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INTRODUCTION 

It i s  o f t e n  d e s i r a b l e  t o  d u p l i c a t e  m i l i t a r y  obscurant  smokes i n  
t h e  l a b o r a t o r y ;  producing t h e m  a t  known and uniform c o n c e n t r a t i o n s  f o r  
extended pe r iods  of t i m e  s o  t h a t  t h e i r  p r o p e r t i e s  may be s t u d i e d  under 
c o n t r o l l e d  cond i t ions .  In suppor t  of  t h e  tox ico logy  program of t h e  
U.S. Army Medical Research and Development Command, w e  d e s c r i b e  a n  
extrusion-combust ion g e n e r a t o r  f o r  t h e  p roduc t ion  of phosphoric  a c i d  
a e r o s o l s  from a red  phosphorus-butyl rubber  fo rmula t ion  (RPBR) such  as 
is deployed i n  an L8A1 smoke grenade. 

In f i e l d  use, l a r g e  q u a n t i t i e s  of t h e  RPBR are  deployed explos ive-  
l y  over  a wide area. For example, a s i n g l e  L8Al  grenade c o n t a i n s  about 
400 g of RPBR. The phosphorus r a p i d l y  burns  t o  form phosphorus 
pentoxide  which impedia te ly  reacts w i t h  water vapor i n  t h e  a i r  t o  form 
f i n e  a e r o s o l  p a r t i c l e s  of phosphoric  a c i d s .  In c o n t r a s t ,  i n  l a b o r a t o r y  
g e n e r a t i o n  f o r  small chambers, only extremely small q u a n t i t i e s  of 
phosphorus are needed. Only 0.16 g of phosphorus are consumed pe r  
minute to produce a n  a e r o s o l  of c o n c e n t r a t i o n  1 g/m3 i n  an  a i r  stream 
f lowing  a t  500 L/min, It i s  d i f f i c u l t  and l a b o r  i n t e n s i v e  a t  b e s t  t o  
a c c u r a t e l y  c o n t r o l  t h e  product ion  of a e r o s o l s  by batchwise burning of 
small fragments.  Each small fragment burns  r a p i d l y  a t  f i r s t ,  t hen  
s u b s i d e s  y i e l d i n g  a e r o s o l  c o n c e n t r a t i o n s  t h a t  are f a r  from uniform. 
A d d i t i o n a l l y ,  t h e  d i r e c t  combustion of f ragments  i n  a chamber i s  
u s u a l l y  n o t  a c c e p t a b l e  f o r  tox ico logy  s t u d i e s .  Long exposures  e.g .  
f o u r  hour s  o r  more, may be necessary  and du r ing  t h i s  t i m e  s i g n i f i c a n t  
changes i n  t h e  p h y s i c a l  and chemical  p r o p e r t i e s  of t h e  a e r o s o l s  can 
occur.  A n i m a l  produced contaminants  a l s o  a f f e c t  t h e  atmosphere s o  t h a t  
a f r e s h l y  r ep len i shed  atmosphere i s  g e n e r a l l y  requi red .  

The g e n e r a t i o n  system desc r ibed  h e r e  has  been s p e c i f i c a l l y  
des igned  f o r  long  exposure tox ico logy  s t u d i e s  i n  i n h a l a t i o n  chambers 
w i t h  a e r o s o l  c o n c e n t r a t i o n s  ranging  from ca. 0.25 t o  5 g/m3, bur  can 
a l s o  be used f o r  o t h e r  a p p l i c a t i o n s  where a cont inuous supply of f r e s h -  
l y  formed a e r o s o l  is d e s i r e d  a t  a known and uniform concen t r a t ion ,  The 
g e n e r a t o r  d e s i g n  i s  based on t h e  p rope r ty  of RPBR, t h a t  when s u i t a b l y  
so f t ened  i t  can  be  ex t ruded  through a small o r i f i c e  a t  h igh  p res su res .  
The f i l a m e n t  produced i s  i g n i t e d  and burns  i n  a f lowing  air s t r e a u  
which carries t h e  a e r o s o l  i n t o  t h e  chamber f o r  s t u d y ,  Uniform a e r o s o l  
product ion  i s  managed by c o n t r o l l i n g  t h e  rate of e x t r u s i o n  ( t h e  rate a t  
which t h e  f i l a m e n t  emerges and burns)  and by t h e  a i r  f low rate. 

The RPBR used i n  t h i s  work w a s  a n  experimental. b a t c h  c o n t a i n i n g  
nominally 5% b u t y l  rubber  and 95% r e d  phosphorus produced by the U.S. 
Army Chemical Research and Development Center, Aberdeen Proving Ground, 
MD. Composition d e t a i l s  as w e l l  as a d e t a i l e d  d i s c u s s i o n  of t h e  
chemistry of t h e  smoke are conta ined  i n  t h e  r e p o r t  "Chemical and 
P h y s i c a l  C h a r a c t e r i z a t i o n  o f  Phosphorous Smokes" (1). As w i l l  be 
d i scussed  i n  d e t a i l  la ter ,  w e  found t h a t  hexane, when inco rpora t ed  i n t o  
t h e  material, so f t ened  i t  s u f f i c i e n t l y  s o  t h a t  i t  could  be ex t ruded  a t  
high p res su res .  T y p i c a l l y ,  seven t o  e i g h t  pe rcen t  hexane was used. 
With t h i s  a d d i t i o n  of  hydrocarbon s o f t e n i n g  a g e n t ,  t he  material could 
be  h y d r a d i c a l l y  ex t ruded  a t  a c o n t r o l l e d  and c o n s t a n t  rate and 
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cont inuous ly  burned t o  form t h e  a e r o s o l  of phosphor ic  ac id .  Chemical 
s t u d i e s  (1) have shown t h a t  t h e  i n c o r p o r a t i o n  of hexane has  l i t t l e  
e f f e c t  on t h e  p r o p e r t i e s  of t h e  ae roso l .  The hexane i s  e s s e n t i a l l y  
completely burned w i t h  only  s m a l l  traces be ing  found i n  t h e  exposure 
atmosphere e 

The g e n e r a t i o n  and monl tor ing  system desc r ibed  h e r e  has  been used 
s u c c e s s f u l l y  i n  extended ope ra t ion ,  F ive  g e n e r a t o r s  have been s u p p l i e d  
t o  t h e  I l l i n o i s  I n s t i t u t e  of  Technology Research I n s t i t u t e  f o r  i nha la -  
t i o n  tox ico logy  s t u d i e s  and have been i n  use  f o r  approximately two 
y e a r s ,  A d d i t i o n a l l y  ORNL/Gayle l i g h t  s c a t t e r i n g  p a r t i c l e  concentra-  
t i o n  moni tors ,  w i t h  read-out e l e c t r o n i c s  t o  d e t e c t  and a le r t  the  
o p e r a t o r s  should  abnormally h igh  o r  low a e r o s o l  c o n c e n t r a t i o n s  deve lop ,  
have been supp l i ed .  Flame-out d e t e c t o r s  t o  a ler t  t h e  o p e r a t o r s  should  
t h e  phosphorus f lame f a i l  d u r i n g  a n  exposure have also been developed 
and supp l i ed .  Aerosol  c o n c e n t r a t i o n s  ranging  from 0.2 t o  3 mg/L have 
been s t u d i e d  i n  chambers a t  a i r  f low rates of 500 L/min. 

DESIGN AND CONSTRUCTION OF GENERATOR SYSTEM 

The Red Phosphorus-Butyl Rubber a e r o s o l  g e n e r a t i n g  system c o n s i s t s  
of a n  e x t r u s i o n  d e v i c e  d e l i v e r i n g  a c y l i n d r i c a l  f i l a m e n t  of so f t ened  
RPBR i n t o  a burn  chamber where t h e  material i s  burned i n  a f lowing  a i r  
stream forming t h e  phosphoric  a c i d  ae roso l .  For  c o n t r o l ,  t h e  h y d r a u l l c  
f l u i d  i s  pumped w i t h  a p r e c i s i o n  h igh  p r e s s u r e  meter ing  pump. Appro- 
p r i a t e  moni tor ing  and c o n t r o l l i n g  systems have been incorpora ted .  

A schemat ic  diagram of t h e  extrusion-combust ion g e n e r a t o r  i s  showri 
as F i g u r e  1. Photographs of a n  assembled p ro to type  are shown as 
F igures  2-4. A cut-away drawing of t h e  e x t r u s i o n  assembly i s  shown at. 
F i g u r e  5. De ta i l ed  c o n s t r u c t i o n  drawings of t h e  v a r i o u s  components 0 2  
t h e  system are con ta ined  i n  t h e  appendix as F igures  A 1  t o  A l l .  I n  
g e n e r a l ,  commercially a v a i l a b l e  p a r t s  were used € o r  t h e  h y d r a u l i c  
system. These are d e t a i l e d  i n  t h e  l ist  of parts inc luded  i n  t h e  
appendix.  

The e x t r u s i o n  c y l i n d e r  (F igu re  5 )  w a s  f a b r i c a t e d  from type  3041, 
s t a i n l e s s  s tee l  and i s  0.5-inches i . d . ,  1-inch 0 . ~ 1 . ~  and $-inches Long 
It can  c o n t a i n  a b i l l e t  of KPBR of approximately 40 g .  The p i s t o n  i s  
f a b r i c a t e d  of  carbon steel machined t o  f i t  t h e  cy l inde r .  Early p i s t o n ,  
were cons t ruc t ed  of 304L s t a i n l e s s  steel. The i r  use w a s  abandoned 
because of t h e  tendency of s imi l a r  materials t o  g a l l  and f r e e z e  
t o g e t h e r .  Although some g a l l i n g  has  been observed w i t h  carbon s tec l  
p i s t o n s ,  t h e i r  performance h a s  been more s a t i s f a c t o r y .  The cy1indr.r 
h a s  been des igned  t o  simply connect  t o  t h e  e x t r u s i o n  head s o  t h a t  t.ae 
assembly can be  e a s i l y  broken down f o r  c l ean ing  and r e load ing .  

Details of t h e  e x t r u s i o n  head are shown i n  F igu res  5 and A I .  It 
c o n t a i n s  a 0.0938 inches  d iameter  o r i f i c e  which d e f i n e s  t h e  d iameter  of 
t h e  RPBR f i l amen t .  Iinmediately a f t e r  t h i s  o r i f i c e ,  t h e  i n t e i  n a l  
d iameter  of t h e  burn  t i p  is- expanded t o  0.125 inches .  The <PBR 
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f i l a m e n t  expands s l i g h t l y  a f t e r  l e a v i n g  t h e  o r i f i c e .  The 0.125 i n c h e s  
provides  € o r  t h i s  expansion and i s  s u f f i c i e n t l y  l a r g e  s o  t h a t  t h e r e  i s  
a n  annulus  where t h e  RPBR can  be enc losed  i n  a s lowly  f lowing  stream of 
n i t r o g e n  gas.  This  i n e r t  gas  sur rounds  t h e  f i l a m e n t  u n t i l  i t  e x i t s  
i n t o  t h e  combustion region.  With t h i s  s h e a t h  of n i t r o g e n ,  coinloustion 
cannot  occur  back i n t o  t h e  e x t r u s i o n  channel  and t h e  un i fo rmi ty  of 
combustion i s  improved. Without t h e  n i t r o g e n  f low,  t h e  e x t r u d i n g  
f i l a m e n t  t ends  t o  burn into t h e  burn  t i p  and expands,  plugging t h e  t i p .  
T h i s  causes  e r a t i c  e x t r u s i o n  and consequent ly  e r a t i c  burns.  The  burn  
t i p  i s  cons t ruc t ed  of s t a - ln l e s s  steel .  A ceramic t i p  w a s  a l s o  t e s t e d .  
It w a s  hoped t h a t ,  because of t h e  lower h e a t  c o n d u c t i v i t y  of t h e  
ceramic, lower extrusion-combust ion rates could b e  maintained.  The 
b e n e f i t s  de r ived  from t h e  ceramic t i p  were s l i g h t  and d i d  n o t  o f f s e t  
t h e  d i f f i c u l t y  of f a b r i c a t i o n .  

The burn chamber i s  f a b r i c a t e d  from a s t a n d a r d  2-inch g l a s s  p i p e  
tee ( F i g u r e  A 7 ) .  One l e g  of t h e  tee f i t s  ove r  t h e  e x t r u s i o n  head and 
seals a g a i n s t  t h e  suppor t  p l a t e .  Air e n t e r s  one l e g  and a e r o s o l  l a d e n  
a i r  e x i t s  t o  t h e  exposure chamber through t h e  o p p o s i t e  l e g .  A one-inch 
d i ame te r  l e g  has  been blown i n t o  t h e  tee d i r e c t l y  oppos i t e  t h e  burn 
t i p .  This  added l e g  s e r v e s  as access f o r  a n i t r o g e n  gas  P ine  and for 
i g n i t i o n  of t h e  RPBR. A two-inch l e g  f o r  c l eanou t  purposes  has  a l s o  
been added t o  t h e  unde r s ide  of  t h e  tee a t  r i g h t  a n g l e s  t o  t h e  o t h e r  
f o u r  l egs .  This  l e g  i s  s e a l e d  d u r i n g  g e n e r a t i o n  of t h e  a e r o s o l .  

The RPBR is i g n i t e d  by us ing  a small e l e c t r i c a l l y  hea ted  c o i l .  
The c o i l  i s  f a b r i c a t e d  from Nichrome w i r e  and i s  mounted i n  a pro tec-  
t i v e  q u a r t z  shea th .  It i s  powered by a 9-V t ransformer .  As the KPBR 
begins  t o  emerge from t h e  e x t r u d e r  t h e  h o t  t i p  i s  p res sed  a g a i n s t  i t  
u n t i l  i t  i g n i t e s .  It i s  then  wlthdrawrn f o r  t h e  rest o f  t h e  run. The 
burn  chamber w a s  des igned  t o  give assess f o r  the l i g h t i n g  procedure v i a  
t h e  one-inch l e g ,  bu t  i n  p r a c t i c e ,  a t  I I T R I ,  i t :  w a s  found t o  be easier 
t o  remove t h e  i n l e t  a i r  l i n e  and manually i n s e r t  t h e  l i g h t e r  th rough 
t h a t  p o r t  of t h e  burn  chamber, r e p l a c i n g  t h e  i n l e t  l i n e  a f t e r  i g n i t i o n .  

The e x t r u s i o n  i s  powered by a commercial double  a c t i o n  h y d r a u l i c  
c y l i n d e r  having a 2-inch d iameter  p i s t o n  and a 10-inch s t r o k e ,  Valving 
i s  provided t o  d r i v e  t h e  p i s t o n  i n  e i t h e r  d i r e c t i o n :  forward f o r  
e x t r u s i o n  and r e v e r s e  f o r  l oad ing  and disassembly.  A two speed hand 
ope ra t ed  pump provides  quick  p i s t o n  movement du r ing  l o a d i n g  and unload- 
i n g .  During a e r o s o l  g e n e r a t i o n ,  t h e  hand pump i s  bypassed and t h e  
h y d r a u l i c  f l u i d  i s  a c c u r a t e l y  metered i n t o  t h e  h y d r a u l i c  c y l i n d e r  u s i n g  
a h igh  p r e s s u r e  meter ing  pump. It i s  necessary  t o  exc lude  a i r  Prom t h e  
h y d r a u l i c  system so t h a t  t h e  e x t r u s i o n  of t h e  RPBR f i l a m e n t  i s  d i r e c t l y  
r e l a t e d  t o  t h e  f l u i d  pumpfng ra te  wi thout  l a g  due t o  a i r  compress ib i l -  
i t y .  The geometry of t h e  e x t r u s i o n  c y l i n d e r  i s  such  t h a t  t h e  f low of 
one mL of h y d r a u l i c  f l u i d  causes  2 cm of K W R  f i l a m e n t  t o  ex t rude .  

A p r e s s u r e  gauge and p r e s s u r e  r e l i e f  v a l v e  are a l s o  inc luded  i n  
t h e  system. Although t h e  e x t r u s i o n  of t h e  RPBR normally proceeds a t  
modest and nea r ly  c o n s t a n t  p r e s s u r e s ,  o c c a s i o n a l l y  pressure  exc~irs ions  
caused by plugging of t h e  e x t r u s i o n  o r i f i c e  due t o  inhomogeniet ies  i n  
t h e  s o f t e n e d  RPBR (hard  s p o t s )  do occur.  The p r e s s u r e  relief v a l v e  
bypasses  t h e  h y d r a u l i c  f low and p r e v e n t s  system damaging p res su re  
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excurs ions .  The hand pump assembly c o n t a i n s  a r e s e r v o i r  f o r  h y d r a u l i c  
f l u i d .  In  development work, a second r e s e r v o i r  shown i n  F i g u r e  1 was 
used. Th i s  w a s  no t  inc luded  i n  l a te r  models. 

The g e n e r a t o r  i s  connected t o  a n  exposure chamber w i t h  f l e x i b l e  
hose. A t  I I T R I ,  p l a s t i c  hose performed s a t i s f a c t o r i l y .  The hose shown 
i n  F igu re  4 was f l e x i b l e  s t a i n l e s s  steel  tub ing  used t o  minimize t h e  
a d d i t i o n  of o r g a n i c  i m p u r i t i e s  t o  t h e  atmosphere. It w a s  used prima- 
r i l y  f o r  development and chemical  sampling t o  de te rmine  t h e  chemical 
composi t ion of t h e  exposure atmosphere (1). 

The a e r o s o l  produced from burn ing  phosphorus i s  a concen t r a t ed  
aqueous s o l u t i o n  of phosphor ic  a c i d s .  The a e r o s o l  i s  extremely irr i-  
t a t i n g  and c o r r o s i v e ,  and when produced i n  t h e  q u a n t i t i e s  necessa ry  f o r  
i n h a l a t i o n  tox ico logy  exper iments ,  can not  be disposed  of s a f e l y  by 
v e n t i n g  i n t o  t y p i c a l  house exhaus t  systems.  We have found t h a t  g l a s s  
f i b e r  coa le sc ing  f i l t e r s  such  as were used t o  remove spent petroleum 
based a e r o s o l s  ( 2 )  w e r e  a l s o  very s a t i s f a c t o r y  f o r  c leanup of  t h e s e  
phosphoric. a c i d  a e r o s o l s .  A seven  f i l t e r  u n i t  ob ta ined  from B a l s t o n  
F i l t e r  Products ,  Inc . ,  u s ing  DX g rade  f i l t e r s  removed over  99% of t h e  
a e r o s o l  e x i t i n g  from our  tes t  chamber. The u n i t  ope ra t ed  a t  500 L / d n  
w i t h  a p r e s s u r e  drop of 50 cm of water even when s a t u r a t e d  w i t h  
ae roso l .  No d e t e r i o r a t i o n  of t h e  f i l t e r  occured a f t e r  long c o n t a c t  
w i t h  t h e  ac id .  The housing of  t h e  f i l t e r  u n i t  was s t a i n l e s s  s t e e l  and 
d i d  no t  apprec i ab ly  corrode.  The u n i t  w a s  equipped w i t h  a cont inuous 
d r a i n  t o  remove t h e  a c i d  c o l l e c t e d  and r equ i r ed  no maintenance i n  
normal use.  

, 

MONITORING AND CONTKOL 

Flame-out of t h e  e x t r u d i n g  RPBR may occur  p a r t i c u l a r l y  a t  very law 
e x t r u s i o n  rates (cor responding  t o  concen t r a t ions  below 0.25 g/m3 at 
a i r  f l o w  rates of 500 L/min). Evident ly  t h e  KPBR i s  cooled below i t s  
combustion tempera ture  by t h e  incoming a i r  stream. When flame-out. 
occu r s ,  a e r o s o l  p roduc t ion  ceases, t h e  c o n c e n t r a t i o n  i n  t h e  chamber 
r a p i d l y  drops ,  and a p a r t i c u l a r  exposure c y c l e  i s  j eopa rd ized .  If 
flame-out can be d e t e c t e d  e a r l y  enough, t h e  RPBR can be qu ick ly  
r e i g n i t e d  s o  t h a t  only a minor change i n  concen t r a t ion  occurs and t h e  
exposure run  i s  not  apprec i ab le  compromised. Light  s c a t t e r i n g  
c o n c e n t r a t i o n  monitors  i n  t h e  chamber w i l l ,  o f  course ,  d e t e c t  t h i s  
c o n c e n t r a t i o n  excurs ion ,  bu t  t h e  t r a n s p o r t  time from combustion p o i n t  
t o  monitor p o s i t i o n  is  approximateLy one minute. During thFs t i m e  
approximately one-half of t h e  chamber volume i s  f i l l e d  wl t h  aerosol- 
f r e e  a i r .  A u n i t  w a s  developed to  i n s t a n t l y  d e t e c t  such flame-outs and 
t o  a l e r t  the  exposure chamber o p e r a t o r  when they  occur.  The u n i t  
c o n s i s t s  of a p h o t o t r a n s i s t o r  and a remote a m p l i f i e r / r e l a y  w i t h  aud ib le  
and v i s u a l  alarms. The p h o t o t r a n s i s t o r  i s  a t t a c h e d  t o  t h e  o u t s i d e  of 
che g l a s s  p i p e  burn chamber and moni tors  t h e  i n t e n s e  radiation from t h e  
flame. The ampl i f i e r / a l a sm c h a s s i s  i s  connected t o  the p h o t o t r a n s i s t o r  
by a l e n g t h  of s m a l l  two-conductor cable .  A c i r c u i t  diagraln of the 
d e v i c e  i s  shown as F igure  6 .  A 2N5730 p h o t o t r a n s i s t o r  w a s  used. As t h e  
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flme goes o u t ,  t h e  p h o t o t r a n s i s t o r  causes  a nega t ive  s i g n a l  t o  f e e d  
the nega t ive  i n p u t  o f  t h e  d i f f e r e n t i a l  a m p l i f i e r  (Analog Devices AD 
5 2 4 )  which i n c r e a s e s  t h e  v o l t a g e  ou tpu t  t o  d r i v e  a 2N3804 c u r r e n t  
ampl i f i e r .  The c u r r e n t  a m p l i f i e r  a c t i v a t e s  a s o l i d  state r e l a y  
(Teledyrte 641-1) which a c t u a t e s  t h e  a u d i b l e  alarm (Mallory S o n a l e r t  
SC11QNP) and lamp. A swi t ch  i s  provided t o  s i l e n c e  t h e  a u d i b l e  alarm 
i f  only t h e  v i s i b l e  alarm i s  des i r ed .  The alarm t r i p  p o i n t  i s  set  by a 
po ten t iome te r  on t h e  p o s i t i v e  i n p u t  of  t h e  d i f f e n t i a l  a m p l i f i e r ,  The 
c i r c u i t  i s  des igned  t o  provide ,  v i a  t h i s  t r i p  p o i n t  ad jus tment ,  compen- 
sation f o r  a number of v a r i a b l e s  i n c l u d i n g  ambient l i g h t  l e v e l s  and 
v a r i a t i o n s  i n  photosensor  mounting. The u n i t  a l s o  i n c o r p o r a t e s  a 
po ten t iome te r  ad jus tment  f o r  p o s i t i v e  feedback around t h e  a m p l i f i e r  t o  
p rov ide  swi t ch ing  h y s t e r e s i s .  Th i s  f e a t u r e  i s  u s e f u l  i n  prevent ing  
r a p i d  on-off switchhng a t  the se t  p o i n t  should  t h e  flame f l i c k e r  bu t  
no t  ex t ingu i sh .  

An a d a p t a t i o n  of t h e  ORNL/Gayle l i g h t  s c a t t e r i n g  a e r o s o l  concen- 
t r a t i o n  monitor t h a t  w a s  used t o  monitor  m i l i t a r y  petroleum-based 
a e r o s o l s  w a s  used t o  monitor  t h e  RPBR combustion a e r o s o l s .  De ta l l ed  
c i r c u i t r y  and o p e r a t i n g  i n s t r u c t i o n s  have been publ i shed  earlier (2 )  
and w i l l  no t  be r epea ted  here .  B r i e f l y ,  t h e  syscem c o n s i s t s  of a s m a l l  
s e n s i n g  device  composed of a l i g h t  e m i t t i n g  d iode  I n t e g r a l l y  mounted 
b e s i d e ,  bu t  o p t i c a l l y  i s o l a t e d  f rom, a p h o t o t r a n s i s t o r .  Near i n f r a r e d  
l i g h t  from t h e  photodiode i s  s c a t t e r e d  from nearby a e r o s o l  particles 
and d e t e c t e d  by t h e  p h o t o t r a n s i s t o r .  In  p r a c t i c e  t h e  device  has  proved 
r e l i a b l e  and almost  l i n e a r  in response  f o r  a wide v a r i e t y  of concen- 
t r a t e d  a e r o s o l s .  It should be  s t r e s s e d  t h a t  t h e  s e n s o r  must be 
c a l i b r a t e d  f o r  each a e r o s o l  type.  For t h i s  work, c a l i b r a t i o n s  are made 
by comparing t h e  response  of t h e  s e n s o r  t o  g r a v i m e t r i c  pad samples. 
The moni tor ' s  e l e c t r o n i c  c h a s s i s  is  equipped t o  ampl i fy  and f i l t e r  t h e  
s i g n a l  from t h e  photosensor  t o  d r i v e  a c h a r t  r e c o r d e r  o r  o t h e r  d a t a  
hand l ing  device.  A d d i t i o n a l l y ,  they  are equipped w i t h  h igh  and low 
s i g n a l  alarm t o  alert  t h e  o p e r a t o r  should  t h e  s i g n a l  f a l l  o u t s i d e  a 
p r e s e t  average concen t r a t ion .  

YLCEPARATION AND HANDLING OF RPRK 

The r ed  phosphorus-butyl rubber  fo rmula t ion  used i n  t h e s e  experi- 
ments w a s  nominally 95% r e d  phosphorus and 5% b u t y l  rubber .  Batches of 
t h i s  material were prepared  a t  U.S. Army Chemical Research and 
Development Cen te r ,  Aberdeen Proving Ground, MD, As rece ived ,  i t  
c o n s i s t e d  of 1/4- inch d i ame te r  p e l l e t s ,  bu t  a l s o  conta ined  many f i n e s .  
A s  r ece ived  the material i s  somewhat s o f t ,  bu t  cannot  be extruded.  W e  
have found t h a t  hydrocarbon vapors  such  as hexane are absorbed by t h e  
m a t e r i a l ,  and a f t e r  i n c o r p o r a t i o n  of seven t o  e i g h t  pe rcen t  of hexane 
into t h e  BPAR, i t  becomes e x t r u d a b l e  a t  modest p re s su res .  The p a r t i c u -  
l a r  hexane c o n c e n t r a t i o n  needed t o  i n s u r e  e x t r u d a b i l i t y  was determined 
e m p i r i c a l l y .  I n  e a r l y  wark on t h e  development of t he  e x t r u s i o n  
p r o c e s s ,  a b a t c h  of RPSK was used t h a t  ex t ruded  w e l l  w i t h  t h e  incorpo-  
r a t i o n  of only 4% hexane. Later, a much l a r g e r  ba t ch ,  s u f f i c i e n t  f o r  
t h e  d u r a t i o n  of an  extended toxico logy  i n v e s t i g a t i o n ,  w a s  ob ta ined  and 
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completely f a i l e d  t o  e x t r u d e  at 4% hexane c o n t e n t .  This la ter  b a t c h  
r e q u i r e d  a t  least  seven p e r c e n t  hexane f o r  e x t r u d a b i l i t y .  Chemical 
a n a l y s e s  of t h e  smokes ( 1 )  have shown t h a t  t h e  hexane i s  almost  
completely burned d u r i n g  a e r o s o l  g e n e r a t i o n  and do no t  apprec i ab ly  
a l t e r  t h e  composition of t h e  smoke. 

To h e l p  i n s u r e  chemical homogeniety f o r  toxicology experiments ,  
e a c h  can  ( c o n t a i n i n g  approximately 2.5 kg of RPBR) was thoroughly mixed 
b e f o r e  s o f t e n i n g  and p rocess ing  f u r  e x t r u s i o n .  Direct s o f t e n i n g  of the 
material as r ece ived  d i d  no t  y i e l d  a n  e x t r u d a b l e  product ,  Often,  ha rd  
s p o t s  w e r e  p r e s e n t  t h a t  would no t  e x t r u d e  even a t  p r e s s u r e s  above 2500 
p s i .  Burns were ve ry  e r ra t ic .  Thus, i t  w a s  necessa ry  t o  homogenize 
t h e  inaterial b e f o r e  s o f t e n i n g .  '??he RPBR was mulled wi th  hexane s o l v e n t  
i n  a n  open metal beaker  w i t h  a mechanical mixer. F inge r - l i ke  s t i r r i n g  
b l a d e s  e f f i c i e n t l y  blended t h e  material, Kaw RPBK was added t o  t h e  
beaker  i n  s m a l l  increments  and wet ted w i t h  hexane u n t i l  t h e  e n t i r e  can  
w a s  be ing  blended. Approximately 750 mL of hexane was iised pes can t o  
forin a b l endab le  p a s t e  l i k e  mixture.  It w a s  mulled f u r  15 minutes and 
t h e n  t r a n s f e r r e d  t o  a s t a i n l e s s  s teel  pan where t h e  hexane was allowed 
t o  completely evapora t e ,  During t h e  d r y i n g  process  t h e  RPBR was 
chopped by hand i n t o  s m a l l  p i e c e s  € o r  u s e  i n  subsequent s t e p s  i n  t h e  
p rocess ,  A f t e r  chopping, most of t h e  hexane had. evaporated.  The 
c o a r s e  powder w a s  t r a n s f e r r e d  t o  a vacuum d e s i c a t o r  and all of  t.iw 
hexane removed by vacuum evaporat ion.  By c a r e f u l l y  fo l lowing  t h e  
we igh t s  o f  t h c  material through t h e  p rocess ,  we found t h a t  g r e a t e r  t h a n  
99.9% of t h e  hexane was removed. This homogenized powder was r e t u r n e d  
t o  i t s  o r i g i n a l  c a n  f o r  s t o r a g e  u n t i l  f i n a l  processing.  

The homogenized KPBR w a s  s o f t e n e d  as r e q u i r e d  by exposure t o  
hexane vapors.  Sixty-gram p o r t i o n s  were weighed i n t o  t a r e d  open  
b o t t l e s  and p l aced  i n  a vacuum d e s i c a t o r  o v e r  excess hexane, To h a s t e n  
the a b s o r p t i o n  of hexane, the d e s i c a t o r  was evacuated t o  remove a i r .  
I n  t h i s  p r o c e s s ,  the hexane b o i l e d ,  he lp ing  t o  expel t h e  a i r .  The 
d e s i c a t o r  was t h e n  s e a l e d  and allowed t o  s t a n d  u n t i l  t h e  r e q u i r e d  
amount of hexane had been i n c o r p o r a t e d  i n t o  t h e  RPBR. I n  t he  p a r t i c u -  
l a r  conEigura t ion  used h e r e ,  i t  w a s  found t h a t ,  w i th  12  b o t t l e s ,  7 t o  8 
p e r c e n t  hexane would be absorbed i n  24 hours .  The amount of hexane 
i n c o r p o r a t e d  w a s  determined by weight  change. Those bo t  LPes f a l l i n g  
o u t s i d e  t h e s e  l i m i t s  were rej eclied and r ep rocessed  l a t e r ,  

The s o f t e n e d  RPBK w a s  t r a n s f e r r e d  t o  3/4-inch s t a i n l e s s  s t ee l  p i p e  
n i p p l e s  w i t h  end caps f o r  s t o r a g e  and shipment. These n i p p l e s  (F ig .  
A 8 )  were 4.5-inches long,  and were reamed t o  a n  i n t e r n a l  d i ame te r  of 
0.81-inch. A d d i t i o n a l l y ,  t h e  end f a c e s  of t h e  n i p p l e s  were machined 
smooth t o  seal a g a i n s t  Te f lon  i n s e r t s  i n  t h e  p ipe  caps.  n p i c a l l y ,  
abou t  40 g of s o f t e n e d  RPBR w a s  loaded and compressed i n t o  each n ipp le ,  
We have found t h a t  the s e a l e d  n i p p l e s  w i l l .  c o n t a i n  t h e  RPBR f o r  a t  
least  3 months wi thou t  l o s i n g  hexane o r  hardening. 
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OPELUTION OF GENEKATOR 

S e t t i n g  up t h e  g e n e r a t o r  f o r  u se  i s  a r e l a t i v e l y  s i m p l e  procedure 
t h a t  can be  performed by a n  exper ienced  o p e r a t o r  i n  a few minutes  t i m e .  
It does r e q u i r e  a number of d i s c r e t e  s t e p s  which are desc r ibed  here .  

Screw t h e  e x t r u s i o n  c y l i n d e r  (F igs .  5 and A 3 )  i n t o  t h e  e x t r u s i o n  
head ( F i g s .  5 and A l )  and place i t  i n  t h e  r e s t r a i n t  assembly (F igs .  5 
and A4), r o t a t i n g  t h e  e x t r u s i o n  c y l i n d e r  so as t o  p o s i t i o n  t h e  
1/16-inch n i t r o g e n  i n l e t  t ube  so  t h a t  i t  w i l l  be away from t h e  phospho- 
r u s  flame. Then s e c u r e  t h e  r e s t r a i n t  u s ing  two 1/4-inch b o l t s ,  A t t ach  
t h e  n i t r o g e n  l i n e  t o  t h e  n i t r o g e n  i n l e t  tube  and a d j u s t  t h e  f low t o  
approximately 100 mL/mln. 

S h o r t l y  be fo re  a run  i s  to begin ,  t h e  s o f t e n e d  RPBR must: be traos- 
f e r r e d  t o  t h e  e x t r u s i o n  cy l inde r .  Remove t h e  caps from t h e  s t o r a g e  
n i p p l e  and t h r e a d  i t  t o  the load ing  a d a p t e r  (Fig.  A 9 ) .  (The n i p p l e s  
are loaded  a t  h igh  p r e s s u r e s ;  one end i s  f l u s h  w i t h  RPBR, t h e  o t h e r  i s  
void .  Connect the f l u s h  end t o  the adap te r . )  I n s e r t  t h e  load ing  
p i s t o n  (Fig. A10) i n  t h e  rear of t h e  e x t r u s i o n  c y l i n d e r ,  Using t h e  
h y d r a u l i c  hand pump, slowly e x t r u d e  t h e  b i l l e t  i n t o  t h e  e x t r u s i o n  
cy l inde r .  Remove t h e  load ing  a d a p t e r  and n i p p l e  and remove enough (ca. 
. 5  cm) of t h e  RPBR from t h e  rear of t h e  e x t r u s i o n  c y l i n d e r  t o  permi t  
t h e  i n s e r t i o n  of t h e  e x t r u s i o n  p i s t o n  i n t o  t h e  cy l inde r .  T h i s  should be 
done c a r e f u l l y  so as no t  t o  damage t h e s e  c l o s e l y  f i t t i n g  par ts ,  Care 
must be t aken  t o  a l i g n  t h e  e x t r u s l o n  c y l i n d e r  and e x t r u s i o n  p i s t o n  t o  
p reven t  b ind ing  o r  g a l l i n g  du r ing  t h e  run. This  i s  b e s t  done by press- 
i n g  (hand pump) t h e  p i s t o n  s l i g h t l y  i n t o  t h e  c y l i n d e r  whi le  a l i g n i n g  
t h e  p i s t o n  by hand, and then  removing t h e  p re s su re ,  Repeat t h i s  
p rocess  two o r  t h r e e  t i m e s .  When t h e  p i s t o n  is ca. 1 c m  i n t o  t h e  
c y l i n d e r  i t  w i l l  suppor t  i t s e l f  i n  a l ignment .  Now cont inue  t o  s lowly  
p r e s s u r i z e  t h e  system by hand t o  d r i v e  the e x t r u s i o n  p i s t o n  forward. 
Observe t h e  p r e s s u r e  guage. P res su res  below 1,000 p s i  (occas iona l ly  t o  
1,500 p s i )  should be s u f f i c i e n t  t o  d r i v e  the p i s t o n  forward u n t i l  t h e  
e x t r u d i n g  f i l a m e n t  emerges from t h e  burn t i p .  As the  RPBR emerges from 
t h e  burn  t i p ,  the p r e s s u r e  d r o p s  t o  about  300 p s i .  Unless YOU are 
ready t o  s ta r t  t h e  burn,  t h e  p r e s s u r e  should  aga in  be dropped by 
r o t a t i n g  the f o u r  way valve a t  t h e  f r o n t  of t h e  hand pump. This  again 
c o r r e c t s  any misalignment i n  t h e  e x t r u s i o n  c y l i n d e r  and a l s o  s t o p s  the 
e x t r u s i o n .  This  completes t h e  i n i t i a l  s e t u p ,  and c o n t r o l l e d  e x t r u s i o n  
and combustion can begin.  Usually t h e r e  results some excess  RPBR 
f i l a m e n t  which should  be removed from t h e  burn t i p  t o  prevent  a h igh  
c o n c e n t r a t i o n  f l a r e - u p  on i g n i t i o n ,  

A t  t h e  s ta r t  of t h e  run,  t h e  hand pump is i s o l a t e d  enstng t h e  
bypass  s h u t o f f  v a l v e  a t  t h e  meter ing  pump. Previous c a l i b r a t i o n  of the 
pump pe rmj t s  approximate v e r n i e r  s e t t i n g  t o  c o n t r o l  t h e  pump rate. T h e  
i g n i t e r  should  be tu rned  on t o  per ini t  a s u f f i c i e n t  warmup per iod.  As 
soon as t h e  e x t r u s i o n  starts,  touch  t h e  l i g h t e r  t o  t h e  e x t r u d i n g  fila- 
ment t o  i g n i t e .  (The hand pump may be used t o  b r i n g  up t h e  ex t r imion  
p r e s s u r e  and avoid t h e  d e l a y  of p r e s s u r i n g  w i t h  t h e  meter ing  pump. 
Open t h e  bypass va lve  s l i g h t l y ,  p r e s s u r i z e  t h e  system by hand, and 
qu ick ly  c l o s e  t h e  bypass va lve  w i t h  t h e  meter ing  pump running.)  The 



i g n i t e r  may be moiirited i n  t h e  one-inch access p o r t  of the burn chamber 
O K  m y  be i n s e r t e d  through t h e  air i n l e t  p o r t .  A l l o w  t h e  bur11 t o  
c o n t i n u e  f o r  several  minutes t o  permit  a e r o s o l  e q u i l i b r a i i o n  i n  the 
rhdmber, and make adjustment  t o  t h e  me te r ing  p m p  t o  ach ieve  the  p rope r  
c o n c e n t r a t i o n  as  determined f r o m  t h e  l i g h t  s c a t t e r i n 8  monitors. A f t e r  
a d j u s t i n g  t o  th(~ proper  ra te ,  l i t t l e  AO adjustment  w i l l  be  r equ i rvd  
on f u t u r e  runs  when g e n e r a t i n g  a t  che same c o n c e n t r a t i o n  and under t h e  
samr c o n d i t i  011s 

U s u a l l y ,  l i t t l e  o p e r a t o r  a t t e n t i o n  i s  r e q u i r e d  a f t e r  t h e  r u n  
begiris,  p a r t i c u l a r l y  i f  flame-out d e t e c t o r  and monitor  a l a rms  are sei. 
bJf.Zh few e x c e p t i o n s ,  t h e  c o n c e n t r a t i o n  of t h e  a e r o s o l  developed by the 
g e n e r a t o r  rematns c o n s t a n t ,  d e v i a t i n g  from the average by less than 
l o x ,  over t h e  d u r a t i o n  of t h e  r u n  (F ig .  7 ) .  Very o c c a s i o n a l l y ,  i n  
s p i t c ?  of the p re t r ea tmen t ,  t h e r e  are o c c a s s i s n a l  hat-tl s p o t s ,  and 
plugging occur s  a t  the ext rus i .on  o r i f i c e .  The h y d r a u l i c  p r e s s u r e  rises 
and t h e  ra te  of e x t r u s i o n  may become l o w  enough f o r  t h e  f lame t o  e x t i n -  
gu i sh .  Nore u s u a l l y ,  a l a r g e r  t h a n  normal c o n c e n t r a t i o n  e x c u r s i o n  i n  
trIw chamber i s  seen b e f o r e  t h e  plug clears. A t  a i r  f low rates of 500 
L/mi.n, c o n c e n t r a t i o n s  o f  phosphoric  a c i d  ae roso l  i n  t h e  chamber from 
r.a* 0.2.5 t o  5 g/m3 can be ob ta ined ,  depending on t h e  me te r ing  pump 
f low rate.  A t  o r  below t h e  lower l i m i t ,  very 1 i t t l . e  RPBR i s  be ing  
ex t ruded  (ea.  30 mg/.in) and  t h e  flame t ends  t o  e x t i n q u i s h .  A t  t h e  
uppe r  l i m i . t 9  t h e  RPBR e x t r u d e s  Easter t h a n  t h e  flame w i l l  consume i.t. 
Unbarned material accumulates i n  t h e  bottom of t h e  burn chamber, 
e v e n t u a l l y  i g n i t i n g  i n  an  u n c o n t r o l l e d  inanner. 

A f t e r  a run  i s  completed t h e  system should be  disassembled Ear 
c leaning.  I f  t h e  s o f t e n e d  RPBK i s  pe rmi t t ed  t o  d r y  i n  t h e  system i t  i.s 
U I O T ~  d i f f i c u l t  to clean. Wthdrawal  o f  t h e  p i s t o n  requi.-res cons ide r -  
a b l e  f o r c e  and must be done h y d r a u l i c a l l y .  A coup l ing  ( F i g .  A l l )  i.s 
provided t o  a t t a c h  t h e  p i s t o n  t o  t h e  h y d r a u l i c  system. F i r s t  back the 
h y d r a u l i c  p i s t o n  away f roni t h e  e x t r u s i o n  p i s t o n  and t h r e a d  t h e  a d a p t e r  
t o  t h e  h y d r a u l i c  p i s t o n .  Advance t h e  h y d r a u l i c  p i s t o n  a l i g n i n g  the 
h o l e  i n  the a d a p t e r  w i t h  that i.n t h e  e x t r u s i o n  p i s t o n .  Insert t h e  p i n  
through t h e  h a l e s  and, u s i n g  the hand pimp i n  r e v e r s e  d r i v e ,  withdraw 
t h e  e x % r u s i o n  p i s ton .  Disconnect che n i t r o g e n  l i n e ,  remove t h e  two 
b o l t s  frnm t h e  e x t r u s i o n  head r e s t r a i n t  and withdraw t h e  e x t r u s i o n  
c y l i n d e r  and head, Remove t h e  e x t r u s i o n  head f rom the c y l i n d e r  and, 
u s i n g  a small s p a t u l a ,  remove r e s i d u a l  KPBR from t h e  components. A 
s t i c k  f r o m  a c o t t o n  swab may be used t o  c l e a n  the RPBR from the o r i f i c e  
wi thou t  s c r a t c h i n g  the s u r f a c e .  The burn t i p  should he removed from 
L l ~ e  e x t r u s i o n  head and cleaned.  Soaking t h e  components i n  h o t  soapy 
w a - t e r  f a c i l i t a t e s  t h e  easy  removal of t h e  f i l m  of RPBR from t h e  
s u r f a c e s .  Scrubbing w i t h  a b rush  u s u a l l y  i s  s u c f i c i e n c .  

-L 

P s r t i c d a r l y  d i f f i c u l t  s p o t s  may be removed w i t h  acetone.  After 
cleaning, t h e  p i s t o n  and c y l i n d e r  should be  t e s t e d  f o r  free c l ea rance .  
Th i s  i s  an impor t an t  p o i n t  hecause n i c k s  o r  i n p e r f c c t f o n s  can rause 
f r e e z i n g  of t h e  txs components. 6dc have found i t  advantageous t o  
l i g l l t l y  coat the piston head w i t h  a t h i n  f i l m  of l i g h t  w5ight n i l  f o r  
t h i s  tes t .  For p r o t e c t i o n  o f  t h e  mating s u r f a c e s  of t h e  p i s t o n  and  
c y l i n d e r  and t o  l u b r i c a t e  and f a c i l i t a t e  e x t r u s i o n  a l i g h ;  c o a t i n g  o f  
one  p e r c e n t  s o l u t i o n  of bu ty l  rubber  d i s s o l v c 3  in hexane i s  used. ‘Chc 
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s u r r a c e s  o f  t h e  c y l i n d e r  and p i s f  o n  are  wetEed w i b h  t h i s  soLutior i  ar,d 
t he  hexane i s  p e r m i t t e d  t o  e v a p o r a t e ,  l eav ing  a thin film of  b u i b t  
r u b b e r  on the  s u r f a c e s .  T h i s  e f f ec i z ive ly  p r c v e n t s  contact  ;?ail h e l p c 3  - 
preven t  r ' r eez ing  of thc p k t o ~  i n  the c y l i n d e r .  
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APPENDIX 

This appendix c o n t a i n s  a l i s t  of components and a c o l l e c t i o n  of 
d e t a i l e d  eng inee r ing  drawings showing t h e  c o n s t r u c t i o n  and assembly of 
t h e  components of t h e  RPBR extrusion-combust ion gene ra to r ,  

L i s t  of Components f o r  Hydraul ic  System 

Quant i ty  Mfg. and Cat. # Desc r ip t ion  

1 Eldex* md1.A 60 S Metering pump 

1 Enerpac** mdl GP-10s P res su re  gauge (0-10,000 p s i )  

1 Enerpac mdl. # RD-910 Hydraul ic  c y l i n d e r ,  double act- 
i n g ,  s o l i d  p lunger  des ign ,  9 t o n  
c a p a c i t y ,  10 1/4 i nch  stroke. 

2 Enerpac mdl. # AD-1 73 Re ta ine r  n u t  ( f o r  Rd-910 
cy1 i n d e r  ) 

1 Enerpac mdl.# P-84 Hydraul ic  Hand Pump, 0-10,000 
p s i  au tomat ic  2 speed w i t h  a 4 
way c o n t r o l  valve.  

1 

Enerpac mdl.# V-152 

Enerpac mdl.# GA-2 

Enerpac mdl.# V-8 

Rel ie f  va lve ,  a d j u s t a b l e  
p r e s s u r e  c o n t r o l ,  range  300 t o  
10,000 ps i .  

Gauge a d a p t e r ,  Gauge port-1/2 
in .  NPT male end 3/8 in .  NPT, 
female end 3/8 i n .  MPT 

Valve, h y d r a u l i  e ,  manual s h u t  - 
o f f ,  3/8 in .  female N P T .  

*Eldex L a b o i a t o r i e s  Iuc., 3551 Haven Ave,, llerilo Park,  CA 94025 

**Enet.pa&, B u t l e r  Wisconsin,  53009 U i v i s  ion of Applied Power In( . 
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a v e r s  extrusian head)  

1 - inch  (n4t rugen an 
1 ighter access)  

? ' - - i n c h  (aerasol 
outlet t o  exposure  
chamber) \ 

\ 
2-inch ( c l e a n o u t )  

d 

F i g u r e  A7 .  Glass P i p e  B u r n  Chamber 
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REAM 0.812-IhiCHES DIAMETER THROUGH 

1- 4.5-INCHES - ----I 

N r w E  SCREWED 
STAINLESS STEEL. TYPE 316 
3/ '4-INCH PIPE X 4 1/'2--INCHES LONG 

MACEINE 

Figure  AB. 

0.062-INCHES FLAT 
EACH END 

RPBR Storage Nipple  
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