

The 

The technique presented i n  

Comparison of t h e  theo re t i ca l  amount of par-  
t i c u l a t e  damping with the  observed damping w a s  not 
poss ib le  due t o  t h e  d i f f i c u l t y  i n  determining a 
growth constant f o r  t he  pressure osc i l l a t i ons .  

If p a r t i c u l a t e  damping is t h e  p r inc ipa l  d i s -  
s ipa t i ve  mechanism then knowledge of t he  aluminum 
s i z e  and number of p a r t i c l e s  i n  the  gas become the  
important parameters i n  achieving combustion s t a -  
b i l i t y .  As determined by Epstein and Carhart,(15) 
t h e  pa r t i cu la te  (viscous) damping constant depends 
on the  p a r t i c l e  rad ius R and concentrat ion n 
according t o  the  re la t i on :  
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where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cc is the angular frequency, c is sound speed, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv 
is kinematic viscosity and 6 is density ratio. 

Alumina Particle Size 

Measurement of the size distribution of the 
alumina particles in the combustor remains as a 
critical item in determining stability behavior. 
Qualitative information of metal behavior was ob- 
tained in references 16 and 17. Limits were ob- 
tained on particle sizes and the effects of alu- 
minum size, concentration and combustion pressure 
were obtained. High-speed photographs indicated 
particle motion on the surface leading to the for- 
mation of agglomerates+ 
particle size zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas subsequently investigated(8) and 
shown to be significant in influencing metal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAag- 
glomeration. The previous information was used to 
formulate a conceptual model of the agglomeration 
process dependent on two factors: 
movement and collision on the surface and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2) prox- 
imity of aluminum particles. This model was gener- 
ally substantiated for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPBAA-AP propellants by a 
later study conducted over a pressure range up to 
500 psia, using strands of propellants both with 

The effect of oxidizer 

(1) particle 

(port simulation) and without 
a superposed velocity field.71 
feature of these studies is that the aluminum oxide 
particle size could be independent of the original 
aluminum size added to the propellant, this change 
being brought about by agglomeration. Further at- 
tempts to measure size distributions near the burn- 
ing propellant surface have not yielded useful in- 
formation due to restrictions on both photographic 
resolution and field of view.(lg) Further work on 
the mechanism of agglomeration with a variety of 
propellant combinations has led zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo considering only 
the proximity of metal particlesl20) in the propel- 
lant. With few exceptions(20)j (21) very little new 
information has been obtained on the mechanism of 
agglomeration in recent years; a phenomenon which 
by its very nature appears to defy an exact de- 
scription. Understanding the factors that overn 
agglomeration such as given in references(1 E Y 

has lead to the use of propellant compositions 
which yield oxide particle sizes of 1 to 2 microns. 
This size is believed to be the optimum required 
for dampi 
operationY22) > (23) 

instability in typical solid rocket 

Conclusions 

The experimental results obtained with the 
vortex burner showed that aluminum added in the gas 
phase was as effective zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi n  damping out transverse 
mode instability as the aluminum added as an origi- 
nal ingredient of the propellant. It was concluded 
that the aluminum was effective in the gas phase in 
producing dissipative forces and further surmized 
that the mechanism of damping was due to viscous 
and thermal effects (particulate damping). 

These results indicate that aluminum should be 
effective in damping out combustion instability in 
liquid rocket engines depending on the amount of 
driving present in the system. Further, the method 
of injection could be similar to that used in the 
present study. 
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7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Instability jet zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(D 
N 
*r- 
M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
w 

Propel la n t 

LJ Ignitor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 

i 
1 in. 

CS-30752 

(a) Experimental geometry and mode of operation. 

Clamping and 

Lo-ring '\Modified spark plug for ignition 

(b) Motor, gas generator, and instability jet assembly. 

Figure 1. - Experimental combustor. 

CD-8602 



W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.I- 
M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 
w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ Eight holes equally 

spaced on 3-in. - 
diam. c i r c l e 7  

2.20 O-r ing in. groove- i.d. by 
2.60 in. 0.d. by 
0.10 in. deep1 

,-Clearance and 
I tapped holes for 

I '-in.-ZOthread 
r l 0 - m m  (0.4 in.) I 4 
:i spark plug thread 1 \ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 
0.50 in. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t 
1.00 in. 

1 ,/ I- ;-in. pipethread' I . J,-o.500 in, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.50 in I 

CD-8603 
1-in. -diam. hole; !-in. pipe thread 
16 8 

(c) Gas generator details; material, brass., 

Combustion 

Pressure transducer,, 
1-in.-diam., Pc -/ 
16 

(d) Typical pressure transducer locations. 

Figure 1. - Continued. 



1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin. 

(Use flat bottom 
drill to mate holes) 

-No. 25 (0.1495) Diam. 

le) Instability jet design; material, copper. 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. - Concluded. 



r Stainless steel shielded cable 
Helium I * r T h r e a d e d  water tubes (2), 

10-64 thd. epoxy sealed; 

8 to 10 ft. -Ibs. - 5/16-24 Thd. 

With o r  

without mounting torgue of adapter, 
filte: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C l l ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"1.L 

-Rocket orobe I I, -- Stainless steel socket 
cap screw, 10132 x 

12.112 I 0.530 long; approx. 
Gasket--ll' Hex mountina toraue 24 

_/-- 

Copper gasket1  x 1.25 
thd./ 

Figure 2. - High-frequency pressure transducer mounting details. 

(a) No aluminum. 

lnstabil itv 

(b) Aluminum in  main chamber propellant. 

Instabil ity 

(c) Aluminum in generator propl lant .  

Figure 3. - Laat ion  of a luminum in propellant. 



Unit Chamber 
throat 

diameter, 
in. 

-Instability ceases, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 1  2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 4 5 6 7 8 

Time, t, sec 

Figure 4. - Pressure-time behavior of gas generator and main 
chamber. 

Figure 5. - Pressure - t i m e  trace without aluminum. Pk, high frequency: 
Pgg, gas generator; Pc, chamber pressure. 

- Time 

Figure 6. - High frequency channel. 
Chamber pressure wave shape. 
Oscillation frequency 3840 cps. 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 .  - Pressure - t i m e  trace with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAiii pei-ceiii a i i im in i i i i l  in iiioti~r. 



(a) Wave resolution a t  time indicated in figure 7. 

(b) Wave resolution a t  time indicated in figure 7. 

Figure 8. - High-frequency channel. Chamber pressure wave shape with 1/2 
percent aluminum in motor. 

Figure 9. - Pressure - time trace with 1/2 percent aluminum in gas generator. 



(a) Wave shape resolution at time indicated i n  figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9. 

(b) Wave shape resolution at time indicated in figure 9. 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10. - High-frequency channel. Chamber pressure wave shape with 
1/2 percent aluminum i n  gas generator. 

Figure 11. - Pressure - time trace with 1 percent aluminum i n  gas generator. 



Figure 12. - High-frequency channel. Chamber pressure wave shape with 1 
percent aluminum in gas generator. 

K, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
w 

Figure 13. - Pressure - time trace with 112 percent aluminum in gas 
generator. Throat diameter, 1/2 inch. 

Figure 14. - High-frequency channel. Chamber pressure wave shape with 1/2 
percent aluminum in gas generator. Throat diameter, 1/2 inch. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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