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agent f o r  kerosene j e t  f u e l s  t h a t  would prevent  o r  reduce t h e  dangers of pos tc rash ,  
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Extensive research ,  development, and t e s t i n g  of a n t i m i s t i n g  f u e l s  have taken p l a c e  
i n  the  United S t a t e s  and i n  t h e  United Kingdom f o r  over  a decade, S c i e n t i s t s  and 

engineers  have learned a  g r e a t  d e a l  about t h e  f u e l s  : t h e i r  behavior ,  c h a r a c t e r  iza- 
t i o n ,  f l m m a b i l i t y ,  product ion,  and t h e i r  compa t ib i l i t y  wirh a i r c r a f t  p ropuls ion  
systems. 

Mast of t h i s  work has  been repor ted  i n  d e t a i l  i n  i nd iv idua l  t e c h n i c a l  r e p o r t s .  
This r epo r t  b r ings  t h e  r e s u l t s  of a l l  t h e  ant imi s t ing  f u e l  work toge the r  far t h e  
f i r s t  time i n  a sys temat ic  manner t h a t  s u m a r i z e s  the  h i g h l i g h t s  of the  ind iv idua l  
r e p a r t s  w i t h  comprehensive r e fe rences  f o r  t hose  who wish t o  l e a r n  mre about t h e  
d e t a i l s ,  

I n  essence,  t h i s  r epo r t  i s  a s u m a r y  of an ex tens ive  body of technical.  l i t e r a t u r e .  
Because the  t echn ica l  l i t e r a t u r e  i s  so  ex t ens ive ,  by n e c e s s i t y ,  t h e  swnmary i t s e l f  
i s  a l s o  ex tens ive .  By t h e  same eokea, t he  Executive Sumary  i s  longer  than  
normally encountered i n  a repor t  of t h i s  type in  o r d e r  t o  present  a l l  t h e  s i g n i f i -  
cant  h i g h l i g h t s  i n  a meaningful manner, 

The reader  i s  a l s o  advised t o  read t h e  cap t ions  under each of t h e  i l l u s t r a t i o n s  
i n  t h i s  repor t  where s i g n i f i c a n t  information is presensd about t h e  event s p ic tu red  , 

The author  wishes t o  acknowledge the  major c o n t r i b u t i o n s  made t o  t h i s  r epo r t  by 
William T, Westf ie ld ,  Manager a f  t he  F M  Technical  Center" E ~ i n e l F u e l  Safe ty  
Branch; Eugene P .  Rlueg, Ant imis t ing  Fuel  Program Manager; and Bruce C, Fenton, 
Ass i s t an t  P r o g r m  Manager, m e  author"  t a s k  was mainly t h a t  of r e p o r t i n g  on the  
research  and development work d i r e c t e d  by these  th ree  people and o t h e r s  who a r e  
Lis ted i n  the re ference  s e c t i o n .  
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I n  1978,  t he  Federal  Aviat ion Administrat ion (FAA) i n i t i a t e d  a prograra t o  
e s t a b l i s h  the f e a s i b i l i t y  of using a n t i m i s t i n g  a d d i t i v e s  i n  j e t  f u e l  t o  suppress 
postcrash f i r e s  in  impact-survivable acc iden t s ,  The a d d i t i v e  would have t o  be 
e f f e c t i v e  in  preventing the  f o m a t i a n  o f  e a s i l y  i g n i t a b l e  m i s t s  when f u e l  i s  
s p i l l e d  from ruptured tanks and sheared by onrushing a i r ,  The a d d i t i v e  should have 
a r e l a t i v e l y  low cos t  and be c m p a t i b l e  wi th  a i r c r a f t  and a i r p o r t  f u e l  systems. I f  
not added t o  the  Euel p r i o r  t o  being de l ive red  t o  the  fue l ing  po in t ,  i t  would 
have ts be r e a d i l y  blendable and provide f i r e  p r o t e c t i o n  Phroughout the f l i g h t  cyc le ,  
beginning wi th in  15 minutes of blending,  

Evidence from a i r c r a f t  acc ident  i n v e s t i g a t i o n s  i n d i c a t e s  t h a t  a t  l e a s t  
35 percent of t he  f a t a l i t i e s  i n  bpac t - su rv ivab le  acc idea t s  a r e  a d i r e s t  r e s u l t  of 
postcrash f i r e s  and the  accampmyierg h e a t ,  smoke, and t o x i c  gases.  h e s t i a a r e d  
135 l i v e s  on average a r e  l o s t  annual ly worldwide in  innpact-survivable acc iden t s  
because s f  postcrash f i r e s ,  

In many impact-survivable acc idents ,  ruptured f u e l  ranks a p l l  1 l a rge  amounts o f  
j e t  fue l  i n t o  the  onrushing a i r  s t ream while  the a i r c r a f t  is  a t i l l  i n  motion, 
Sheared by the  a i r ,  t he  Euel Somks, a f i n e ,  h igh ly  i n f l m m b l e  m i s t  which can be 
e a s i l y  ign i t ed  by ha t  engine cmponents ,  sparks ,  o r  o t h e r  craeh-generated i g n i t i o n  
sources.  h c e  ign i t ed ,  t h e  f i r e  r a p i d l y  propagates through the mist t o  the  f u e l  
r e l e a s e  point  and q u i c k l y  engu l f s  t he  a i r c r a f t ,  

In  1978, t h e  Specia l  Aviat ion P i r e  and Explosion Reduction (SAFER) Advisory 
Committee concluded Chat antllneisting kerosene (-1 caul$ pro-vide the ~ i n g l e ,  mast 
s i g n i f i c a n t  in,asproventent i n  reducing poetcrash Ei re  hazards and reemmended expan- 
s i o n  of the  AFiK research  then underway by the  FAB. Zn June  1978, t he  United S t a t e s  
and the  United Kingdoar signed a Memmrarl$unr of Understanding (NOU) i n  which they 
agreed t o  pursue a  cooperat ive e f f o r t  t o  d e t e m i n e  the  f e a s i b i l i t y  o f  using an t i -  
m i s t  ing add i t ives  i n  c i v i l  a v i a t i o n  kerosene j e t  f u e l s ,  n e  p r i n c i p a l  pa r t  icipartt  s  
in t h i s  e f f o r t  were E s t a b l i s h e n l :  (M))the PAB and England's Royal. A i r c r a f t  which 
a l s o  had been conducting research  i n  t h i s  a r e a ,  me Naeional Aeronautics and Space 
Administrat ion (NASA) was designated as a t h i r d  pa r ty  t o  the  agreement t o  p e r f o m  
bas i c  research and provide technica l  suppor t ,  

In  September 1980, the  PaVI Eomulaeed an Engineering and Development P r o g r m  Plan 
on Antimisting Fuel.  m i s  plan, r ev i sed  i n  February 1983, c a l l e d  f a r  a phased 
p r o g r m  of research  and development t o :  ( a )  d e t e m i n e  the  f e a s i b i l i t y  of an t imis t -
ing Euel; ( b )  develop recommendations f o r  i t 9  i n t roduc t ion  and use in  c i v i l  avia-
t i o n ;  ( c )  asses s  i t s  e f f e c t i v e n e s s  i n  a con t ro l l ed  h p a c t  demonstration; and ( d l  
a s ses s  i t s  economic seasonableness i n  support of r egu la to ry  a c t  ions .  The B r  i t i s h  
an t imis t ing  a d d i t i v e ,  FM-9", developed by Imperial  Chemical I n d u s t r i e s  (ICI) was 
se l ec t ed  a s  the  most promising agent then a v a i l a b l e  f o r  the  study. mis  repor t  is 
concerned with the  work pe r famed  under P U %  M e q i n e e r i n g  aixd development 
prragrm. 

The accomplishments under the  N p r a g r m  dur ing  the  past. e i g h t  years  a r e  swma-
r ized  belaw according t o  the  major elements of t he  p r o g r m ,  

M Charac ter iza t ion .  FM-9 i s  a high molecular weight,  hydrocarbon polyrirer, Wen 
added t o  kerosene jet  fue l  i n  small  m o u n t s  - 0 percent  weight -



suppresses  t h e  f u e l ' s  tendency t o  t o m  a f i n e  m i e t  when sheared by onrushing a i r  as 
i n  an acc iden t ,  I n i t i a l l y ,  FM-9 was a v a i l a b l e  only  a s  a powder which had t o  be 
batch 6lended i n t o  j e t  f u e l  wi th  g l y c o l  and m i n e .  L t  was l a t e r  produced as a 
s l u r r y  of  PM-9 i n  a  glycol-amine c a r r i e r  f l u i d  which could  be i n l i n e  blended wi th  
j e t  f u e l  a t  t h e  f u e l i n g  po in t .  W-9 development Pas  f rozen  dur ing  t h e  i n i t i a l  
f e a s i b i l i t y  phase of t h e  program t o  provide a c o n s i s t e n t  d a t a  base f o r  e v a l u a t i n g  
t h e  a n t i m i s t i n g  concept.  

Under c e r t a i n  condi t i o n s ,  FM-9 an t i m i s t  ing  kerosene behaves as a  non-Newtonian 
f l u i d  with complex r h e o l o g i e a l  e h a r a e t e r i s t i e s ,  I n  o r d e r  t o  understand and be  a b l e  
t o  p r e d i c t  i t s  behavior ,  FAA and i t s  c o n t r a c t a r s  undertook an ex tens ive  r h e o l o g i c a l  
s tudy  a6 I n i t i a l l y ,  r e s e a r c h e r s  focused 0-n t h e  r h e o l a g i c a l  p r o p e r t i e s  of  
undegraded t h a t  would e x p l a i n  i ts  a n t i m i s t i n g  behavior ,  This  work: even tua l ly  
l e d  t o  t h e  conclus ion t h a t  i t  was a unique wiseoe i ty  p roper ty  generated i n  Am as 
a r e s u l t  o f  n a m a l  s t r e s s e s  t h a t  was t h e  r h e o l o g i c a l  c h a r a c t e r i s t i c  p r i m a r i l y  
respans  i b  Le f o r  m i s t  prevent ion.  

A q u a l i t y  c o n t r o l  t e s t  t h a t  would provide a real-t ime measure of undegraded 
M ' s  a n t i m i s t i n g  e % f e c t  iveness  was a  major goa l ,  The researchers;  i n v e s t i g a t e d  
methods f o r  q u a n t i f y i n g  t h e  v i s c o e l a s t i c i t y  of undegraded M based on a  d i e  
swel l  technique t h a t  measures t h e  expansion of a  a t r e - of W a s  i t  is  Eoreed o u t  
t h e  end af a c a p i l l a r y  tube ,  Tbey r e f i n e d  t h i s  tecbniqslet t o  t h e  p a i n t  wkxere i t  
shows p r m i s e  a s  a real-t ime q u a l i t y  c a n t c o l  t e a t ,  

A t  t h e  o t h e r  end of t h e  degrada t ion  spectrum, a p r e c i s e  method was needed f o r  
c h a r a c t e r i z i n g  h i g h l y  degraded AMK t h a t  would provide a r e l i a b l e  ixrdication o f  t h e  
f u e l  % f i l t e r a b i l i t y  and cau lbus t ib i l i ty ,  A f t e r  i n v e s t i g a t i n g  s e v e r a l  a n a l y t i c a l  
t eehniques,  Southwest Reaearch Xnst i r u t e  (SWRI) developed a simultaneous 
f i l t r a t i a n / d e g r a d a t i o a  t e s t  t h a t  appears t o  be a r e l i a b l e  q u a l i t y  c o n t r o l  t e s t  
Ear i n l i n e  blended, h igh ly  degraded FM-9 m. This t e s t ,  however, bas not been 
developed t o  t h e  point  where i t  is s u i t a b l e  f o r  t e a l - t  inae a p p l i c a t i o n s ,  

FAA c o n t r a c t o r s  a l s o  laade a  d e t a i l e d  s tudy  of M h  hea t  t r a n s f e r  p r o p e r t i e s  t o  
insure  t h a t  t h e  f u e l  would p e r f o m  adequa te ly  i n  t h e  a i r c r a f t  and engine heat  
exchangers. m i l e  h ighly  degraded M and J e t  A f u e l  have n e a r l y  t h e  sacne heat  
t r a n s f e r  r a t e ,  t h e  heat  t r a n s f e r  r a t e  f o r  undegraded AMK can be s i g n i f i c a n t l y  
lower. Desp i te  che ques t ion  of t h e  adequacy of t h e  bea t  t r a n s f e r  p r o p e r t i e s  of 
undegraded M,  no problerna were encountered e i t h e r  i n  engine a s  f l i g h t  t e s t s ,  f n  
a l l  t h e  t e s t s ,  t h e  hear exchangers were d o m s t r e m  of t h e  degraders ,  Mawever, no  

problems were experienced ;hen the degraders  were shu t  d o m ,  and t h e  h e a t  exchang- 
e r s  had t o  work wi th  undegraded AI"LX; f u e l .  

. The FAA developed s e v e r a l  small- and l a rge-sca le  test  f a c i l i t i e s  
t o  measure t h e  f lammabi l i ty  c h a r a c t e r i s t i c s  o f  a n t i m i s t i n g  f u e l s  under simulated 
t  akeof f and Landing c o n d i t i o n s .  The l a rge-sca le ,  wing-fuel s p i l l a g e  f a c i l i t y  a t  
t h e  FAA Technical  Center  proved t o  be t h e  moet r e a l i s t i c  i n  s imula t ing  t h e  eondi- 
t i o n s  encountered by j e t  f u e l s  i n  impact-survivable a c c i d e n t s  f o r  which AMK was 
developed. The smal l -scale  t e s t s  were u s e f u l  i n  t h e  i n i t i a l  sc reen ing  of an t imis t -
ing f u e l  candidates .  

FAA ran  aver  300 t e s t s  on i ts  wing-fuel s p i l l a g e  f a c i l i t y  and developed an i g n i t i o n  
envelope f a r  AKK a s  a  func t ion  o f  FM-9 c o n c e n t r a t i o n ,  a i r s p e e d ,  f u e l  s p i l l a g e  r a t e ,  
ambient a i r  temperatuee,  f u e l  temperature ,  and type  and l a c a t i o n  of t h e  i g n i t i o n  
source .  The r e s u l t s  from t h e s e  t e s t s  c o r r e l a t e d  well wi th  t h e  r e s u l t s  of c a t a p u l t  



c r a s h  t e g t s  of su rp lus  m i l i t a r y  a i r c r a f t  conducted by F M  a t  the Naval A i r  
Englneerzng Center .  The la rge-sca le  t e s t s  demanstrated t h a t  a 0 , 3  percent  concen-
t r a t i o n  of FM-3 i n  J e t  A would prevent  t he  formation of mist-generated f i r e b a l l s  a s  
speeds up t o  150 knots  and would provide p a r t i a l  p r o t e c t i o n  aga ins t  f u e l  mi s t  
El rebal ls  a t  speeds up t o  200 knots .  

AS?% Production.,  Ear ly  i n  the W program, r e s e a r c h e r s  recognized the neces s i t y  o f  
o l e n d i n g  FM-9 an t  im i s t i ng  a d d i t i v e s  i n t o  j e t  f u e l s  a t  the  a i r c r a f t  f u e l i n g  p o i n t ,  
Lntroduction of the  a d d i t i v e  a t  an e a r l i e r  s t a g e  would i n c r e a s e  c o s t s  as wel l  a s  
p o s s i b i l i t i e s  of un in t en t iona l  degrada t ion  and eontamina t ian ,  f C X %  development o f  
a s l u r r y  s f  FM-9 i n  a  glycol-amine c a r r i e r  f l u i d  made t h i s  p o s s i b l e ,  bu t  i t  was 
s t i l l  necessary Esr FRA and i t s  c o n t r a c t o r s  t o  develop a p r a c t i c a l  i a l i n e  blending 
process .  

A 1 l i t e r / m i n u t e  i n l i n e  b lender  was developed inco rpo ra t i ng  s t a t i c  mixing tubes  i n  
a cont inuous,  3-phase flow system i n  which t h e  a d d i t i v e  is metered i n t o  t he  j e t  
f u e l ,  d i s p e r s e d ,  and then  d i s so lved ,  m e  f i n a l  b lender  t h a t  was b u i l t  and used i n  
t he  p r a g r m  was a 50-125 gal%on/minute  u n i t  used i n  t h e  Con t ro l l ed  Impact Demon- 
s t r a t i o n  ( C J D )  t e s t .  Larger ,  commercial s i z e ,  i n l i n e  b lenders  could be manufac- 
tu red  us ing  the  same bas i c  cmponen t s  and des ign ,  

E a r l y  i n  t he  p r o g r m ,  sodium used i n  t he  manufacturing process  of FM-9 was de t ec t ed  
in  BFM?a at. levels  t h a t  could s i g n i f i c a n t l y  a c c e l e r a t e  ho t  s e c t i o n  co r ros ion  i n  
t r ~ r b i n eengines .  I C T  subsequent ly  suppl ied  P%LA with  s o d i m - f r e e  samples of FM-9 
which were s u c c e s s f u l l y  t e s t e d  on the wing-fuel s p i l l a g e  f a c i l i t y ,  ?"ke company 
would use the sodium-free process  i f  t he  demand f a r  FM-9 were t o  develop. 

Studies here  and i n  Engl.and demonstrated t h a t  AMlt: developed adequate f i r e  protec-  
e run p r o p e r t i e s  w i th in  15-20 minutes a f t e r  being i n l i n e  blendeda provided t h a t  t h e  
temperature  and aromatic  content  of t h e  base f u e l  were above, 0 Cel s iu s  ( 6 )  and 1 2  
pe rcen t ,  r e s p e c t i v e l y .  Other s t u d i e s  showed r h a t  aromatic  conten t  was the  o n l y  
c h a r a c t e r i s t i c  of d i i f e r e n t  S e t  A base  f u e l s  r h a t  had a s i g n i f i c a n t  e f f e c t  on  FM-9 
polymer d i s s o l u t i o n ,  For t h e  GZD t e s t ,  FAA developed s p e c i f i c a t i o n s  f o r  FM-9 M4.K 
and i t s  c a n s t i t u e n t s  t h a t  could be r e a d i l y  adapted t o  c m m e r c i a l  use of  t he  f u e l ,  

Several  i n v e s t i g a t i o n s  were conducted h e r e  and i n  England on the  e f f e c t s  of 
water and water  vapor on AMK, Bulk water  makes t h e  f u e l  cloudy and can cause a 
w h i t e ,  s t i c k y  p r e c i p i t a t e  t o  s e t t l e  out o f  AMK, But bulk water  can be kept  ou t  o f  
a x r c r a f t  f ue l  t anks  by improved f u e l  handl ing procedures .  It i s  poss ib l e  t o  
c o n t r o l  t h e  presence of bulk water i n  Je t  A f u e l  dur ing  t h e  blending process  and 
subsequent fue l ing  of the  i n l i n c  blended a i n t o  a i r c r a f t  f u e l  t anks ,  The arnount 
o f  condensed sr coalesced water  t h a t  could g e t  i n t o  a i r c r a f t  f u e l  t anks  under 
s imulated "worst case" f l i g h t  cond i t i ons  i s  t o o  smal l  t o  cause problems. 

. The FAA and M and t h e i r  c o n t r a c t o r s  c a r r i e d  out  s eve ra l  
p a t i b i l i t y  of FM-9 AMK wi th  i nd iv idua l  engine components, 

a l r f r iuae f u e l  systems and components, f u e l  a d d i t i v e s ,  rank s e a l a n t s  and coa t ings ,  
bladder  c e l l  m a t e r i a l s ,  and e las tomers ,  

O f  the  s eve ra l  approved J e t  A f u e l  a d d i t i v e s  t h a t  were inveat i .gared,  on ly  t h e  a n t i -
~ c ~ n g  a p r e c i p i t a t e  i n  AMK a t  the maximuna a l lowable  concen t r a t i on ,  agent produced 
However, because FM-9 AMk: has b e t t e r  l u b r i c i t y  than  J e t  A and con ta in s  approxi- 
mately 1 percent  g l y c o l ,  l u b r i c i t y  and a n t i - i c i n g  a d d i t i v e s  may no t  be requi red .  
Further  s t u d i e s  i n  t h i s  a r e a  are 'warranted.  



Engine and Euel sys tem component t e s t s  showed t h a t  e n g i n e s  c a u l d  be o p e r a t e d  a n  
undegraded M but  a t  a l o s s  i n  e f f i c i e n c y  and an i n c r e a s e  i n  ca rbon  monoxide and 
unburned hydrocarbon emiss ions .  For modern j e t  e n g i n e s  t o  o p e r a t e  e f f i c i e n t l y  on 
M R  i t  has  t o  be h i g h l y  degraded.  Researchera  i n v e s t i g a t e d  s e v e r a l  methods f o r  
degrad ing  AIVOK, A l l  r e s u l t e d  i n  a  n e t  energy  l o s s  t o  t h e  e n g i n e  c y c l e .  P r o t o t y p e  
f l i g h t  d e g r a d e r s  were b u i l t  f o r  use  on t h e  B-720 CZD a i r c r a f t  and f l i g h t  t e s t e d  on 
one eng ine  of  a 6V-880. Far  expediency,  t h e s e  p r o t o t y p e  d e g r a d e r s  were developed 
from a n  e x i s t i n g  m i l i t a r y  e n g i n e  c e n t r i f u g a l  pump and were  o v e r s i z e d  f o r  t h e  W 
a p p l i c a t i o n .  I n  any f u t u r e  d e s i g n ,  t h e  d e g r a d e r  would most l i k e l y  b e  made a n  
i n t e g r a l  p a r t  of t h e  eng ine  f u e l  p m p  t o  minimize weight  and energy  requ i rements .  

Other  e m p a t i b i l i t y  problems, m o s t l y  minor ,  were uncovered i n  t h e s e  s t u d i e s ,  For 
e x m p l e ,  e j e c t o r  p u p s  and p robab ly  b o o s t  p w p s  would have t o  be  redes igned  t o  make 
up f o r  p e r f o m a n c e  l o s s e s  w i t h  Me Mesh s i z e s  o r  f i l t e r  a r e a  of  s o w  f i n e  eng ine  
f i l t e r s  might have t o  be i n c r e a s e d .  G r a v i t y  t r a n s f e r  and s u c t i o n  feed p e r f a m a n e e  
f e l l  below normal ly  accep ted  l e v e l s  a t  c e r t a i n  c o n d i t i o n s .  However, i t  i s  b e l i e v e d  
t h a t  t h e s e  d e f i c i e n c i e s  cou ld  be remedied by minor  hardware  m o d i f i c a t i o n s  o r  Euel 
management procedure  changes .  

By t h e  s m e  token,  r e s e a r c h e r s  encounte red  problems w i t h  s o l u b l e  and i n s o l u b l e  g e l s  
t h a t  r e q u i r e  mare complete  e x p l a n a t i o n s ,  me i n s o l u b l e  gel. t h a t  occur red  i n  FM-9 
M d u r i n g  some e a r l y  f l i g h t  t e s t  and eng ine  t e i t  c e l l  work is  b e l i e v e d  t o  have 
been caused by c o n t m i n a t i o n  t h a t  had accumulated i n  t h e  sys tem p r i o r  t o  &he i n t r o -  
d u c t i o n  of t h e  AMK, which i s  h i g h l y  d e t e r g e n t ,  Also r e q u i r i n g  f u r t h e r  i n v e s t i g a -
t i o n  is t h e  g e l  t h a t  f o m s  when r e g u l a r  ke rosene  f u e l  i s  added t o  a sys tem 
c o n t a i n i n g  r e s i d u a l  M o r  when i s  added t o  a sys tem wirh r e s i d u a l  J e t  A.  
Temporary, s o f t ,  s o l u b l e  g e l s  t h a t  foamed on t h e  damstream:  s i d e  o f  f i n e  mesh 
e n g i n e  f u e l  f i l t e r s  d i d  not  cause  o p e r a t i o n a l  problems and can b e  acemnzudated 
by i n c r e a s i n g  t h e  f i l t e r  s i z e  o r  d e c r e a s i n g  t h e  f low v e l o c i t y .  

Before M use  could  be h p l e m e n t e d  i n  commercial avli.ation, long  d u r a t i o n  s e r v i c e  
t e s t s  and e v a l u a t i o n s  would Be r e q u i r e d  t o  answer s a t i s f a c t o r i l y  t h e s e  q u e s t i o n s  
on proposed changes t h a t  w i l l  have t o  be made i n  c u r r e n t  a i r f raa re  and eng ine  
systems t o  accommodate a n t i m i s t i n g  f u e l s  s a f e l y ,  

. The pr imary o b j e c t i v e s  of t h e  AElK f l i g h t  t e s t  program were t o  
demons t ra te  the  use  of  FM-9 a n t i m i s t i n g  kerosene  f u e l  and a p r o t o t y p e  d e g r a d e r  an 
r e p r e s e n t a t i v e  t r a n s p o r t  a i r c r a f t :  and t o  d e t e r m i n e  t h e  e f f e c t s  o f  on t h e  
a i r c r a f t  f u e l  sys tem performance a s  w e l l  a s  f u e l  sys tem e f f e c t s  on t h e  W .  The 
two a i r c r a f t  involved were a  Convair  880 i n  which t h e  No. 3 e n g i n e  was equipped 
w i t h  a  degrader  and f u e l e d  e x c l u s i v e l y  w i t h  M and t h e  Boeing 720  C l D  a i r c r a f t  i n  
which a l l  f o u r  eng ines  were  equipped w i t h  d e g r a d e r s  and f u e l e d  w i t h  AMK, 

The f l i g h t  t e s t  p r o g r m  was s u c c e s s f u l .  Except f o r  t h e  i n s o l u b l e  g e l  t h a t  f a m e d  
on t h e  CV-880  f i l t e r s  e a r l y  i n  t h e  p r o g r m ,  t h e  AElK and d e g r a d e r s  p e r f a m e d  s a t i s -  
f a c t o r i l y .  There  were no major d e g r a d e r  sys tem hardware  f a i l u r e s  o r  d e s i g n  
problems. Ground s t a r t s ,  a l t i t u d e  r e l i g h t s ,  e n g i n e  accelera t ion/decelera t : ion  
p e r f o m a n c e  were a t 1  on a p a r  wi rh  J e t  A p e r f o m a n c e ,  The GMK main ta ined  i t s  m i s t  
s u p p r e s s i o n  q u a l i t i e s  throughout  t h e  f l i g h t  t e s t  environment ,  

The B-720 a i r c r a f t  ( o p e r a t i n g  s o l e l y  on 
emorely f l o w  i n t o  t h e  C a l i f o r n i a  d e s e r t  f o r  

a c a r e f u l l y  planned s u r v i v a b l e  impact t h a t  would demons t ra te  M ' s  f i r e  p r o t e c t i o n  
p o t e n t i a l .  The f i n a l  f l i g h t  d e v i a t e d  from t h e  planned f l i g h t  p r o f i l e  and exceeded 
t h e  d e s i g n  goals; f o r  AMK f u e l .  



Because of t h e  h igh yaw a n g l e  o f  t h e  a i r c r a f t  a t  impact w i t h  s t e e l  wing openers  
embedded i n  t h e  d e s e r t  s i t e ,  a  ma jor  i g n i t i o n  s o u r c e  occur red  a t  t h e  f u e l  r e l e a s e  
p o i n t .  I n i t i a l  i g n i t i o n  occur red  when a  wing opener  f a i l e d  t h e  r i g h t  inboard 
e n g i n e ,  mis i n i t i a l  f i r e  appeared t o  invo lve  l u b r i c a t i n g  o i l ,  h y d r a u l i c  f l u i d ,  
and degraded M, It engu l fed  t h e  f u s e l a g e  but went o u t  a f t e r  e i g h t  seconds 
l e w i n g  t h e  a i r c r a f t  w i t h  r e l a t i v e l y  l i t t l e  f i r e  damage, However, b u r n i n g  f u e l  
e n t e r e d  openings  s l i c e d  i n t o  t h e  lower f u s e l a g e  by t h e  wing openers  and e v e n t u a l l y  
d e s t r o y e d  t h e  a i r c r a f t ,  

While no experiment a s  complex a s  t h e  C I D  c a n  be expected t o  go e x a c t l y  a s  p lanned,  
a c a r e f u l  review of  20  y e a r s  o f  a c c i d e n t  d a t a  i n d i c a t e d  t h a t  C I D  was a unique 
a c c i d e n t ,  The d a t a  on t h e  700 a c c i d e n t s  examined r e v e a l e d  no impac t - su rv ivab le  
a c c i d e n t  t h a t  had a l l  t h e  c r i t i c a l  e l ements  o f  C I D .  TPle c o n c l u s i o n :  I f  G I D  had 
occur red  a s  p lanned,  i n  a l l  p r o b a b i l i t y  t h e  a n t i m i s t i n g  c h a r a c t e r i s t i c s  of AMK 
would have prevented t h e  p a s t c r a s h  f i r e .  

Post-ClD S t u d i e s .  Fol lowing t h e  inrpact demons t ra t ion ,  FAA under took  s t u d i e s  t o  
de te rmine  e x a c t l y  what happened and why, It conducted a s e r i e s  of  exper iments  a t  
t h e  Techn ica l  c e n t e r  t h a t - w e r e  des igned  t o  d u p l i c a t e  t h e  c r i t i c a l  pa ramete r s  o f  C L D  
such a s  h igh  yaw a n g l e s  and r e c i r c u l a t i o n  a r e a s  of  h igh  s h e a r  i n  o r d e r  t a  de tern ine  
t h e i r  e f  f e c t s  on sa i l l e d  f u e l  under  c o n t r o l l e d  c o n d i t i o n s ,  

I n  e s s e n c e ,  t h e s e  s t u d i e s  a long  w i t h  r e s e a r c h k r s  i n t e n s i v e  examina t ion  of  t h e  
d e t a i l e d  photographic  data on C f D  confirmed t h a t  t h e  E1M-9 M f u e l  had been subjec-  
t e d  t o  c o n d i t i o n s  w e l l  beyond t h o s e  f a r  which i t  was des igned  t o  p rov ide  pos t -c rash  
f i r e  p r o t e c t i o n  and, based on p a s t  a c c i d e n t  d a t a ,  c o n d i t i o n s  c o n s i d e r e d  e x t r e m e l y  
u n l i k e l y  t o  occur  i n  impact - s u r v i v a b l e  a c c i d e n t s .  

The t e s t s  a l s o  tu rned  up a g a t e n t i a l l y  s e r i o u s  problem n o t  r e l e v a n t  t o  t h e  C I D ,  b u t  
one t h a t  w i l l  r e q u i r e  a d d i t i o n a l  r e s e a r c h  i n  any f u t u r e  work on a n t i m i s t  i n g  f u e l s ,  
I f  blP?IK becoraes e n t r a i n e d  i n  t h e  eng ine  exhaus t  where i t  i s  exposed t o  s e v e r e  shear 
f o r c e s ,  a n  ex t remely  f i n e  m i s t  can r e s u l t  which can be r e a d i l y  i g n i t e d  i f  a flame 
s o u r c e  i s  p r e s e n t .  

-Cost C o n s i d e r a t i o n s ,  Due t o  ehe p r e s e n t  h igh  l e v e l  of a i r  t r a v e l  s a f e t y ,  t h e  u s e  
o f  FM-9 a n t i m i s t i n g  f u e l  i s  d i f f i c u l t  t o  j u s t i f y  s o l e l y  on  an economic b a s i s ,  
Economic s t u d i e s  f o r  t h e  FAA showed a low b e n e f i t - t o - c o s t  r a t i o ,  However, t h e y  
a l s o  c a l c u l a t e d  t h a t  t h e  u$e of  FH-9 would r e q u i r e  o n l y  a 2. t o  3 p e r c e n t  i n c r e a s e  
i n  the  p r i c e  of an a i r l i n e  t i c k e t .  Tkris would cover  t h e  c o s t  o f  t h e  aSMK a s  w e l l  a s  
t h e  c o s t s  f o r  any r e q u i r e d  a i r c r a f t  and a i r p o r t  f u e l  sys tem m o d i f i c a t i o n s ,  

CONCLUSIONS 

The r e s u l t s  of  e i g h t  y e a r s  o f  development and t e s t i n g  i n d i c a t e  r h a t  a n t i m i s t i n g  
kerosene f u e l  would p rov ide  a  v e r y  h igh  d e g r e e  of p r o t e c t i o n  a g a i n s t  p o s t c r a s h  
f u e l  mis t  f i r e s  i n  impact s u r v i v a b l e  a c c i d e n t s .  Some a d d i t i o n a l  r e s e a r c h  would 
be r e q u i r e d  a long  w i t h  long d u r a t i o n  s e r v i c e  t e s t s  and e v a l u a t i o n ,  The use  o f  
s a f e t y  f u e l s ,  p a r t i c u l a r l y  a s  p a r t  of  an o v e r a l l  sys tems approach,  m e r i t s  s e r i o u s  
c o n s i d e r a t i o n  i n  f u t u r e  a v i a t i o n  s a f e t y  t echno logy  development p r o g r m s ,  



Deta i l ed  s t u d i e s  o f  impact-survivable  a i r c r a f t  a c c i d e n t s  i n d i c a t e  t h a t  approxi-  
mately  135 l i v e s  worldwide and 21 d o m e s t i c a l l y ,  on t h e  average ,  are l o s t  annua l ly  
because of pas t -c rash  f i r e s  ( r e f e r e n c e s  1 ,  66, and 7 3 1 ,  

I n  June  1918, t h e  Fede ra l  Av ia t i on  Admin i s t r a t i on  (FAA) and t h e  Royal A i r c r a f t  
Es tab l i shment  (EM) s igned  a Memorandm of Unders tanding (MOU) (appendix A) i n  
which t h e  United S t a t e s  and t h e  Uni ted K ingdm agreed  t o  "coopera te  i n  t h e  exami- 
n a t i o n ,  development,  and t e s t i n g  of a n t i m i s t i n g  kerosene  (BMK) f u e l s  and of equip- 
ment r e l a t e d  t o  t he  use  o f  such fue l s "  "at would p rov ide  f l ammab i l i t y  p r a t e ~ t i o n  
t a  j e t  a i r c r a f t  i n  h p a c t - s u r v i v a b l e  a c c i d e n t s ,  The Nat iona l  Aeronautics and Space 
Admin i s t r a t i on  (NASA) ,  a t h i r d  p a r t y  t o  t h e  IUIQU, ag reed  t o  p e s f o m  b a s i c  r e s ea r ch  
and provide r e c h n a l o g i c a l  s u p w r t  . 
That s m e  y e a r ,  t h e  FAA e s t a b l i s h e d  t h e  S p e c i a l  Av ia t i on  F i r e  and Explosion 
Reduction ( S U E R )  committee t o  e v a l u a t e  a l l  prograars des igned  t o  i n c r e a s e  t h e  
p r o b a b i l i t y  o f  s u r v i v a l  i n  a c c i d e n t s  i nvo lv ing  f i r e .  The SAFER committee concluded 
t h a t  AMK f u e l s  cou ld  p rov ide  t h e  s i n g l e  most s i g n i E i c a n t  s a f e t y  improvement: f o r  
reduc ing  t h e  p o s t c r a s h  f i r e  hazard and recornended c o n t i n u i n g  and expanding W 
r e s e a r c h  because of t h e  s u b s t a n t i a l  r e d u c t i o n s  i n  f a t a l i t i e s  it cou ld  p rov ide  
( r e f e r e n e e  2 ) .  

Consequently,  i n  con junc t i on  w i t h  t h e  HOU, t h e  FAA developed a phased, 6-year 
development and e v a l u a t i o n  p r o g r m  w i t h  t h e  fo l l owing  goa l s  ( r e f e r e n c e  3 ) :  

o E s t a b l i s h  t h e  f e a s i b i l i t y  o f  u s ing  a n t i m i s t i n g  ke ro sene  f u e l ,  

o Develop recmmendat ions  for t h e  in"eooduction and use of M. 

o Demonstrate t h e  e f f e c t i v e n e s s  of M in an impac t - surv ivab le  accider i t .  

o Assess  t h e  e c o n m i c  r ea sonab l enes s  o f  u s ing  t h e  f u e l  i n  suppo r t  of 
r e g u l a t o r y  a c t  ion .  

T h e  FAA and M s e l e c t e d  PM-9" ( r e g i s t e r e d  t rademark o f  $@I),an antimisting 
a d d i t i v e  which had been under development s i n c e  t h e  e a r l y  19708, as t h e  most 
prorni.sing cand ida t e  f a r  t h i s  s tudy .  Developed by Xotperial C h m i c a l  Xndus t r i e s  
( X C I I  and i t s  whol ly  o w e d  s u b s i d i a r y ,  ICS Anaericas, FM-3 i s  a h igh  molecu la r  
weight , hydrocarbon terpolymier. At FAA's r e q u e s t ,  E7ri-9 f a m u l a t i o n  changes were 
p r o h i b i t e d  dur ing  t h e  f e a s i b i l i t y  phase t o  p rov ide  a common d a t a  base  t h a t  could be 
used i n  eva lua t  i ng  t h e  an t  i m i s ~  i ng  concept .  

I n i t i a l l y ,  I G I  s u p p l i e d  FAB and i t s  c o n t r a c t o r s  w i t h  jet f u e l  i n  which t h e  FM-9 
powder had been ba t ch  blended i n  t h r e e  s t e p s ,  L a t e r ,  XGZ developed a  glycol-amine 
c a r r i e r  f l u i d  f o r  t h e  FM-9 which enab led  t h e  a d d i t i v e  t o  be  i n l i n e  blended w i t h  jet  
f u e l  a t  the  po in t  of use .  mis  s i g n i f i c a n t l y  reduced l o g i s t i c s  problems and 
minimized u n i n t e n t i o n a l  deg r ada t i on .  Also,  i t  would have been u n f e a s i b l e ,  i f  no t  
imposs ib le ,  f o r  t he  a i r l i n e s  t o  u se  FM-9 i n  powdered f o m  due t o  o p e r a t i o n a l  
c o n s t r a i n t s .  For t h e i r  i n i t i a l  s t u d i e s ,  however, i r  was nece s sa ry  f o r  t he  FAA and 
i t s  c o n t r a c t o r s  t o  use 'batch-blended W u n t i l  1983, when i t  became p o s s i b l e  t a  
make ia l ine -b lended  f u e l  w i t h  t h e  FM-9 s l u r r y .  



r11e r e s u l t a n t  a n t i m i s t i n g  kerosene f u e l ,  J e t  A w i th  a 0 - 3  pe rcen t  by weight 
concen t r a t  i on  of FM-9, demonstra ted impre s s ive ,  f i r e  r e s i s  t ance  p r o p e r t i e s  i n  
numeraus small- and l a rge - s ca l e  t e s t s ,  bo th  here  and i n  England, When W is  
sheared by onrush ing  a i r  ( a s  i t  would be when s p i l l i n g  from rup tu r ed  f u e l  t a n k s  ~ . r a  
an a i r c r a f t  a c c i d e n t ) ,  i t  t h i c k e n s ,  f o m i n g  l a r g e ,  d i f f i c u l t  t o  i g n i t e  d r o p l e t s  
i n s t ead  of t h e  f i n e ,  r e a d i l y  i g n i t a b l e ,  j e t  f u e l  mists usiually gene ra t ed  i n  eras i les  
( f i g u r e  2 ) -

A f t e r  two yea r s  of i n t e n s i v e  i n v e s t i g a t i o n s  w i t h  t h e  FM-9 a d d i t i v e ,  r e s e a r c h e r s  
concluded i n  Novernber 1986) t h a t  (9) was f e a s i b l e ;  ( 2 )  i t  o f f e r e d  benefli t s  i n  
ti-re form of g r e a t l y  i n c r e a s e d  r e s i s t a n c e  t a  p o s t c r a s h  f u e l  m i s t  f i r e s ;  and ( 3 )  
t h e r e  were no t e c h n i c a l l y  unso lvab l e  problems t h a t  would p r ec lude  i t s  o p e r a t i o n a l  
u se ,  Federa l  Av ia t i on  Adminis t ra t  i o n  (FAA) and NASA t h e n  i n i t i a t e d  r e sea r ch  
e f f o r t s  t h a t  wauld l ead  t o  f u l l - s c a l e  ground and f l i g h t  t e s t s ,  cu lmina t i ng  i n  a 
t r a n s p o r t  a i r c r a f t  c r a s h  demons t ra t ion  i n  1984, 

Before beginning t h e  program, t h e  PBA recognized t h a t  was a h igh  r i 8 k  program 
t h a t  might not work and would no t  be c a s t  b e n e f i c i a l  in t h e  c l a s s i c a l  s e n s e ,  But 
i f  s u c c e s s f u l ,  t h e  payoff  i n  l i v e s  saved wauld be h i g h ,  

Under Phase 1 o f  i t s  eng inee r i ng  developmem9: pragrrrxra on M ( r e f e r e n c e  33 ,  she  FAA 
s e t  out  t o  e s t a b l i s h  t h e  b a s i c  c h a r a c t e r i s t i c s  s f  m, namely: f l ammab i l i t y ,  
rheology,  d e g r a d a b i l i t y ,  b l end ing ,  hand l i ng ,  s p e c i f i c a t i o n s ,  performance,  and 
c o m p a t i b i l i t y .  Phase 1 a l s o  c a l l e d  f o r  l a r & ~ - s c a l e  e v a l u a t i o n  and economic s t u d i e s  
of  H. (As used i n  t h i s  r e p o r t ,  AMK r e f e r s  t o  PH-9 a n t i m i s t i n g  f u e l ,  un l e s s  
a t h e r w i s e  s p e c i f i e d . )  

BPSCUSSZON mD RESULTS -

Under c e r t a i n  c o n d i t i o n s ,  a n t i m i s t i n g  kerosene behaves a s  a nan-Newtonian f l u i d  
w i t h  complex r h e o l o g i c a l  c h a r a c t e r i s e i c s .  In o r d e r  t o  unders tand  and b e  a b l e  t o  
p r e d i c t  i t s  behav ior  and c h a r a c t e r i s t i c s ,  i t  was nece s sa ry  f o r  t h e  FAA t o  under take 
an e x t e n s i v e  rlrreological s t u d y  of ALW i n  i t s  degraded and ~ n d e g r a d e d ~ s t a t e  aover  
broad range of t empera ture  and f low cond i t i ono ,  It w a s  a l s o  nece s sa ry  to s tudy  i t s  
behavior as  a f u n c t i o n  of t h e  fo rmu la t i on  and b l end ing  procedures  used i n  i t s  
p r e p a r a t i o n .  

I n  a d d i t i o n  t o  i t s  o m  work on M c h a r a c t e r i z a t i a n  a t  t h e  Technica l  Cen t e r ,  t h e  
FAA sponsored r e sea r ch  a t  Southwest Research I n s t i t u t e  (SwRIC), NASA" J e t  Propul- 
s i o n  Laboratory ( J P L ) ,  and a t  Uni ted Technologies  Co rpo ra t i on% P r a t t  & m i t n e y  
A i r c r a f t  Group C P W A ) .  I n i t i a l  r e s e a r c h  e f f o r t s  were focused  on de te rmin ing  t h e  
r h e o l o g i c a l  c h a r a c t e r i s t i c s  of undegraded M Chat were r e s p o n s i b l e  f o r  i t s  a n t i -
m i s t i n g  behilvior.  Th is  e a r l y  work was ca r r ied  ou t  w i t h  batch-blended f u e l ,  

E a r l y  r h e o l o g i c a l  exper iments  a t  3PL and SwRI w i th  c a p i l l a r y  rube v i scomete re  
showed t h a t  t h e  shea r  v i s c o s i t y  of i n c r e a s e s  suddenly when a c r i t i c a l  shea r  
ra te  (1000 s-I  t o  3000 s-2) i s  exceeded ( r e f e r e n c e s  4 and 5 ) *  But t h i s  
i n c r e a s e  i n  s h e a r  v i s c o s i t y ,  even a t  shea r  r a t e s  well above t h e  c r i t i c a l  va lue ,  i s  
no t  l a r g e  enough t o  aceaunt f o r  Wk a b i l i t y  t o  r e s i s t  a t omiza t i on  a t  a i r s p e e d s  
of 150 knots  and h i g h e r ,  

E t  now appears  t h a t  the  l a r g e  e x t e n s i o n a l  v i s c o s i t  i e s  ( v i s c o e l a s t  i c i t y )  gene ra t ed  
r n  W as  a r e s u l t  of normal s t r e s s e s  a r e  c h e  dominant r h e o l o g i c a l  c h a r a e l e r i s t  i c  





respons ib le  fo r  i t s  m i s t  prevention behavior.  S tud ie s  have shown t h a t  t h ~normal 
s t r e s s e s  generated i n  AMX flows a t e  much h igher  than the  shear  s t r e s s e s ,  In 
experiments a t  SwRZ, PM-9 W was forced through c a p i l l a r y  tubes a t  high shear  
r a t e s  and over long shear  t imes, As i t  was farced out t he  t i p  of t he  c a p i l l a r y  
tube,  t he  Aim j e t  swel led no t i ceab ly  i n d i c a t i n g  i t s  high v i s c o e l a s t i c i t y  
( r e f e r e n c e  61,  

T n a  FAA and S w R l  developed methods t o  quan t i fy  t h e  w i s e o e l a s t i c i r y  of  undegraded AMK 
f o r  use as a real-time q u a l i t y  c o n t r o l  t e s t  of a n t h i s t i n g  e f f e c t i v e n e s s  Crefes- 
enccs 7 and 10) .  mis t e s t  i s  based on t h e  d i e  swel l  technique t h a t  measures t h e  
expansion of the j e t  of AlulM a s  i t  i s  forced out the  end of t h e  c a p i l l a r y  tube 
( f i g u r e  2 ) .  

Center engineers  were ab le  t o  estlmaee the  e f f e c t i v e  concen t ra t ion  of N a d d i t i v e  
during the  i n f i n e  blending process using d i e  swe l l  d a t a  taken over a f i xed  range of 
s i ~ e a r  r a t e s  a t  d i s c r e t e  rime i n t e r v a l s  ( r e fe rence  7 ) .  Tkre s e n s i t i v i t y  of t he  
cancencrat ion es t imates  Ear a  given ba tch  of s l u r r y  was determined t o  be wi th in  
0 . 0 2  of the  nominal 0.30 percent .  Zvlareover, t h e  predic ted  concent ra t ion  c o r r e l a t e d  
well  with t h e  fue l"  f i r e  p ro tec t ion  per fomance  on the FAA" s ing - fue l  s p i l l a g e  
f a c i l i t y  ( f i g u r e  3 ) .  Based on n o m a l  s t r e s s  p rope r t i e s ,  t h e  d i e  swell appears t o  
be a p r a c t i c a l ,  r e a l  tinre, q u a l i t y  c o n t r o l  test  f a r  

Due t a  i t s  r e l a t i o n s h i p  t o  n o m a l  s t r e s s e s ,  t he  d i e  swe l l  t e s t  should have a b e t t e r  
theorc t  i c a l  and phys ica l  r e l a t i o n s h i p  t o  W%amtimist ing behavior than an o r x f i c e  
f l o w  cup t e s t ,  wlxich had been the primary q u a l i t y  c a n t r o l  t e s t  recowended by I C I  
f o r  undegraded AMK ( r e fe rence  81, Experiments rat SwgI showed t h a t  the o r i f i c e  f l o w  
c u p  i s  e s s e n t i a l l y  a  viscometer ";hat measures the  shear  v i s c o s i t y  of AMli: above i t s  
c r i t i c a l  shear  r a t e  and, a lone ,  i s  faat a rd l i sb l ie  i n d i c a t o r  of the  f u e l r  s  ant imist--
ing per famance .  

The FAA and i t s  con t r ac to r s  a l s o  worked on the  development of mare p rec i se  methods 
Far cha rac te r i z ing  h ighly  degraded (low mis t ing  r e s i s t a n c e )  FM-9 AEaK;. The degrada-
t i o n  level. of hid% i s  a r e l i a b l e  i n d i c a t o r  o f  the  f u e l %  f i l t e r a b i l i t y  and combust i -
b i l i t y ,  The s tandard procedure f o r  quant i fy ing  t h e  l e v e l  of degradoation i n i t r a l l y  
was a f i l t e r  r a t i o  t e s t  ( r e f e r e n c e  9) .  m i s  t e s t  i s  a r a t i o  of t h e  time requi red  
f o r  a known quan t i ty  of AMiC t o  Elow through a nominal 1 7  micron, Dutch weave, 
stainless s t e e l  f i l t e r  t o  the  time it takes f o r  t he  same quan t i ty  of Jar: A r a  f low 
through. A value  c lose  t o  1 i n d i c a t e s  zr highly  degraded f u e l  wi th  flow p rope r t i e s  
s i a n ~ l a r  t o  Je t  A ;  40 o r  above ind ica t e s  a - h i g h l y  undegraded f u e l ,  But the f i l t e r  
c a t  i o  t e s t  lacks the  s e n s i t i v i t y  needed f o r  r e l i a b l e  ind ica t ions  of the  f i l t e r a b x l -
i t y  s f  v e r y  highly degraded M (FR < 1,2). Consequently, FAA and i ts  corl t ractors  
began inves t iga t ing  a t h e r  methods f o r  eva lua t ing  t h e  p r o p e r t i e s  of highly degraded 
A,%: . 
Southwest Research I n s t i t u e  developed a sma&l-scale,  p m p  f i l t r a t i o n  t e s t  t ha t  
simulated f i l t r a t i o n  condi t ions  in  an a i r c r a f t  f u e l  s y s t m  t o  measure the f i l t e r  
plilgging c h a r a c t e r i s t i c s  of i n t e n t i o n a l l y  degraded M ( r e fe rence  6 ) .  In t h i s  
t e s t ,  degraded AtvlM i s  forced through a small  s e e t i o n  of a gaper f i l t e r  o r  metal. 
screen using a v a r i a b l e  speed gear pmp .  The pressure  drop ac ross  t h e  f i l t e r ,  due 
t o  flow r e s i s t a n c e ,  i s  measured as  a funct ion  of flaw time and s u p e r f i c i a l  ve loc i ty  
( f l o w  r a t e / f i l t e r  a r e a ) ,  Below a c r i t i c a l  flow v e l o c i t y  (CFV),  the  pressure  d r o p  
across  the  f i l t e r  remains cons tan t ,  Wen the  s u p e r f i c i a l  v e l o c i t y  of the flow 
through t h e  f i l t e r  exceeds thebGFV f o r  t h a t  f i l t e r ,  t h e r e  i s  a sharp r i s e  i n  the  
pressure  d i f f e r e n t i a l  across  the  f i l t e r .  Ttais increase  i n  the  pressure  d i f f e ren -  
t i a l  r e s u l t s  from an increase  in  v i s c o s i t y  and, poss ib ly ,  from t h e  formation of- a 







t r a n s i e n t ,  shear- induced g e l  on t h e  downstreara s i d e  o f  t h e  f i l t e r .  For batch-  
blended M, t h e  pump f i l t r a t i o n  t e s t  can be used t o  p r e d i c t  t h e  f i l t e r  pluggixlg 
c h a r a c t e r i s t i c s  o f  h i g h l y  degraded mK, For  i n l i n e  blended W, however, t h e  p m p  
f i l t r a t i o n  t e a t  r e q u i r e s  a n  e q u i l i b r a t i o n  p e r i o d  t h a t  would p r e c l u d e  i t s  u s e  a s  a 
r e a l - t i m e  q u a l i t y  c o n t r o l  t e s t ,  

A slimultaneous f i l t r a t i o n l d e g r a d a t i o n  t e s t  developed by SwRI ,  shows promise a s  a 
r e a l - t i m e  q u a l i t y  c o n t r o l  measure f o r  i n l i n e - b l e n d e d ,  h i g h l y  degraded M ( re fe r -
ences  10 and 11) .  I n  s p e c i a l  a p p a r a t u s  developed by SwRZ, i n l i n e  blended a i s  
fo rced  through a  n e e d l e  v a l v e  under h igh  p r e s s u r e  (1000 t o  5000 p s i )  and i m e d i -
ateLy f lows through a s m a l l  s e c t i o n  of  m e t a l  s c r e e n  o r  paper  f i l t e r ,  The p r e s s u r e  
d r o p  a c r o s s  t h e  f i l t e r  is  t h e n  measured a s  a f u n c t i o n  of t ime  t o  d e t e r n i n e  t h e  
c r i t i c a l  v e l o c i t y  f o r  t h e  f i l t e r .  Using t h i s  t e s t ,  SwRZ found t h a t  f r e s h l y  
blended AMK i s  o n l y  s l i g h t l y  more r e s i s t a n t  t o  d e g r a d a t i o n  than  f u l l y  e q u i l i b r a t e d  
AblK and develops  s a t i s f a c t o r y  m i s t  f i r e  p r o t e c t i o n  w i t h i n  30 minu tes  o f  b l e n d i n g ,  
Th is  p r o t o t y p e  t e s t ,  however, h a s  not been developed t o  t h e  p o i n t  where i t  i s  
s u i t a b l e  f o r  rea l - t ime  a p p l i c a t i o n s ,  

Working under a NASA c o n t r a c t ,  PWA developed t h e  t r a n s i t i o n  v e l o c i t y  t e s t ,  which i s  
used i n  c o n j u n c t i o n  w i t h  g e l  p e m e a t i o n  chromatography (GPG) t o  p r e d i c t  t h e  f i l t e r -
a b i l i t y  of  h i g h l y  degraded,  batch-blended AMK. ( r e f e r e a c e  121,  T r a n s i t i o n  v e l o c i t y  
i s  a more! s e n s i t i v e  t e s t  than  f i l t e r  r a t i o .  The average  v e l o c i t y  o f  f lowing  
through an 18 micron f i l t e r  is  p l o t t e d  a g a i n s t  eke v a c u m  a p p l i e d  d o m s t r e m  of  t h e  
f i l t e r ,  The p o i n t  a t  which t h e  s l o p e  of  t h e  p l o t  changes  i s  d e f i n e d  as t h e  t r a n s i -
t i o n  v e l o c i t y .  However, t r a n s i t i o n  v e l o c i t y  is not  expec ted  t o  be a r e l i a b l e  
i n d i c a t o r  of f i l t e r a b i l i t y  f o r  i n l i n e  blended AMK. Nor is  i t  s u i t a b l e  f o r  r e a l -  
t i m e  use. 

The FAA and SwRI a l s o  e v a l u a t e d  g e l  permeat ion chromatography a s  a c h a r a c t e r i z a t i o n  
t e s t  %or  h i g h l y  degraded AMK ( r e f e r e n c e s  13,  14,  and 151, It was a b l e  t o  d i s c r i m i -  
n a t e  m a n g  d i f f e r e n t  silmplels of  h i g h l y  degraded AMM, But i t  was n o t  a b l e  t o  
p r e d i c t  t h e  f i l t e r a b i l i t y  o f  even h i g h l y  degraded AMK due t o  t h e  p resence  o f  
s m a l l  m o u n t s  of  undegraded o r  p a r t i a l l y  degraded FM-9 p o l p e r  - a s  w e l l  as t h e  
plnng f i l t r a t i o n  t e s t  c o u l d .  Moreover, because  o f  t h e  t ime ;equired t o  run t h e  
t e s t ,  GPG i s  n o t  s u i t a b l e  a s  a r e a l - t i m e  q u a l i t y  c o n t r o l ^ t e s t  f o r  i n l i n e  blended 
AMK, 

W;EAT T U S P E R  PROPERTIES. 

The FAA c o n t r a c t o r s  a l s o  made a d e t a i l e d  study o f  t h e  h e a t  t r a n s f e r  p r o p e r t i e s  of 
AMK t o  i n s u r e  t h a t  a i r c r a f t  and e n g i n e  h e a t  exchangers  would p e r f o m  s a t i s f a c t o r i l y  
w i t h  t h e  m-9 a n t i m i s t i n g  f u e l ,  

I n  i t s  s t u d y ,  PWA de te rmined  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  of batch-blended M by 
f lowing  i t  chrough a s i n g l e  p a s s ,  s i n g l e  c o n c e n t r i c  a l m i n m  t u b e  Rear exchanger  
s i m i l a r  t o  t h e  type  used i n  i t s  JT8D t u r b o f a n  eng ine  ( r e f e r e n c e s  12 and 1 3 ) .  To 
degrade t h e  f u e l ,  PWA passed  it through t h e  JT8B f u e l  p m p  one o r  naore t i m e s ,  PWA 
r e s u l t s  showed t h a t  a t  low f law r a t e s ,  t h e  h e a t  t r a n a f e r  c o e f f i c i e n t s  of  degraded 
AMK and J e t  A were almost i d e n t i c a l  ( f i g u r e  4 ) .  A t  h i g h e r  f low r a t e s  (150 kg/  
h o u r ) ,  t h e  degraded M h e a t  t r a n s f e r  c o e f f i c i e n t  was about  10 p e r c e n t  lower t h a n  
t h a t  of J e t  A b u t  s t i l l  c o n s i d e r e d  m a r g i n a l l y  a c c e p t a b l e  f a r  use  i n  eng ine  h e a t  
exchangers .  PWA c o n s a e t e d  t h e  h e a r  t r a n s f e r  c h a r a c t e r i s t i c s  o f  undegraded AMK 
unaccep tab le .  The FAA, however, encounte red  no problems w i t h  t h e  h e a t  t r a n s f e r  
c h a r a c t e r i s t i c s  of  degraded o r  undegraded AMX d u r i n g  f l i g h t  t e s t s  and eng ine  t e s c  
c e l l  work, 
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Hear t r a n s f e r  p r o p e r t i e s  of h i g h l y  degraded (3 -pass )  M K  c l o s e l y  
approximated t h o s e  of J e t  A i n  t e s t s  a t  P r a t t  C Whitney 

JPL undertook gene ra l i z ed  f low and h e a t  t r a n s f e r  exper iments  t o  d e f i n e  t h e  flow 
behavior  of FM-13 M K  ( r e f e r e n c e  -16). The 3PL work was a l s o  done wit"rrba%ch-blended 
f u e l s  a t  d i f f e r e n t  l e v e l s  of d e g r a d a t i o n ,  I n  a d d i t i o n ,  JPL used d i f f e r e a t  
concen t r a t i ons  aE t h e  FM-9 a d d i t i v e  and measured h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  over 
a range of f u e l  t empera tures  from 20" C e l s i u s  ( 6 )  t o  40"" G ,  JRL a l s d  d i d  f l aw  
v i s u a l i z a t i o n  s t u d i e s  t o  d e t e r n i n e  whether  t h e  flows were l amina r ,  t r a n s i t i o n a l  o r  
t u r b u l e n t ,  

R e s e a r c h e r s  a t  JPL concluded that:  t h e  f l aw and h e a t  t r a n s f e r  behav ior  of M can be 
d iv ided  i n t o  th ree  r eg ions :  Newtonian laminar  r eg ion ,  shea r - t h i cken ing  r e g i o n ,  and 
d r a g  reduc ing  t u r b u l e n t  r eg ion .  A t  low f l a w  r a s e s ,  M behaves as  a Newtonian 
f l u i d  w i th  cons t an t  v i s c o s i t y  a t  a  g iven  tempera ture  and ha s  a h e a t  t r a n s f e r  
c o e f f i c i e n t  equ iva l en t  t o  J e t  A,  A t  a c e r t a i n ,  c r i t i c a l ,  w a l l  s h e a r  r a t e ,  which 
depends on t h e  f u e l  t empe ra tu r e  and a d d i t i v e  c o n c e n t r a t i o n ,  s h e a r  t h i c k e n i n g  occurs  
and causes  a Large i n c r e a s e  i n  s k i n  f r i c t i o n  and h e a t  t r a n s f e r  r a t e s .  The shea r  
t h i cken ing  and i n c r e a s e  i n  s k i n  f r i c t i o n  and h e a t  t r a n s f e r  r a t e s  were not observed 
i n  ].OW polyiner concen t r a t i ono  (0.1 p e r c e n t )  o r  i n  p a r t i a l l y  degraded M,  I n  t h e  
d r ag  reduc ing  t u r b u l e n t  r eg ion ,  s k i n  f r i c t i o n  and hea r  t r a n s f e r  s a t e s  dropped 
r a p i d l y ,  f a l l i n g  below t h e  p r e d i c t e d  Newtonian v a l u e s  and r e s u l t i n g  i n  a lower hear  
t r a n s f e r  c a p a b i l i t y  t han  J e t  A ,  



Rheology a l s o  plays a don~inant r o l e  i n  the  an t imis t ing  per fomance  of AMK. The 
major e f f e c t  of the  an t imis t ing  a d d i t i v e  on j e t  f u e l  %lammabil.ity i s  rhea log ica l  
r a t h e r  then chemical,  The a d d i t i v e  i n h i b i t s  the  fue l"  tendency t o  Earn a f i n e ,  
r e a d i l y  i g n i t a b l e  mist  under shear  and promotes the  f o r n a t i o n  of Large d r o p l e t s  
which a r e  more d i f f i c u l t  t o  vaporize and i g n i t e ,  

The FAA has developed a v a r i e t y  of tese: f a c i l i t i e s  t o  measure the f l a m a b i l i t y  
c h a r a c t e r i s t i c s  of a n t i m i s t i n g  f u e l s  under var ious  s imulated takeoff  and landing 
crash  condi t ions .  Tkese include the  F M %  large-sca le ,  w i n e f u e l  s p i l l a g e  t e s t  
f a c i l i t y  and the  small-scale ,  Flamarability Comparison Teat Apparatus (FGTA), JPL's 
miniwing s p i l l a g e  t e s t  u n i t  and i t s  s p r q  eha rac te r i za t ion l image  enhancement 
system, SwBZ% spinning d i s k  t es t ,  and t h e  Naval A i r  Engineering Center" ( N M G )  
l a rge-sca le ,  a i r c r a f t  c r a sh  t e s t  catapults, 

While a l l  of these  f l a m a b i l i t y  t e s t  u n i t s  provide nxeaningful information,  t he  
FAA's large-scale ,  wing-fuel s p i l l a g e  t e s t  f a c i l i t y  is the  most r e a l i s -
t i c  i n  s imulat ing t h e  condi t ions  encountered by j e t  f u e l  ia impact-sumivable 
acc iden t s  ( r e fe rence  17)  wi th  the  except ion  of t he  NAEC c a t a p u l t  t e s t s ,  T h i s  
f a c i l i t y  uses the fan discharge a i r  from a s t a t i o n a r y  turbofan  engine t o  d r i v e  an 
augmentor. The high volume, high speed a i r f l o w  from t h e  augmentor flows over a 
wing s e c t i o n  a t  speeds up t o  200 knots .  Nominally, 85 g a l l o n s  of AMK from a 
pressur ized  tank a r e  piped a t  20 ga l lons lsecand i n t o  the  wing s e c t i o n  and out 
through an o r i f i c e  in  i t s "  leading  edge. The discharge  from t h e  augatcentor blows the  
f u e l  back over and under the  a i r f o i l .  A propane to rch  underneath the  a i r f o i l  
s e rves  a s  the  i g n i t i o n  source,  High speed cameras record i g n i t i o n  and flame 
propagation c h a r a c t e r i s t i c s .  

The FAA re sea rche r s  can more than 300 t e s t s  on the wing-fuel s p i l l a g e  r i g  and 
developed an i g n i t i o n  envelope f a r  M a s  a funct ion  of FM-9 concent ra t ion ,  a i r -
speed, f u e l  s p i l l a g e  r a r e ,  ambient a i r  temperature,  f u e l  temperature,  and loca t ion ,  
type  and i n t e n s i t y  of t h e  i g n i t i o n  source ( r e fe rences  17 and 189, Tkre r e s u l t s  from 
these  t e s t s ,  conducted wi th  both in l ine -  and batch-blended M, showed t h a t  a 0 - 3  
percent concent ra t ion  of FM-9 i n  J e t  A w i l l  prevent t h e  growth of mist-generated 
f i r e b a l l s  a t  speeds up t o  150 knots ,  

Fuel i g n i t i o n  e x i s t e d  only a s  loca l i zed  flame i n t e n s i f i c a t i o n  a t  the  i g n i t i o n  
source with small ,  s e l f - ex t ingu i sh ing  f i r e b a l l s  a f t  of t he  a i r f o i l .  There was na 
mist  f lashback o r  flame propagat ion* Even a t  simulated a i r speeds  above 150 knots ,  
M K  f i r e b a l l s  - unl ike  those o f  J e t  A propagated r e l a t i v e l y  s lowly,  and the  
f l m e s  did not propagate u p s t r e m  t o  the  s imulated tank rupture .  These r e s u l t s  
indica ted  t h a t  a 0.3 percent  concent ra t ion  of FM-9 i n  J e t  A would p ro tec t  an 
a i r c r a f t  from f u e l  mist  f i r e s  a t  impact speeds up t o  150 knots  and provide p a r t i a l  
p ro tec t ion  a t  speeds up t o  200 kno t s ,  

To v a l i d a t e  the r e s u l t s  from t h e  wing-fuel s p i l l a g e  t e s t s ,  t h e  F M  conducted a 
s e r i e s  of la rge-sca le ,  c a t a p u l t  c r a sh  t e e r s  with su rp lus  m i l i t a r y  a i r c r a f t  a t  the 
Naval A i r  Engineering Center  ( r e fe rences  19, 20, and 219. Ln these  t e s t s ,  t he  
a i r c r a f t  fueled wi th  W o r  J e t  A were acce le ra t ed  along a 7,500-foot t r ack  by a 
j e t  pusher ca r  and impacted i n t o  a prepared crash  s i t e  ( f i g u r e  5 ) .  I g n i t i o n  
sources were pl.aced i n  the impact a r e a  and on the t e s t  a i r c r a f t .  Tke r e s u l t s  from 
the ca t apu l t  c r a sh  t e s t s  and t h e  wing-fuel s p i l l a g e  t e s t s  showed good c o r r e l a t i o n ,  
r e in fo rc ing  confidence in the wing-fuel s p i l l a g e  t e s t  aa a v a l i d  i n d i c a t o r  of m K ' s  
e f f e c t i v e n e s s .  \ 





Under an FAA c o n t r a c t ,  Falcon Research & Development Company at tempted t u  e s t a b l i s h  
c o r r e l a t i o n s  mong t h e  r e s u l t s  of t he  d i f f e r e n t  f lammabi l i ty  t e s t s  ( r e f e r e n c e  22).  
Falcon found t h a t  l a rge- and f u l l - s c a l e  c r a sh  s imu la t i ons  provided c r e d i t a b l e  d a t a  
f o r  an an t imi s t i ng  f u e l .  Small-scale f lammabil i ty  tests were g e n e r a l l y  e f f e c t i v e  
f o r  sc reen ing  a n t i m i s t i n g  f u e l s  and y i e lded  r e p e a t a b l e  d a t a ,  But the  r e s u l t s  from 
d i f f e r e n t  m a l l - s c a l e  t e a t s  d i d n k  c o r r e l a t e  w e l l  w i th  each o t h e r  nor wi th  t h e  
r e s u l t s  from l a rge - sca l e  f l m m a h i l i t y  tests. Never the less ,  t h e  emall-scale  t e s t s  
were u se fu l  t o  r e sea rche r s  f o r  eva lua t ing  s p e c i f i c  c h a r a c t e r i s t i c s  of a n t i m i s t i n g  
f u e l s  ( r e f e r e n c e  8). 

Resu l t s  of t e s t s  on JBL9s miniwing s h e a r  appara tus  c o r r e l a t e d  w i t h  la rge-sca le  t e a t  
r e s u l t s  from t h e  wing-fuel s p i l l a g e  r i g  a n d  c a t a p u l t  test t r a c k s ,  according t o  JPL 
r e sea rche r s .  Designed t o  gene ra t e  c o n t r o l l e d  f u e l  sp rays ,  t h e  miniwing shear  
appara tus  provided a  s t eady - s t a t e  s k u l a t i o n  of a f u e l  s p i l l  dur ing  an a i r p l a n e  
c r a s h  ( r e f e r e n e e  91. & i n  P M ' a  wing-fuel s p i l l a g e  f a c i l i t y ,  f u e l  was e j e c t e d  
f r m  t h e  lead ing  edge of an a i r f o i l  m d  blown back a v e r  the  a i r f o i l  by a f r e e - j e t  
wind tunne l .  An oxyacetylene t a r c h  s e w e d  a s  t h e  i g n i t i o n  source ,  

The JPL r e s e a r c h e r s  used the  miniwing shea r  apparatue te s tudy m i s t  f o r n a t i o n  and 
f l m m a " a l i t y  of FM-9 AMK a t  d i f f e r e n t  lmells of  deg rada t ion  and ave r  a range of 
s imulated a i repceds  from 40 t o  160 kno t s ,  I n i t i a l l y ,  t h e  c o r r e l a t i o n  of t e a t  
r e s u l t s  from t h e  miniwing f a c i l i t y  w i t h  t k a s e  from t h e  wing-fuel s p i l l a g e  r i g  was 
poor,  Subsequently,  JPL modified i t s  miniwing shea r  appara tus  by inc reas ing  t h e  
i n t e n s i t y  of  the  i g n i t i o n  source,  thereby  h p r o v i n g  the  c o r r e l a t i o n  of t e s t  r e s u l t s  
w i th  those  frm t he  FkA'a wing-fuel s p i l l a g e  f a c i l i t y .  

They conducted s e v e r a l  t e s t s  t a  d e t e r n i n e  t h e  c a a d i t i a n s  under which a s t a b l e ,  
se l f - suppor t ing  flanae could be elatablilskred nea r  t he  f u e l  r e l eage  po in t  fol lowing 
exposure t o  a t r a n s i e n t  i g n i t i a q  source ,  Using fXme anchoring a5 an abso lu t e  
pas s - f a i l  c r i t e r i o n ,  JPL r e s e a r c h e r s  conducted t e s t a  wi th  J e t  A ,  undegraded m, 
and d i f f e r e n t  l e v e l s  of degraded M. They v a r i e d  a i r a p e d ,  f u e l  flow r a t e s  and 
the  i n t e n s i t y  of  t he  i g n i t i o n  sources  ( a n  e l e c t r i c a l  spark  and irn oxyacetylene 
t o r c h ) .  

Resu l t s  of the  JPL t e s t s  c o n f i m e d  t h a t  AMK f lammabi l i ty  increased  w i t h  the  
Lclvel o f  degrada t ion ,  For Jet A ,  an e l e c t r i c a l  spark  a f  0,067 kw was s u f f i c i e n t  t o  
i g n i t e  the fue l  and produce a s e l f - suppor t i ng  f l m e  a t  a i r s p e e d s  a s  low as 39 
knots .  But BMK con ta in ing  6 , J  percent  FM-9 cou ldn ' t  be i g n i t e d  by an e l e c t r i c a l  
spark.  Even wi th  an oxyacetylene t o r c h  of 90 kw, JOL couldn? aacbieve i g n i t i o n  a t  
s h u l a t e d  a i r speeds  up t o  156 kno t s  and f u e l  f law r a t e s  up t a  10 gal lmin.  When 
M R  i g n i t i o n  was achieved,  t h e  f Z m e  waa no t  ae l f - suppor t ing  once t he  i g n i t i o n  
source  was turned o f f  ( r e f e r e n c e  9 ) .  

m e s e  t e s t s  showed t h a t  i f  t he  i g n i t i o n  source  was i n t e n s e  enough, a l l  f u e l s  would 
i g n i t e .  Over the  range of cond i t i ons  used i n  the  JPL t es t s ,  f u e l  mis t ing  proper- 
e i e a  and aerodynamics d e t e m i n e d  whether o r  not the flame was s e l f - suppor t i ng ,  once 
i g n i t i o n  waa achieved. Se l f - sus t a in ing  flaraacl anchoring i n  t he  wake of a b l u f f  body 
depended on f r e e  s t r e m  a i r speed  and t h e  fue l"  rheo log ica l  p r o p e r t i e s  and was 
independent of t h e  i n i t i a l  i g n i t i o n  source  i n t e n s i t y ,  It should be noted t h a t  JPL 
was unable t o  i g n i t e  0 , 3  percent  PM-9 AblK a t  speeds up t o  155 k n o t s  dur ing  t h e  
c y l i n d e r  f l m e  anchoring t e s t s  even a t  the  Bigheat ace ty l ene  flow r a t e  i n  t he  
i g n i t i o n  t o r ch ,  They $ken decided t o  use degraded M K i n  t h e  t e s t s  t o  determine 
t h e  pass - fa i l  boundary a s  a func t ion  of a i r a p e d  and the  degree o f  degrada t ion .  



Tn i t s  f ue l  spray  c h a r a c t e r i z a t i o n  work, JFL used t h e  miniwing shea r  F a c i l i t y  t o  
genera te  c o n t r o l l a b l e  f u e l  sprays  f o r  computer enhanced, photographic  a n a l y s i s ,  
The spray c h a r a c t e r i z a t i o n  was based an d i g i t a l  a n a l y s i s  of h igh  r e s o l u t i o n ,  wide 
f ~ e l d  spray  images formed under pulsed ruby l a s e r  shee t  i l l m i n a t i o n  ( r e f e r e n c e  9 ) .  
With t h i s  ~ e c h n i q u $ ,JPL was & l e  t o  measure f u e l  d r o p l e t  s i z e  d i s t r i b u t i o n  and 
concent ra t  on a t  different Euel flow r a t e s .  

T h i s  work showed t h a t  d r o p l e t  s i z e  d i s t r i b u t i o n  was n a t  a£f e c t e d  by fue l  flow rate 
but d id  decrease  as a i r speed  increased .  A t  high a i r s p e e d s ,  t h e  f u e l  beeme  more 
f i n e l y  atomized and f lammabil i ty  i nc reased ,  Researchers  a t  JPL demonstrated chat  
m i s t  f lammabil i ty  was a func t ion  of t h e  S a u t e r  Mean D i m e t e r ,  (Sm)o f  t h e  f u e l  
d r o p l e t s .  Antimist ing kerosene-air  mix tures  con ta in ing  Fuel d r o p l e t s  with an SMD 
of 500 microns o r  no re  showed a sharp  r educ t ion  i n  f l m m a b i l i t y ,  They q u a n t i f i e d  
the  f lammabil i ty  aS flowing Euel d r o g l e ~ - a i r  mix tures  by directly m e ? % u f i ~ gthe  
temperature  r i s e  i n  a flame e s t a b l i s h e d  i n  t h e  wake s f  a centanuous lgnrkaon 
source ,  

They a l s o  i nves t i ga t ed  f l m e  spread a c r o s s  a pool o f  M ( r e f e r e n c e  91, Xn an 
impact su rv ivab le  acc iden t ,  t h i s  can be the  c r i t i c a l  determinant  i n  t he  time 
a v a i l a b l e  for  t h e  s a f e  evacua t ion  a f  passengers ,  Testa  showed no s i g n i f i c a n t  
d i f f e r e n c e s  between the  flame spread r a t e s  of J e t  A and FM-9 N a c r o s s  pooled 
f u e l ,  Both f % m e  spread r a t e s  increased  wi th  t he  depth  of t h e  f u e l  l a y e r ,  Wen 
t h e  depth of t h e  f u e l  l a y e r  was increased  f r m  l / 8  inch t o  3 / 4  i nch ,  t h e  flame 
spread r a t e  increased from 2 cm/s t a  3.5 cm/s, In  f u e l  pooled over a porous 
s u b s t r a t e  of s a t u r a t e d  sand, t h e  f l m e  spread r a t e  f o r  M was s l i g h t l y  slower than  
f o r  J e t  A - * 4 l  cm/s ve r sus  .&i.3cm/s, 

Resu l t s  from the  sp inning  d i sk  f lammabil i ty  t e s t e r  developed by SwRI ahowed goad 
co r r eLa t i an  wi th  the  r e s u l t s  from F U ' s  swing-fuel s p i l l a g e  tests when measuring 
f lammabil i ty  of M a s  a  func t ion  of FM-9 c a a c e n t r a t i a n  and 8imLlated a i r  speed o r  
d i s k  v e l o c i t y  ( r e f e r e n c e  6 1 ,  I n  o t h e r  a r e a s  such as t h e  e f f e c t  of m i n e  i n  t he  
c a r r i e r  f l u i d  on BMK f lammabi l i ty ,  t h e  sp inning  d i ~ kr e s u l t s  d i d  no t  c o r r e l a t e  w i t h  
t h e  r e s u l t s  of o t h e r  f lammabil i ty  t e s t s .  

Xn o rder  t o  provide i t s  c o n t r a c t o r s  wi th  a s t anda rd ,  smal l - sca le ,  f l a m a b i l i t y  
t e s t e r ,  t h e  P M  Technical  Center  developed t h e  PLmmabiPity Comparison Test  
Apparatus, Five u n i t s  were made and c a l i b r a t e d  f o r  u se  i n  the  AbaX, p r o g r m  
( r e f e r e n c e s  23 and 2 4 1 ,  I n  t he  FCTA, compressed a i r  was r e l e a s e d  through a sonic  
o r i f i c e ,  Fuel was i n j e c t e d  i n t o  t h e  a i r  a t r e m  a& c a r r i e d  over  a propane torch  
( f i g u r e  6 ) .  

Resu l t s  of FGTA t e s t s  i nd i ca t ed  t h a t  t h e  maximum h e a t  output  depends on a combina-
t i o n  of a i r speed  and Euel flow r a t e  ( r e f e r e n c e  8) .  Tke FGTA s e w e d  a s  a good 
s tandard  t e s t  device f o r  sc reen ing  a n t i m i s t i n g  f u e l  candida tes .  

In i t s  a tomiza t ion  and f lammabil i ty  s tudy ,  JPL found t h a t  smal l - sca le ,  f lammabil i ty  
t e s t s  on u n i t s  such as  t he  FCTA and t h e  miniwing s h e a r  appara tus  y i e lded  only an 
upper bound t o  t he  an t imi s t i ng  behavior  of AMM ( r e f e r e n c e  251, I n  an a c t u a l  c r a sh ,  
t h e r e  may be f i n e r  mis t ing  of a l a r g e r  p roga r t i on  of t h e  s p i l l e d  f u e l ,  small-
s c a l e  t e s t s  were gene ra l l y  mis lead ing  i n  t h a t  they ind i ca t ed  g r e a t e r  f i r e  suppres-
s ion  c a p a b i l i t y  f o r  APaK than  the  l a rge - sca l e  tests, such as t h e  wing-fuel s p i l l a g e  
t e s t s  and t h e  c a t a p u l t  t e s t s ,  The r e l a t i o n s h i p s  between the  small-scale  t e s t s  and 
t h e  Large-scale t e s t s  a r e  shorn i n  f i g u r e  7 .  
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FIGURE 6 .  FLAMMBILITY COMPARISON TEST MPAKATUS 
F t a m a h i l i t y  Comparison T e s t  Apparatus ( r a p ) ,  shown w i t h  schemat ic  ( b o t  torn), was 
used by FAA and i t s  c o n t r a c t o r s  as  a s t a n d a r d  t e s t  d e v i c e  f o r  s c r e e n i n g  a n t i m i s t i n g  
fuel c a n d i d a t e s ,  

\ 



FIGURE 7 ,  CHART SHOWING RE&AT%;ONSHliPS OF DXFFEmNT FUEL F L A m B l i L I T Y  TESTS 
Char t  prepared by JPL shows t h e  r e l a c i o n s h i p  of r e s u l t s  from d i f f e r e n t  f u e l  
f h a n m a b i l i t y  t e s t s  used i n  AMkI. program, kleber Number and Aerodynamic 
Deborah Number a r e  t h e  v a r i a b l e s  which most a f f e c t  t h e  e x t e r n a l  aerodynamics 
of f u e l  a t a m ~ z a t i o a ,  

WATER GOMIlATIB%EITM. 

I f  w a t e r  i s  added t o  a t ank  c o n r a i n i n g  FM-9 M f u e l ,  a t r u e  s o l u t i o n  of walex: iar 
hYK may occur  ( r e f e r e n c e  2b1, A s  mare w a t e r  is added, a micro-ergylsion can form i n  
which t h e  p a r t i c l e s  of w a t e r  are u s u a l l y  t o o  s m a l l  t o  s c a t t e r  l i g h e .  Additional 
wate r  g e n e r a t e s  c o a r s e  d r o p l e t s  and t h e n ,  a bu lk  w a t e r  phase ,  Ttlese phases  can 
occur  i n  combinat ion.  The l a s t  phase ,  however, has  o c c u r r e d  o n l y  i n  t h e  l a b o r a t o r y  
and under c o n d i t i o n s  which  were more ex t  seme t h a n  wars t case f l i g h t  c o n d i t i o n s .  

I n  i t s  s tudy  on thE? e f f e c t s  of  w a t e r  and w a t e r  vapor  on M, JPL  found t h a t  t h e  
uptake of w a t e r  i n  AMM cou ld  be a s  h igh a s  1,300 ppm a t  20" C e l s i u s  ( r e f e r e n c e  2 7 1 ,  
By c o m p ~ r i s o n ,Jee A w i l l  h o l d  56 t o  120 ppm a t  a s a t u r a t i o n  t e m p e r a t u r e  of  23"  C .  
T h e  way wate r  i s  in t roduced  i n t o  AMEC, can d e t e r n i n e  t he  t y p e  and volume of  t h e  
second phase .  Under s t a t i c  c o n d i t i o n s ,  mare than 250-300 ppm w a t e r  a r e  needed 
t o  i n i t i a t e  t h e  fo rmat ion  of an i n s o l u b l e  second phase. I f  t h e  f u e l  s u r f a c e  i s  
c o l d ,  w a t e r  vapor  can produce a p r e c i p i t a t e  a& 150-200 ppm a t  t h e  f u e l - a i r  i n t e r -
f a c e  where the  l o c a l  c o n c e n t r a t i o n  of w a t e r  i s  much h i g h e r  than  200 ppm, 

The i n v e s t i g a t i o n  by J P L  showed t h a t  t h e  anount of w a t e r  d isso lved  i n  was 
c r i t i c a l l y  dependent upon e x t e r n a l  a g i t a t i o n ,  T h e r e f o r e ,  t h e  w a t e r  a b s o r p t i o n  
l i m i t s  should  be accep ted  w i t h  c a u t i o n  because  they  probably  r e p r e s e n t  t h e  extreme 
upper l i m i t s ,  Under r e a l i s t i c  c o n d i t i o n s ,  t h e  m o u n t  o f  w a t e r  which g e t s  absorbed 
w i l l  depend upon l o c a l  a g i r a b i o n  and t i m e ,  



I n  addi t ion  t o  water  e n t e r i n g  t h e  f u e l  tanks during f l i g h t ,  t h e  most l i k e l y  sources  
o f  water t h a t  could come i n t o  con tac t  wi th  M a r e  f r e e  water  present  i n  J e t  A 
s to rage  and t r a n s f e r  u n i t s  and water  a c c i d e n t a l l y  introduced i n t o  a i r c r a f t  f u e l  
tanks ( r e fe rence  8).  Large moun t s  of f r e e  water ,  from 1 t o  5 percent ,  w i l l  cause 
p r e c i p i t a t e s  t o  f o m  i n  APlIK and must be w o i d e d  through good housekeeping proce- 
dures,  p a r t i c u l a r l y  dur ing  ground handling and fue l ing .  (Many of the  s t u d i e s  on 
the  incampa t ib i l i t y  of Ab51( with  f r e e  water  were done wi th  batch-blended an t imis t ing  
f u e l ,  but  t he  r e s u l t s  appear t o  be v a l i d  f o r  inline-blended M a s  w e l l , )  

While water-induced g e l s  i n  A1"ZK a r e  a recognized phenomenon, t h e r e  i a  disagreement 
over  t h e i r  s i g n i f i c a n c e  t o . a i r c r a f t  opera t ions .  I n  i t s  s tudy of t h e  compa t ib i l i t y  
of batch-blended AMI(: wit"hthe DG-10[KG-10 f u e l  system, Douglas A i r c r a f t  added water 
i n  the f o m  of s t e m  t o  M K  t o  produce a total,  d i sso lved  water  content  of 250-300 
p p  ( r e fe rence  281, Drops aE water  c o l l e c t e d  on a  p l a s t i c  f i l m  covering t h e  f u e l  
tank and dropped i o t a  the  M causing a  l o c a l  white  contarnination which d ispersed  
within one minute, m e n  the  ANK was s t i r r e d ,  t h e  c o a t m i n i l t i a n  d ispersed  i m e d i -  
a t e l y ,  Upon c m p l e t i o n  of t h e  water  t e s t ,  Douglas removed and examined the  boost 
p w p s  used i n  the  t e s t  and found no ge l  or water  c o s t m i n a t i o n .  Douglas con-
cluded t h a t  the small  moun t s  of water  would not  c r e a t e  m y  compa t ib i l i t y  problems 
wi th  AMXC. 

The presence of water  i n  AMIK. was considered a  p o t e n t i a l l y  se r ioue  problem by P r a t t  
6r FJIritney A i r c r a f t  ( . reference 12) .  Wtrenever f r e e  water  was present  i n  M, PWA 
repor ted ,  i t  caused polyraer p r e c i p i t a t i o n .  The water-induced p r e c i p i t a t e  clogged 
f i l t e r s  and was not r e v e r e i b l e  dur ing  subsequent hea t ing  cyc les .  In i t s  i n i t i a l  
labora tory  de ic ing  t e s t ,  PWA added water  t o  undegraded, batch-blended W t o  
produce a t o t a l  water  content  of 210 ppan, Af ter  t h e  W was degraded, it was 
passed through a 40-micron f i l t e r .  Xce fonoed on the  f i l t e r  causing r?r pressu re  
r i s e .  TIae pressure  bui ldup disappeared when the  f i l t e r  was warned t o  r a m  
temperature. 

Then PWA followed i t s  i n i t i a l  t e s t  wi th  a fu l l - sca l e ,  d e i c i n g  r i g  t e s t ,  A white 
p r e c i p i t a t e  formed on the  f i l t e r  paper and couldn ' t  be d isso lved  by the  de ic ing  
hea te r .  Subsequent a n a l y s i s  of t he  W showed t h a t  the water  content: had r i s e n  t o  
I,Q00 p p ,  much of which was f r e e  water .  P r a t t  & CJhitney A i r c r a f t  repeated the  
labora tory  t e a t  wi th  AElM conta in ing  an average of 211  p p  of water  i n  so lu t ion .  
I c e  again f amed  and clogged the  41)-micron f i l t e r  but disappeared upon being heated 
t o  43" C ,  t he  t y p i c a l  de ic ing  temperature f o r  t he  JTBD engine,  dur ing  t h e  f i r s t  
t h r e e  i c ing  cycles ,  8n, subsequent cyc l ing ,  t h e  p res su re  d id  not r e t u r n  t o  the 
o r i g i n a l  value owing t o  what PCJA bel ieved  t o  be the formation of a f l m i n d u c e d  
( r a t h e r  than water-induced? g e l  i n  the M. 

The F a  be l i eves  t h e  v a l i d i t y  of t hese  r e s u l t s  i s  ques t ionable  because of t he  pro- 
cedures used by W A  i n  i t s  t e s t s .  No a i r c r a f t  would encounter  t h i s  much water i n  
r e g u l a r  opera t ion ,  nor  would degraded c m e  i n t o  eontac t  w i t h  f r e e  water  as i n  
the  PWA t e s t s .  The r e s u l t s  from t h e  Boeing t e s t 8  on water  vapor inges t ion  under 
simulated f l i g h t  condi t ions  were considered m r e  r e a l i s t i c  m d  ind ica t ed  no water- 
AMK problems. 

I n  i ts  eva lua t ion  a f  AfilK under s imulated f l i g h t  cond i t ions ,  Boeing conducted 
seve ra l  t e s t s  an water and water  vapor inges t ion  under worst case  condi t ions .  Tlre 

purpose of these  t e s t s  was t o  de te rn ine  what happens t o  M i f  a i rborne  water  is  
introduced i n t o  the  f u e l  tank u l l age  through the  vent  system during a i r c r a f t  
descent  through a region o f  extremely high huraidity. m e  t e s t s  demonstrated t h a t  

t he  amount of water  (approximately 200 p p )  which might accumulate i n  the  f u e l  



a u r l n g  r e p e a t e d  d e s c e n t s  through w a t e r - s a t u r a t e d  c l o u d s  had no a d v e r s e  e f f e c t s  on 
t h e  i n  t h e  rank.  Consequent ly ,  Eoeing r e p o r t e d ,  i n g e s t i o n  o f  w a t e r  vapor  i n  
amounts t h a t  cou ld  be expec ted  i n  wors t  c a s e  a i r l i n e  s e r v i c e  d i d  n o t  appear  t o  
cauese  s p e c i a l  problems w i t h  AMK, 

iX4TERIAL AND C H E M I G a  GQ@ATZBXLITYe 

G a r n p a t ~ b i l i t y  t e s t s  on t ank  s e a l a n t s  and c o a t i n g s ,  f u e l  t a n k  b l a d d e r  c e l l  m a t e r i a l s  
and  f u e l  sys tem e l a s t o m e r s  i n  c o n t a c t  w i t h  a n t i m i s t i n g  f u e l s  made w i t h  FM-9 
r e v e a l e d  no problems, 

Product Research and Chemical C o r p o r a t i o n  soaked specimens  of i t s  p o l y s u l f i d e  
s e a l a n t s  and p o l y u r e t h a n e  " c o a t i n g s  i n  FM-9 W a t  140'""F a h r e n h e i t  ( F )  f o r  70 days  
and d e t e c t e d  no a d v e r s e  e f f e c t s  ( r e f e r e n c e  291,  Goadyear Aerospace r a n  FM-9 AMK 
c o m p a t i b i l i t y  t e s t s  on i ts  Vi thane  BTC69 and w i t r i l e  BTCll b l a d d e r  m a t e r i a l s .  
R e s u l t s  of  t h e s e  t e s t s  showed t h a t  t h e  r e a c t i o n s  o f  t h e s e  m a t e r i a l s  w i t h  AMK were 
less s e v e r e  t h a n  t h e i r  r e a c t i o n s  w i t h  f l u i d s  used i n  m i l i t a r y  s p e c i f i c a t i o n  t e s o s  
( r e f e r e n c e  301, 

P s a t t  & m i t n e y  A i r c r a f t  conducted c o m p a t i b i l i t y  t e s t s  of FM-9 M w i t h  t y p i c a l  
f u e l  sys tem elrastamers - b u t a d i e n e  r u b b e r  and f l t o o r o s i l i c a n e  r u b b e r .  They 
soaked t h e  e l a s t o m e r s  i n  FM-9 AML( f u r  s i x  months and p e r i o d i c a l l y  i n s p e c t e d  them, 
A t  t h e  end o f  t h e  s i x  month t e s t ,  PWA found no c r a c k  o r  m a t e r i a l  c r a z i n g  i n  any o f  
t h e  test specimens ( r e f e r e n c e  121, The measured mechan ica l  p r o p e r t i e s  s t a b i l i z e d  
a f t e r  one week o f  soak ing .  

They a l s o  i n v e s t i g a t e d  t h e  c o m p a t i b i l i t y  o f  FM-9 AMK w i t h  d i f f e r e n t  chemical  
a d d i t i v e s  r o u t i n e l y  used i n  j e t  f u e l s  ( r e f e r e n c e  i 2 ) .  These were:  H i t e c  E5l5 ,  a  
c o r r o s i o n  i n h i b i t e r l l u b s i c i t y  a g e n t ;  J F U ,  a t h e m a l  s t a b i l i t y  improver;  B iobar  J F ,  
a b i o c i d e ;  e t h y l e n e  glycol-mnomethyX e t h e r ,  an  a n t i - i c i n g  a g e n t ;  and N,M1-disali-  
c y l r d e n e  l , 2 - - p r o p a n e - d i m i n e ,  a m e t a l  d e a c t i v a t o r .  A l l  additives excep t  rhe  
a n t r - i c ~ n g  agent  were b lended w i t h  undegraded,  batch-blended AMI( i n  amounts 10 
s lmes Chase normal ly  used and t h e n  obse rved  f o r  f i v e  d a y s ,  The a n t  i - i c i n g  agen t  
was t e s t e d  a t  t h e  recommended a l lowance ,  

Tnc metal  deacs  i v a t o r  produced no o b s e r v a b l e  r e a c t i o n ,  me c o r r o s i o n  i n h i b i t o r /  
l u b r i c i t y  agen t  showed a s l i g h t  t u r b i d i t y  a f t e r  one day. The the rmal  s t a b i l i t y  
d d d i t i v e  produced a s m a l l  amount of p a r t i c u l a t e  p r e c i p i t a t e  a f t e r  f o u r  days  a s  d i d  
che  J e t  A c o n t r o l  sample ,  The a n t i - i c i n g  a g e n t  produced a l a c y  d e p o s i t .  The 
b l o c l d e  d e p o s i t e d  a f i l m  on t h e  w a l l  of t h e  t e s t  v e s s e l  a f t e r  f o u r  d a y s ,  

I n  a second t e s t ,  PWA blended t h e  a d d i t i v e s  w i t h  undegraded M i n  t h e  recommended 
a l l o w a b l e  m o u n t s ,  %he a n t i - i c i n g  agen t  was t h e  o n l y  one t o  produce a p r e c i p i t a t e ,  
a l acy  d e p o s i t  as i n  t h e  f i r s t  t e s t .  The m e t a l  d e a c t i v a t o r  f o m e d  a s m a l l  amount 
o f  p r e c i p i t a t e  i n  t h e  c o n t r o l  sample o f  J e t  A b u t  produced n o t h i n g  i n  t h e  M R ,  

Pra t l :  & a i t n e y  a l s o  measured t h e  e f f e c t  of  on l i g h t ,  copper  t u r n i n g s  f o r  48 
h o u r s ,  T e s t  r e s u l t s  i n d i c a t e d  t h a t  c a p p e r  was more r e a c t i v e  w i t h  M t h a n  w i t h  J e t  
A. Mowever, bronze p a r t s  o f  a f u e l  p m p  used f o r  more than  100 h o u r s  i n  t h e  
p r o g r m  showed no adverse  e f f e c t s  from M, whether  t h i s  would be s i g n i f i c a n t  o v e r  
t h e  long term i s  unknown. I n  i t s  f u e l  a n a l y s i s  and q u a l i t y  c o n t r o l  t e s t s ,  PWA 
measured 3.4 t o  3.7 ppm of  s o d i m  i n  s i x  b l e n d s  of  M. These l e v e l s  of sodium 
would a p p r e c i a b l y  a c c e l e r a t e  h o t - s e c t i o n  c o r r o s i o n  i n  a j e t  e n g i n e .  However, 
I m p e r i a l  Chemical I n d u s t r i e s  i n f b m e d  t h e  FAA t h a t  i t  planned t o  change t h e  process 



used i n  making PM-9 powder i n  o r d e r  t o  e l i m i n a t e  t h e  s o d i m  ( r e f e r e n c e  3 l ) ,  
Samples of  sodium-free A% were  l a t e r  p rov ided  by ECZ and t e s t e d  by FAA a n  the  
Technica l  C e n t e r  wing-fuel  s p i l , l a g e  f a c i l i t y .  The s o d i m - f r e e  AMK provided t h e  
same f i r e  p r o t e c t i o n  c a p a b i l i t y  a s  t h e  r e g u l a r  W. 

An i n v e s t i g a t i o n  was under taken  by ICI i n t o  M ' s  c o m p a t i b i l i t y  w i t h  J e t  A ( r e f e r -
ence  3 2 ) .  Tn e a r l i e r  l a b o r a t o r y  and f i e l d  t e s t  work, b o t h  FAA and ICL encounte red  
a g e l  t h a t  f o m e d  when AMK c a e  i n t o  c o n t a c t  w i t h  r e s i d u a l  J e t  A o r  when J e t  A was 
added t o  AMK, They r e p o r t e d  t h a t  when t h e  n i x e d  f u e l  was used i n  a smal l  pump-
d e g r a d e r  sys tem,  g e l  cou ld  be f o m e d  due t o  s h e a r i n g  a c t i o n .  There  appeared t o  be 
no problem when t h e  W p r o p o r t i a n  was g r e a t e r  t h a n  50 p e r c e n t  o r  i f  t h e  d i l u t i o n  
was done w i t h  degraded M o r  S e t  A t r e a t e d  w i t h  g l y c o l ,  Both 6 C I  and FAA agreed  
t h a t  t h i s  g e l  f o r n a t i o n  due t o  s h e a r i n g  m i x t u r e s  o f  J e t  A aZnd ( l e s s  t h a n  50 per-
c e n t )  m posed a p o t e n t i a l l y  s e r i o u a  o p e r a t i o n a l  problem and would r e q u i r e  f u r t h e r  
s t u d y .  

&TERNATE ADDITIVES. 


For t h e  AMK development prograun, t h e  FAA had asked XCZ t o  f r e e z e  t h e  formula  f o r  
i t s  a n t i m i s t i n g  s l u r r y  i n  August 1983. The c m p a s i t i o n  agreed  to a t  t h a t  t ime was 
a 25 p e r c e n t  c o n c e n t r a t i o n  o f  FM-9 i n  a g l y c o l  m i n e  car r ier  f l u i d ,  m i s  was t h e  
f o r n u l a t i o n  t h a t  was used i n  t h e  subsequen t  d e v e l o p e n t  and t e s t  p r o g r m s  i n  the 
United S t a t e s  and Uni ted  Kingdm. Qn i t s  o m ,  I C I  c o n t i n u e d  t o  d e v e l o p  new FM-9 
composi t ions .  The FAA and i t s  c o n t r a c t o r s  r e s t e d  some of of  t h e  new lC% c m p o s i -
t i o n s  a s  w e l l  as a d d i t i v e s  s u p p l i e d  by Arco, Conoco, and Dow ( r e f e r e n c e s  3 3  and 
3 4 2 ,  A p o l y i s o b u t y l e n e  produced by B B F  was a l s o  t e s t e d  a s  p a r t  af work on a 
c r y o f r a c t u r i n g  b lend ing  p r o c e s s .  fils l a r g e - s c a l e  f l  a b i l i t y  t e s t s  were r u n  on t h e  
p o l y i s o b u t y l e n e  becauae of  i t s  known low t e m p e r a t u r e  p a p a b i l i t y  problems, 

The Arco, Conoco and Dow a d d i t i v e s  passed  t h e  l a b o r a t o r y - s c a l e  FGTA r e s t s  and were 
t e s t e d  on the  Large-scale ,  wing-fuel  s p i l l a g e  f a c i l i t y .  The Gonoco and Arco 
a d d i t i v e s  showed s u f f i c i e n t  f i r e  p r o t e c t i o n  p o t e n t i a l  t o  w a r r a n t  f u r t h e r  t e s t i n g  
w i t h  regard  t o  t h e i r  c o l d  f low and p m p a b i l i t y  c h a r a c t e r i s t i c s .  Low t e m p e r a t u r e  
pumpabi l i ty  t e s t s  on t h e  Arco and donoco a d d i t i v e s  u s i n g  a  s m a l l  Cessna 441 boos t  
p m p  ( r e f e r e n c e  3 4 )  *were run  by JPL. Both a d d i t i v e s  d i s p l a y e d  u n a c c e p t a b l e  low 
tempera tu re  punrpabil i ty.  But JPL a l s o  found t h a t  t h e  low t e m p e r a t u r e  pumpabi l i ty  
a f  i n l i n e  blended FM-9 AMK was u n a c c e p t a b l e  w i t h  t h e  s m a l l  Cessna b o a s t  p u p ,  
Using a  DC-10 boos t  p m p  w i t h  a much h i g h e r  f low r a t e ,  JPE o b t a i n e d  a c c e p t a b l e  low 
tempera tu re  pumpabi l i ty  r e s u l t s  w i t h  FM-9, i n d i c a t i n g  t h a t  p m p  s i z e  o r  c o n f i g u r e -
t i a n  has an g e t  undef ined e f f e c t .  S i m i l a r  r e s u l t s  i n  t h e  DC-TO boos t  pump 
might be o b t a i n e d  w i t h  t h e  Arco and Conoco a d d i t i v e s .  

M PRODUCTION. 

E a r l y  i n  t h e  AMK program, r e s e a r c h e r s  recognized  t h e  d e s i r a b i l i t y  a f  blendling 
ant imiat r ing a d d i t i v e s  i n t o  jet: f w l  a t  t k a i r c r a f t  f u e l i n g  p a i n t  ( r e f e r e n c e s  35 
and 3 6 ) .  Xntroduct ion of  t h e  a d d i t i v e  a t  an  e a r l i e r  s t a g e  would i n c r e a s e  c o s t s ,  
u n i n t e n t i o n a l  d e g r a d a t i o n ,  and t h e  p o s s i b i l i t y  o f  c o n t a m i n a t i o n  ( r e f e r e n c e  3 7 1 ,  
But i t  was no t  u n t i l  l a t e  1983 t h a t  FN-9 a n t i m i s t i n g  a d d i t i v e  became a v a i l a b l e  a s  a 
s l u r r y  s u i t a b l e  f o r  i n l i n e  b l e n d i n g ,  

\ 

The  s l u r r y  developed by I C I  c o n s i s t e d  of 25 p e r c e n t  (by weigh t )  FM-9 powder 
d i s p e r s e d  i n  a c a r r i e r  f l u i d  of g l y c o l ,  amine, and w a t e r .  P r i o r  t o  t h i s  t ime ,  FAA 
and i t s  c o n t r a c t o r e  worked w i t h  batch-blended AEJlK ( J e t  A mixed w i t h  FM-9) s u p p l i e d  
by t h e  manufac tu re r ,  o r  t h e y  blended liMX u s i n g  FM-9 parrrder s u p p l i e d  by XCI. me 



batch-blended U,: p e r c e n t  FM-9 AIvlK comprised Q , 3  p e r c e n t  ( b y  we igh t )  FM-9 p u l m e r ,  
0.0 percen t  (by weigh t )  glycol[arnine c a r r i e r  f l u i d ,  and 9 9 - 2  p e r c e n t  ( b y  we igh t )  
.Jet A. 

Y v s t  of t h e  s h e o l o g i c a l  and c h a r a c t e r i z a t i o n  d a t a  an CaMK r e s u l t e d  from t h e  e a r l y  ' 

w o r ~witn batcil-blended f u e l s ,  Researchers  l a t e r  found t h a t  c e r t a i d  A m  charac-
t e r i s t i c s  such a s  f i l t e r a b i l i t y  and low t e n p e r a t u r e  p m p a b i l i t y  d i f f e r e d  s i g n i f i -  
c a n t l y  i n  batch-blended and i n l i n e - b l e n d e d  ( r e f e r e n c e s  10  and 381, 

The FAA and i t s  c o n t r a c t o r s  worked e x t e n s i v e l y  on t h e  development and o p t i m i z a t i o n  
o f  l n l i n e  b lend ing  of M ( r e f e r e n c e s  39, 4.0, and 4 1 ) .  'rtris work y i e l d e d  f o u r  
i n l i n e  b l e n d e r s  w i t h  c a p a c i t i e s  of 1 l i t e r / m i n u t e ,  10 g a l l o n / m i n u t e ,  25 g a l l o n /  
minute and 50-125 ga l lon /minu te  ( f i g u r e  8).  A l l  t h e  b l e n d e r s  f o l l o w  t h e  same 
b a s i c  d e s i g n .  To i n s u r e  p r e c i s e  f low carn t ro l ,  a v a r i a b l e  speed ,  p r o g r e s e i v e  c a v i t y  
p m p  i s  used t o  p m p  and metes  t h e  FM-9 s l u r r y .  m e  metered s l u r r y  i s  i n j e c t e d  
r n t o  t h e  J e t  A s t r e a m  i n m e d i a t e l y  upst ream of  t h e  s t a t i c  mixing t u b e .  Set A i s  
s u p p l i e d  t o  a f l o w  c o n t r o l  d e v i c e  by an e x t e r n a l  p m p  i n  t h e  125 ga l /min  b l e n d e r ,  
The f l o w  c o n t r o l l e r ,  o v e r  a l i m i t e d  p r e s s u r e  range ,  a u t o m a t i c a l l y  a d j u s t s  t o  
changes i n  system and i n l e t  p r e s s u r e s  t o  a s s u r e  a c a n s t a n t ,  p r e s e t  f low r a t e ,  

A f t e r  the  FM-9 s l u r r y  i s  added t o  t h e  S e t  A a t r e a ,  t h e  blended f u e l  p a s s e s  through 
s t . a t l c  mixing t u b e s ,  n e s e  t u b e s  r e l y  ora a combinat ion o f  h i g h  f l u i d  Reynolds 
raunnber and f l u i d  r e s i d e n c e  t ime t o  b lend  t h e  s l u r r y  and J e t  A i n t o  a homogenous 
f l u i d .  The degree  o f  d i s p e r s i o n  and blendi.ng ach ieved  by the s t a t i c  mixing t ~ s b e s  
de te rmines  t h e  a n t i m i s t i n g  p o l p e r ' s  d i s s o l u t i o n  i n  t h e  J e t  A and,  t h e r e f o r e ,  i s  an 
important: f a c t o r  i n  b lend ing  h igh  q u a l i t y  AEarC f u e l ,  The p r 0 p e r t i . e ~  o f  t h e  s l u r r y  

-- chemical  and p h y s i c a l  - are  a l s o  an iapor taat :  f a c t o r  in. d e t e m i n i n g  t h e  
q u a l i t y  o f  t h e  b lended a n t i m ~ a t i n g  f u e l .  

Based on i t s  e x p e r i e n c e  ga ined  i n  t h i s  program, FAA e s t a b l i s h e d  t h e  s p e c i f i c a t i o n s  
shorn i n  t a b l e  1 f o r  inlia-re blended PM-9 W ( r e f e r e n c e  4 2 ) .  Work by J P L  w i t h  
different J e t  A base  f u e l s  shewed t h a t  o n l y  t h e  f u e l ' s  a romat ic  c o n t e n t  s i g n i f i -
c a n t l y  impacted t h e  f i n a l  c h a r a c t e r i s t i c s  o f  t h e  blended a n t i m i s t i n g  f u e l  
( r e f e r e n c e  3 9 ) ,  

TABLE I ,  AP1K SPECXFICATSOISS 

FM-9 P a l p e r  0 ,302 st. 0.02% By Weight ( A S m  L) 381) 

CZarity* XO Ntu (Max.) 

O r i f i c e  FLOW Cup* 2,5 ~ 1 / 3 0S e c ,  (Max,) 

F i l t e r  Rat io* 35-I00 

T o t a l  Water 230 PPM Max. (ASTM D 1744-641 

Appearance Uni Eom; No V i s i b l e  Sediment 

S t a b i l i t y  6 Months (Min,)  

J e t  A Base F u e l  Commercial Grade (ASJIM D 1655) 

Aromatics 12% (Min.1 

T o t a l  Water 80 PPM Max, 

(ASTM D 1744-64)
b 


*30 Minutes A f t e r  Blending 
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RESERVIOR 

JET A 
SUPPY 

FIGURE 8. PICTURE AND SCHEMATIC OF I N L I N E  BLENDER 
Largest o f  the four inline blenders developed by FAA and its contracfors, 
the 50-125 gallans/minu@e unit (top) was used to blend M4.K for the C I D  
B-720 aircraft. All blenders worked an the same principles illustrated 
by the schematic (bottom). 

\ 



LC1 h e r i c a s  produced Avgard" ( r e g i s t e r e d  tradmark of  P C I )  s l u r r y  i n  240-pound 
(maximum) ba tches  and d e l i v e r e d  i t  i n  s e a l e d  c o n t a i n e r s  ho ld ing  40 pounds of  
6 l u r r y .  LC1  provided an a n a l y s i s  f o r  each ba t ch  of  s l u r r y  t h a t  had t o  meet t h e  
s p e c i f i c a r i a a s  l i s t e d  i n  t a b l e  I ,  

Blending s t u d i e s  by t he  W and JPL demonstra ted that ,  f r e s h l y  i n l i n e  blended FM-9 
K M X  f u e l  developed adequate  f i r e  r e s i s t a n c e  a f t e r  a 15 t o  20 minute  ag ing  p e r i o d ,  
provided t h a t  t he  t empera ture  a t  b lend ing  and t h e  a romat ic  con t en t  a f  t h e  f u e l  were 
not too  Law ( r e f e r e n c e s  8 and 391 ,  W e n  t h e  t empera ture  was below 0" C and t h e  
aromat ic  con ten t  of t h e  base  f u e l  was below 12 p e r c e n t ,  p o l p e r  p a r t i c l e s  tended t o  
s e t t l e  o u t ,  

I n  some e a r l y  s t u d i e s ,  f i l t e r  r a t i o  r e s u l t s  i n d i c a t e d  t h a t  f r e s h l y  in l ine-b lended  
FM-9 AitlK appeared t o  be more d i f f i c u l t  t o  degrade than  hatch-blended f u e l ,  which 
had t ime t o  e q u i l i b r a t e  ( r e f e r e n c e s  43, 44, and 4 5 ) .  Both JPL and SwRf, f o r  
example, degraded samples of t h e  e q u i l i b r a t e d  batch-blended and f r e s h l y  i n l i n e -  
blended FH-9 M and then  conducted f i l k e r  r a t i o  t e s t s  on t h e  degraded f u e l  samples 
a f t e r  they had cooled t o - m b i e a t  t empera ture .  The in l ine-b lended  f u e l  samples 
y i e lded  f i l t e r  r a t i o s  I0 t o  20 t imes  h ighe r  than  t h e  batch-blended samples.  
Desp i te  t h e  d i f f e r e n c e s  i n  t h e i r  f i l t e r  r a t i o s ,  i n  s imul taneous  degrada t ion-  
f i l t r a t i o n  t e s t s ,  a l l  t h e  f u e l  samples passed through squa re  mesh, me t a l  f i l t e r s  of 
4.0 t o  200 microns wi thout  plugging,  F i l t e r  r a t i o  masnre raen ts  d o n ' t  always give a 
v a l i d  i n d i c a t i o n  of f u e l  d e g r a d a b i l i t y ,  In  i t s  c h a r a c t e r i e a t i s a  s f  degraded M, 
JPL a a t e d  t h a t  o f t e n  wi.th f r e s h l y  blended A l l  t h e r e  would be undisso lved  polyzaer 
t h a t  was not degraded ( r e f e r e n c e  451,  Consequent ly ,  i f  f i l t e r  r a t i o  tests  an t h e s e  
samples were net  run w i t h i n  one minute a f t e r  deg rada t i on ,  t h e  undegraded p o l p e r s  
would s w e l l ,  producing high f i l t e r  r a t i o  r e ad ings ,  

P C I  and o t h e r s  warked on ways of a c c e l e r a t i n g  t h e  d i s s o l u t i o n  of t h e  FM-9 
a n t i m i s t i n g  p o l p e r  i n  j e t  f u e l  In e f f o r t s  t o  reduce t h e  e c l u i l i h r a t i o n  rime and t h e  
power requ i red  t o  degaede inlirae-blended W ( r e f e r e n c e s  33  and 46) .  I n  March 
1983, ECL developed a new s l u r r y  w i th  a higher  s o l i d  l oad ing  t h a t  had e x c e l l e n t  
d i s s o l u t i o n  p r o p e r t i e s .  In  t e s t s  a t  FBB, RCZ, and t h e  W, MK f u e l  made from t h i s  
s l u r r y  successfuZly demonstra ted f i r e  r e s i s t a n c e  p r o p e r t i e s  and d e g r a d a b i l i t y  
w i t h i n  1.5 minutes of b lend ing .  Because the  s l u r r y  was w a i l a b l e  on ly  i n  l i m i t e d  
qnant i t i e s ,  i t  was not used i n  F M %  f u l l - s c a l e  v a l i d a t i o n  programq' 

T h e  FAA. sponsored s t u d i e s  a t  JPL ow t h k  e f f e c t s  of d i f f e r e n t  base f u e l s  on t he  
p roper t  i e s  and p e r f o m a n c e  a f  a n t i m i s t i n g  f u e l s  ( r e f e r e n c e  39). Researchers  from 
JPL found s i g n i f i c a n t  d i f f e r e n c e s  i n  a l i m i t e d  sampling of t h e  J e t  A base  f u e l s ,  
But w i th  the  excep t ion  of aromat ic  c o n t e n t ,  which had t o  be a t  l e a s t  12 p e r c e n t ,  
t h e s e  v a r i a t i o n s  d i d  not s i g n i f ~ c a n t l y  a f f e c t  M c h a r a c t e r i s t i c s .  

A s t u dy  was conducted by JPL f o r  t h e  FAA on t h e  problems a s s o c i a t e d  w i th  i n l i n e  
blending N a t  d i f f e r e n t  base  f u e l  t empera tures  ( r e f e r e n c e  4 7 ) .  Using a 1 l i t e r /  
mi11 b l ende r ,  JPL r e s e a r c h e r s  made a s e r i e s  of b l ends  w i t h  t h e  J e t  A ba se  f u e l  
a t  d i f f e r e n t  t empera tures  from -35" C t o  40" C ,  Fram t h e s e  t e s t s ,  JPL concluded 
t h a t  t h e  op r imm blend ing  tempera ture  range f o r  AMK was between O 0  G and 30" C ,  
When blended w i th  a base f u e l  above 30" C ,  t4MK l o s t  some of i t s  f i r e  p r o t e c t i o n  
c a p a b i l i t i e s ;  and above 33" C, i t  l o s t  a l l  f i r e  p r o t e c t i o n  p r o p e r t i e s .  The JPL 
r e s e a r c h e r s  a l s o  found t h a t  when AlvlK was blended a t  t empera tures  below 6" C ,  
t h e  d i s s o l u t i o n  r a t e  f u r  t he  polymer w a s  t o o  slow f o r  t h e  f u e l  t o  develop an t imis t - -  @ 

i n g  p r o p e r t i e s  w i t h i n  t h e  goa l  o f  15 t o  20 minutes  a f t e r  b l end ing .  



- -- -- - 

In another FAA sponsored s tudy ,  General Technology App l i ca t ions ,  Lne, CGTA), " 

i nves t iga t ed  i t s  e r y a f r a c t u r i n g  process  a s  a method f o r  r a p i d l y  d i s s o l v i n g  a n t i -  
mis t ing  a d d i t i v e s  i n  Je t  A ( r e f e r e n c e  33) .  This  process  used a hammer m i l 1  cooled 
by l i q u i d  n i t rogen  t o  break in t ramolecular  bonds and produce a c t i v e  s u r f a c e s  on 
p o l p e r  p a r t i c l e s  which would i n t e r a c t  w i th  l i q u i d  hydrocarbons t o  a c c e l e r a t e  
d i s s o l u t i o n .  The process  worked we l l  i n  blending Jet A and Oppanol B-230, a high 
molecular weight polyisobutylene polymer wi th  time dependent s o l u b i l i t y  and an t i -  
mis t ing  p r o p e r t i e s .  But a t tempts  t o  blend J e t  A and FM-9, which was suppl ied  as a 
f i n e  p o d e r ,  were unsuccessfu l .  

A s  par t  of the  M s a f e t y  work, FsLA demonstrated i n  l imi t ed  t e s t s  t h a t  jet  engines 
could opera te  on undegraded a n t i m i s t i n g  f u e l ,  But stcddiea i n  the  United S ta tes  and 
United Kingdm c l e a r l y  showed t h a t  f o r  modern j e t  engines t o  s t a r t  and t o  ope ra t e  
e f f i c i e n t l y  and c l e a n l y  an  W, t h e  FM-9 a n t i m i s t i n g  polymer must be h igh ly  
degraded t o  r e s t o r e  the W a s  c l o s e l y  a s  poss ib l e  t o  Jet A p r o p e r t i e s  p r i o r  t o  
c m h u s t i a n .  

The r e l a t i o n s h i p  mong degrada t ion  l e v e l s ,  Euel a tomiza t ion  and cmbua t  ion e f f  i-
ciency and s t a b i l i t y  were i n v e s t i g a t e d  by JPL ( r e f e rence  4 8 ) .  Thei r  r e sea rche r s  
used a Eucl nozzle from a PWA JT8D engine t o  produce M sp rays  a t  flow r a t e s  
corresponding t o  engine i g n i t i o n ,  i d l e ,  c r u i s e ,  and takeoff  cond i t i ons .  They 
t e s t e d  J e t  A (FR -- l ) ,  undegraded AMK (FR Ei 301, and degraded AMK with f i l t e r  
r a t i o s  of 1.2,  1 . 3 ,  1.5, 1 . 6 ,  6 . 6  and 20. 

A t  a l 1 power s e t t i n g s ,  JPL found t h a t  co6bust ian e f f i c i e n c i e s  decreased with 
inc reases  .in f i l t e r  r a t i o .  Also, unburned hydrocarbons and carbon monoxide 
emissions increased wi th  inc reases  i n  f i l t e r  r a t i o  and d r o p l e t  s i z e s .  For m, 
with  a 1.2 f i l t e r  r a t i s  a t  i d l e ,  c m b u s t i o n  e f f i c i e n c y  dropped t o  99 percent  from 
99.3 percent  wi th  Je t  A.  Combustion e f f i c i e n c y  dropped f u r t h e r  t o  97.9 percent  
when the f i l t e r  r a t i o  rose  t o  1.5.  These r e s u l t s  c o n f i m e d  .thoee obtained e a r l i e r  
by PWA and Lucas Aerospace ( r e f e r e n c e s  13 and 4 9 ) .  

The FAA. and W and t h e i r  c o n t r a c t o r s  i n v e s t i g a t e d  va r ious  methods f o r  degrading 
M K ,  A l l  of them produced a nee energy l a s s  t o  t he  engine cycle ,  In any futr l re  
des igns ,  however, t he  degrader would be  designed as  an i n t e g r a l  p a r t  s f  t he  engine 
f u e l  pump and con t ro l  system. t o  keep w i g h t  and energy p e n a l t i e s  t o  a m i n i a m ,  

I n  work f o r  the  RAE, P lessey  Aerospace Ltd ,  developed a cmbined  pmp-degrader 
based on the BP 240 m i n  engine Euel pump from t h e  Phantom-Spey a i r c r a f t  Q r e f e r -
ences 50 and 51) .  Plessey  r e s t e d  t h e  u n i t  a t  r o t a t i o n a l  speeds of 5,000 t o  12,000 
rm and a t  f u e l  flow r a t e s  from 0,505 t o  1.26 l i t e r s l s .  A t  a s p e c i f i c  power of 6 3  
k w j l i t e r ,  i t  degraded M i n  a s i n g l e  pass  to  1.4 f i l t e r  r a t i o  from 24. The l a r g e  
power requirement of the  pmp-degrader  l ed  P lessey  t o  conclude t h a t  a systems 
approach would be h ighly  d e s i r a b l e  i n  o rde r  t o  t ake  advantage of t h e  degrada t ion  
provided by o t h e r  components such a s  boost punrps, 

P lessey ,  a long with PWA and JPL, i n v e s t i g a t e d  nomechan ica l  means f o r  degrading ANK 
inc luding  u l t r a v i o l e t - l i g h t ,  c a t a l y s i s ,  u l t r p s o n i c s ,  l a s e r s ,  c a v i t a t i o n  and c e n t r i -  
fuges ,  P lessey  concluded t h a t  t h e  nomechan ica l  Leihods *re i n e f f e c t i v e ,  t o o  
s l ~ w ,o r  not s u i t a b l e  f o r  a i r c r a f t  ope ra t ions  ( r e f e rence  50).  Comerc i a l  cav iea-
t i o n  devices  were used by PWA t o  degrade AMK s u c c e s s f u l l y ,  bu t  s i z e  and power 
requirements precluded t h e i r  use i n  a i r c r a f t  ( r e f e r e n c e  12) .  Both PWA and United 
Technologies Research Center  be l i eve ,  however. t h a t  AMK can be degraded adequately 



wiih a m u l t i s t a g e  c a v i t a t i n g  v e n t u r i  based on r e s u l t s  of t e s t s  w i t h  a s i n g l e - s t a g e  
u n r t  ( r e f e r e n c e  52 ) .  

Ln the  Uni ted  S t a t e s ,  SwRI developed a  hydro-mechanical d e g r a d e r  t h a t  used a  v a r i -  
a b l e  f low pump t o  r a i s e  AMK t o  h i g h  p r e s s u r e  (2,000-4,000 p s i )  and f o r c e  t h e  f u e l  
through flow r s z s t r i c t o r s  - packed heads ,  m e t a l  s c r e e n s  o r  a n e e d l e  v a l v e  
degrade  t h e  a n t i m i s t i n g  p o l p e r  ( r e f e r e n c e  6 ) .  Morking w i t h  batch-blended f u e l ,  

SwKI was a b l e  t o  a c h i e v e  f i l t e r  r a t i o s  o f  1 .2  i n  a  s i n g l e  p a s s  th rough  i t s  d e g r a d e r  
a t  a s p e c i f i c  d e g r a d e r  power of 15 k w / l i t e r  ( r e f e r e n c e  5.31, 

The SwqI d e g r a d e r  used an a x i a l  p i s t o n  p m p  frqm a TP30 e n  i n e  d r i v e n  by a 50 h p
e l e c t r x c  motor through a  magne t i c  c o u p l ~ n g  devace ,  A needi!e v a l v e ,  l o c a t e d  h m e d i -
a t e l y  downstream of  t h e  punrp, a c t e d  as a v a r i a b l e  a r e a  o r i f i c e  t o  m a i n t a i n  a 
c o n s t a n t  p r e s s u r e - d r o p  a v e r  a  wide range  of f u e l  f l a w  r a t e s .  The speed l i m i t a t i o n  
o f  t h e  e l e c t r i c  motor r e s t r i c t e d  t h e  m a x i m a  f l a w  r a t e  t o  about l,50O k g l h a u r ,  
which r e p r e s e n t e d  c r u i s e  c o n d i t i o n s  f a r  t h e  JT8D commercial  eng ine .  

W ~ c h  t h i s  d e g r a d e r ,  SwKl e v a l u a t e d  t h e  f i l t r a t i o n  pesfomkance s f  degraded w i t h  
f i l t e r s  from t h e  JT8D and CF6 e n g i n e s ,  The f i l t e r s  were l o c a t e d  immediate ly  d o m -  
s t r e m  of t h e  n e e d l e  v a l v e  d e g r a d e r ,  The r e s u l t s  showed t h a t  AMR degraded a t  a 
s p e c i f i c  power of 21 k w d l i t e r  c o u l d  f low th rough  t h e s e  f i l t e r s  rssader c r u i s e  condi-  
t i o n s  a t  p r e s s u r e s  c l o s e  t o  t h o s e  f o r  J e t  A,  The r e s u l t s  remained v i r t u a l l y  t h e  
same when d e g r a d e r  s p e c i f i c  power was reduced t o  14 kw/%itexp, But when t h e  
t e m p e r a t u r e  was lowered below 8" C, s p e c i f i c  d e g r a d e r  p w e r  had t o  be i n c r e a s e d  
t o  29 k w l l i t e r  t o  produce s a t i s f a c t o r y  f i l t e r  p e r f o m a n c e  ( r e f e r e n c e  4 ) .  

Ira l a t e r  work w i t h  in l ine -b lended  AMK, 8 w R I  found t h a t  i t  appeared  t o  be more 
d i f f i c u l t  t a  degrade f r e s h l y  i a l i n e - b l e n d e d  f u e l  t h a n  e q u i l i b r a t e d  batch-blended 
f u e l  ( r e f e r e n c e  111,  A t  t h e  same s p e c i f t c  power, t h e  n e e d l e  v a l v e  d e g r a d e r  
ach ieved  a f i l t e r  r a t i o  s f  10  f o r  t h e  i n l i n e - b l e n d e d  f a e l  and 1,2 f o r  t h e  e q u i l i -  
b r a t e d  batch-blended f u e l .  But c r i t i c a l  v e l o c i t y  measurements made by SwRI  i n  i t s  
d e g r a d a t i o n - f i l t r a t i o n  t e s t s  i n d i c a t e d  t h a t  t h e  in l ine -b lended  A&%K was only-
s l i g h t l y  msre r e s i s t a n t  t o  d e g r a d a t i o n  t h a n  t h e  f u l l y  e q u i l i b r a t e d  batch-blended 
MKS Arr d i s c u s s e d  e a r l i e r  i n  t h e  s e c t i o n  on M K  p r o d u c t i o n ,  i n d i c a t e d  f i l t e r  
r a t i o s  f o r  f r e s h l y  i n l i n e - b l e n d e d  Ali3[M a r e  m i s l e a d i n g .  

For i t s  d e g r a d a t i o n  s t u d i e s ,  J P L  used a n e e d l e  v a l v e  d e g r a d e r  s i m i l a r  t o  one used  
by  SwRI ( r e f e r e n c e  5 4 ) .  It demons t ra ted  t h a t  f r e s h ,  i n l i n e - b l e n d e d  M c o u l d  be 
degraded and f i l t e r e d  th rough  a 325 mesh wash f low f i l t e r  w i t h i n  20 minu tes  o f  
b lend ing  a t  20' C. A s p e c i f i c  d e g r a d e r  power of  27.6 e t w l l i t e r  was used ,  P r e s s u r e  
d r o p  a c r o s s  t h e  degrcader was 4,000 p s i ,  Bur when t h e  t e m p e r a t u r e  was lowered t o  
-20" C ,  t h e  AMK, degraded a t  the  same s p e c i f i c  power of  27 .6  k w l l i t e r ,  f a i l e d  t h e  
f i l t e r a b i l i t y  t e s t .  

i.n l a t e r  m r k  on t h e  d e g r a d a t i o n  of  c o l d ,  f r e s h l y  i n l i n e - b l e n d e d  M, JPL modif ied  
t h e  d e g r a d e r  by adding a  r e c i r c u l a t i o n  l a a p ,  a bypass  Loop h e a t e r ,  and a coun te r -
f l o w  h e a t  exchanger  t o  h e a t  t h e  incoming, c o l d  A&% ( r e f e r e n c e  47) .  These modi f i -  
c a t i o n s ,  a c c o r d i n g  t o  JPL,  g r e a t l y  improved t h e  low t e m p e r a t u r e  p e r f o m a n c e  of  t h e  
d e g r a d e r .  For a 38 p e r c e n t  r e c i r c u l a t i o n  and a 4 ,000  p % i  p r e s s u r e  d rop  a c r o s s  t h e  
n e e d l e  v a l v e ,  t h e  d e g r a d e r  power requ i rement  was 44 k w l l i t e r .  

Genera l  E l e c t r i c  ( G E )  developed a p r o t o t y p e  f l i g h t  d e g r a d e r  f o r  t h e  FAA based a n  
t h e  h igh  speed ,  augmentor c e n t r i f u g a l  pump f o r  i t s  m i l i t a r y  F101 e n g i n e  ( r e f e r e n c e s  
55 and 561, I n  bench t e s t s ,  the\GE u n i t  degraded i n l i n e - b l e n d e d  AMK t a  h igh  l e v e l s  



(FR = 1.2) over  a f u l l  range of flow cond i t i ons .  The s p e c i f i c  f u e l  consumption 
pena l ty  f o r  engine gea r  box power t o  o p e r a t e  t h e  purmp-degrader, accord ing  t o  GE,  
would be r e l a t i v e l y  low, The u n i t  was flown on t h e  No, 3 engine  of t h e  CV-880 
f l igh t :  t e s t  v e h i c l e  ( f i g u r e  5)  and was used an a l l '  f ou r  engines  of t h e  Cont ro l led  
Impact Demonstration (61D) B-720 a i r c r a f t  ( f i g u r e  101, 

The t e s t  cond i t i ons  s p e c i f i e d  f o r  t h e  GE degrader  were based on t h e  requirements  of 
t h e  GE CJ8Q5 and t h e  PWA JT36 engines  used, r e s p e c t i v e l y ,  i n  t h e  CV-880 and B-720. 
I n  t e r n s  of flow c a p a c i t y ,  t h e  GElFlOl pup -deg rade r  wae cons ide rab ly  ove r s i zed  f o r  
t h e  CV-880 engine ,  which r equ i r ed  up t o  30 gal imin ,  maximura, (The only high speed,  
c e n t r i f u g a l  p u q  h e d i a t e l g  a v a i l a b l e ,  t h e  F l Q l  augmentor p u p  was designed f o r  a 
210 gal /min f law r a r e  on j e t  f u e l , )  Consequently,  t h e  power r equ i r ed  t o  ope ra t e  
t h i s  degrader  was cons iderab ly  h ighe r  t h a n  it wauld be f o r  a degrader  specifically 
designed f o r  t h e  a p p l i c a t i o n ,  General  E l e c t r i c  e s t ima ted  t h a t  a new, high speed,  
c e n t r i f u g a l  bump-degrader designed far  i t s  CP6-80 would r e q u i r e  an input  power of 
on ly  2 5 - 7  shp  a t  c r u i s e  compared t o  t h e  41 shp r e q u i r e d  f a r  t h e  gea r  ptmp c u r r e n t l y  
used on t h i s  engine ( r e f e r e n c e  551, 

P r i o r  t o  t h e  impact demonstrat ion,  t h e  P U  Technica l  Center  conducted s e v e r a l  
engine t e s t s  an  undegraded M f u e l  ( r e f e r e n c e s  57,  58, and 591, The engines  were 
s t a r t e d  on J e t  A f u e l  and &hen switched t a  uradegraded AMK without  any o p e r a t i o n a l  
problems. Sn one t e a t ,  an engine  r a n  c o n t i n u s u l ~ l y  on undegraded IlidulK f o r  approxi- 
mately t h r e e  hours .  The engines  were a b l e  t o  o p e r a t e  a t  r a t e d  t h r u s t  d e s p i t e  
s i g n i f i c a n t  r educ t ions  i n  e f f i c i e n c i e s  which r e s u l t e d  apparent  l y  from t h e  poor 
a tomiza t ion  of t h e  undegraded f u e l ,  Tes t  r e s u l t s  showed i n c r e a s e s  i n  t h r u s t  
s p e c i f i c  f u e l  consumption as high a s  7 pe rcen t  f o r  engine8 o p e r a t i n g  a t  c r u i s e  
condit ions on undegraded M. 

The FAA Technical  Center  r an  a s e r i e s  of ground t e s t a  i n  1982 ueing a VTF30-PI 
engine fue led  wi th  batch-blended, undegraded FM-9 W ( r e f e r e n c e s  57 and 58). The 
eng ine ' s  a f t e r b u r n e r  was rep laced  wi th  a s t r a i g h t ,  c o n i c a l  exhaust  c o l l e c t o r  and 
nozz l e ,  I n  each t e s t  run,  t h e  engine waa s t a r t e d  and brought , t o  i d l e  on Je t  A and 
then  switched over  t o  uadegradcd AMK, The engine  was opera ted  f r m  i d l e  t o  f u l l  
power w i th  a c c e l e r a t i o n s  and d e c e l e r a t i o n s  f o r  a c o r a l  running t i m e  of 2 hours  and 
57 minutee. 

Fobloving t h e  i n i t i a l  run an undegraded dlE?ldC, t h e  eng ine ' s  themodgmamic pe r fomance  
d e t e r i o r a t e d  somewhat. The high p r e s s u r e  compressor had t o  be opera ted  a t  h ighe r  
speed t o  achieve t h e  same p re s su re  r a t i o ;  and t h e  speed match beeween t h e  high and 
low p re s su re  r o t o r s  s h i f t e d .  Turbine d i s cha rge  temperatures  a l s o  i nc reased ,  
i n d i c a t i n g  a p o s s i b l e  d e t e r i o r a t e d  t u r b i n e  cond i t i on ;  and t h e  manifold p r e s s u r e  
produced a t  a  g iven  d r i v e  speed dropped. These c o n d i t i o n s  a r e  be l i eved  t a  have 
r e s u l t e d  from t h e  s h e a r  t h i cken ing  c h a r a c t e r i s t i c s  of W which produced poor 
nozzle  spray  p a t t e r n s ,  w i t h  t he  flame f r o n t  maving c l o s e r  t o  t h e  t u r b i n e  i n l e r  
s tages ,  

I n  support  06 t h e  C I D ,  t h e  FAA Technical  Center  conducted t e s t s  w i th  a PWA JT3C-6 
engine ope ra t i ng  on in l ine-b lended ,  undegraded AKki ( r e f e r e n c e  591, The engine ' s  
f u e l  c o n t r o l  system was modif ied t o  correspond t o  t h e  more s t r i n g e n t  cond i t i ons  of 
t h e  JT3C-7 engines  i n s t a l l e d  i n  t h e  B-720 C I D  a i r c r a f t ,  The t e s t s  were designed t o  
d u p l i c a t e  t h e  cond i t i ons%expec t ed  dur ing  t h e  f i n a l  CLD f l i g h t  t o  d e t e r n i n e  what 
would happen i f  t he  engine degraders  f a i l e d ,  A t o t a l  of  1,348 g a l l o n s  of M were 







blended d i r e c t l y  i n t o  the  B-707 wing tank o f  an i n t e g r a t e d ,  a i r c r a f t  f u e l  system 
r i g  a t  the Technical  Center and rhen fed t o  t he  engine i n  t h e  t e s t  c e l l  by t h e  wing 
tank boos t  pump. The engine, which was s t a r t e d  and shut  d o m  on J e t  A,  opera ted  an 
the undegraded AMK f o r  2 hours and 1 7  minutes.  

P re tes t  and p o s t t e s t  c a l i b r a t i o n s  of t h e  engine on J e t  A f a r  t he se  t e s t s  shqwed no 
s i g n i f i c a n t  d i f f e r e n c e s  i n  engine ope ra t i ng  c h a r a c t e r i s t i c s .  The speed match 
between the  high and low pres su re  compressors remained t h e  same a s  d id  pumping 
c h a r a c t e r i s t i c s  and f u e l  f lew requirements .  Nor were &here  any s i g n i f i c a n t  d i f f e r -  
ences i n  the  eng ine ' s  acce l e r a t i on -dece l e r a t i on  c h a r a c t e r i s t i c s  be fo re  and a f t e r  
t h e  t e s t  on undepraded AMK. No ope ra t i ona l  problems were encounrered dur ing  t h e  
s imulated C I D  miss ion  o r  during a subsequent one hour endurance run on undegraded 
M K ,  D i f f e r e n t i a l  p r e s su re s  ac ros s  the  f u e l  f i l t e r s  d i d  r i s e  but  s t a b i l i z e d ,  
Following the  tests ,  a l l  f u e l  f i l t e r s  were removed and examined, A 1 1  were c l e a n  
and showed no t r a c e  of contaminat ion a r  g e l .  However, no teardowra. i n spec t ions  
were conduc ted . 

e' 

P r i o r  t o  t he  CZD s imu la t i on ,  t h e  Technica l  Center ,  i n  1982 and 1983,  had accumula-
t ed  approximately a15e and a ha l f  hours  exper ience  running t w o  PWA 360-R-6 engines  
on undegraded, batch-blended M, The engines  were s t a r t e d  an Jet A ,  t hen  switched 
t o  undegraded fue l  a t  i d l e  before  being run up t o  c r u i s e  power, No ope ra t i ona l  
problems were encountered. The two J6Q engines  were then  mounted an t he  a f t  fuae-
lage  o f  a su rp lus  RB-66 a i r c r a f t  t h a t  was c r a s h  t es ted  an a Naval A i r  Engineer ing 
Center c a t a p u l t  i n  A p r i l  1983 ( r e f e r e n c e  221, 

LOW TEPIPERATUm BEKAVZOR. 

Because j e t  f u e l  i s  r o u t i n e l y  exposed t o  e x t r m e l y  low tempera tures  i n  a i r c r a f t  
wing tanks  dur ing  f l i g h t  as we l l  a s  i n  above ground f u e l  s t o r a g e  tanks i n  some 
no r the rn  c o u n t r i e s ,  FAA csntnractars  seudied M%low temperature  b e b w i a r ,  

The Boeing Company s tud i ed  the  use of AjMK i n  a i r f r m e  f u e l  systems and i n  c e r t a i n  
c r i t i c a l  engine components ( r e f e r e n c e  603. Boeing used a SO-gallon B-747 wing 
tank,  co ld  f u e l  s imu la to r  f o r  environmental and component t e s t s  ( f i g u r e  11). F a r  
t h e  long term (2-hour) per fomance  t e s t s ,  t h e  Beeing Fue ls  L a b a r a t ~ r y  assembled a 
s imulated B-767 a i r c r a f t  f u e l  feed system. 

Boeing began i t s  t e s t  prograrra wi th  batch-blended f u e l  but switched t o  i n l i ne -
blended AlVlK when i t  became a v a i l a b l e .  For blendisbg and degrading che anbigl is t ing 
f u e l ,  Boeing used a 25-ga%/min blender  and rhe  S w R I  need le  va lve  degrader ,  
both suppl ied by the  FAA Technical  Center .  

Eae ing ' s  t e s t  plan c a l l e d  f o r  the  s tudy  and e v a l u a t i o n  of t h e  fol lowing:  

o  Di f fe rences  between M and J e t  A on a s imula ted ,  earnmercial, a i r p l a n e  
f l i g h t  m d e r  worst  e a se ,  low temperature  cond i t i ons .  

a E f f e c t s  of repeated thermal cyc l ing  and a i r f r ame  motion on the an t inr i s t ing  
c h a r a c t e r i s t i c s  of a, 

o E f f e c t s  of water  and wa te r  vapas i n g e s t i o n  om AMK under worst  case  humidity 
cond i t i ons  during f l i g h t ,  

o Perfomance  of product ion,  f u e l  system components such a s  boas t  plunps, j e t  
pumps, engine dr iven  pumps, arrd capac i tance  q u a n t i t y  gauges wi th  AMX, 
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FIGURE 11. INTERIOR OF GOLD FUEL SIMULATOR TANK 

Drawing shows t he  i n t e r i o r  of t h e  50-gallon co ld  f u e l  s i m u l a t o r  tank used 

by t h e  Boeing Company t o  conduct low tempera ture ,  dynajaic s imu la t i on  t e s t s  

on M. 


o Continuous,  long-time performance sf a commercial a i r c r a f t  boos t  pump wi th  
co ld  AMK, 

L a t e r ,  t h e  FAA added t h e  fo l lowing  secondary o b j e c t i v e s  t o  t h e  Boeing program: 

o Power requ i rements  f o r  degrading AMK a t  low tempesa turea ,  

o Long-term performance of t y p i c a l ,  eng ine ,  f u e l  feed  system f i l t e r s  w i th  c o l d  
w. 

Boeing compared t h e  bulk f u e l  cooldown r a t e  o f  AMF; wi th  t h a t  of J e t  A and found no 
major d i f f e r e n c e s  i n  t h e  thermal responses  of  t h e  two f u e l s ,  A t  -SOo C, Boeing 
no ted ,  t h e  J e t  A tu rned  an opaque yel low whi le  t h e  AMK, remained c l e a r ,  During 
boost  puop o p e r a t i o n ,  s emi t r anspa ren t  s t r a n d s  of g e l  f o r m d  on t h e  f r e e  s u r f a c e  of 

and on t h e  i n t e r i o r  s u r f a c e s  of t h e  t ank  a t  t empera tures  of -20" C and below. 
A r e s u l t  of t h e  boost  pump vapor d i s cha rge  jet. i n t e r a c t i n g  w i th  t h e  AMK, t h e  
s t r a n d s  of g e l  d i s so lved  back i n t o  t h e  f u e l  as  t empera tures  approached arnbienl: and 
never  i n t e r f e r e d  wi th  boast pump o p e r a t i o n ,  



Boeing observed t h e  f a m a t i o n  and d i s a p p e a r a n c e  o f  s i m i l a r ,  t r a n s p a r e n t  s t r i n g s  of  
g e l  d u r i n g  i t s  t h e m a l  c y c l i n g  t e s t s .  V i s u a l  i n s p e c t i o n  o f  t h e  f u e l  t a n k  a f t e r  i t  
was d r a i n e d  showed no g e l  d e p o s i t s  on t h e  i n t e r i o r  s u r f a c e s ,  Designed t o  debermine 
t h e  e f f e c t s  of r e p e a t e d  the rmal  and dynamic c y c l i n g  on t h e  a n t i m i s t i n g  character ism- 
t i c s  of  N, t h e  t e s t s  showed t h a t  AMK r e t a i n e d  i t s  a n t i m i s t i n g  p r o p e r t i e s  a f t e r  
exposure  t o  a s e v e r e ,  low t e m p e r a t u r e ,  f l i g h t  p r o f i l e  w i t h  and w i t h o u t  s l o s h  and 
v i b r a t i o n ,  and even a f t e r  r e p e a t e d  6-hour t h e r m a l  c y c l e s  between 55" C and -60" C 
s ~ i nt e m p e r a t u r e s ,  %%en t h e  s k i n  t e m p e r a t u r e  was -60" C, t h e  b u l k  f u e l  tempera- 
t u r e  was -48" 6.) 

Baeing concluded t h a t  t h e  a n t i m i s t i n g  p r o p e r t i e s  o f  AMK a r e  n o t  a d v e r s e l y  a f f e c t e d  
by law t e m p e r a t u r e  exposure  n o r  by normal a i r p l a n e  f l i g h t  dynamics and v i b r a t i o n  
exposure .  

E x i s t i n g  h e a t  t r a n s f e r  c a l c u l a t i o n  methods can  be used t o  c a l c u l a t e  AMK tempera-
t u r e s  i n  f u e l  t a n k s ,  a c c o r d i n g  t o  Baeing.  m e n  s u b j e c t e d  t o  low t e m p e r a t u r e  
e n v i r o m e n t s ,  W d i s p l a y e d  e s s e n t i a l l y  t h e  same the rmal  r e s p o n s e  a s  J e t  A, 51piis 

means t h a t  e x i s t i n g  models used t o  a n a l y z e  b u o y a n t l y  d r i v e n  ( f r e e  c o n v e c t i o n )  h e a t  
t r a n s f e r  p r o p e r t i e s  of  J e t  A c a n  be a p p l i e d  t o  t h e  same sys tems o p e r a t i n g  w i t h  M K ,  
T h i s  f i n d i n g  is  c o n t r a r y  t o  t h a t  f o r  f a r c e d  c o n v e c t i o n ,  Boeing s a i d ,  where M i s  a 
l e s s  e f f e c t i v e  h e a t  t r a n s f e r  medium, 

Boeing a l s o  e m p i r i c a l l y  deve loped  v e r t i c a l  t a n k  t e m p e r a t u r e  p r o f i l e s  f o r  J e t  A and 
MK, R e s e  p r o f i l e s  were g e n e r a l l y  t h e  same, Boeing a l s o  found t h a t  t h e  b u l k  f u e l  
cooldown r a t e s  of  m K  and J e t  A showed no major  d i f f e r e n c e s  i n  the rmal  r e s p o n s e .  

O v e r a l l ,  Boeing r e p o r t e d  t h a t  i t s  envirowrrrental end component p e r f o m a n c e  t e s t s  
r e v e a l e d  no insurmountable  problems w i t h  a i r f r m e  f u e l  sys tem components o p e r a t e d  
w i t h  WfaK a v e r  t h e  t e m p e r a t u r e  range  and n m b e r  of c y c l e s  s t u d i e s ,  Boerng d i d  
e n c o u n t e r  problems w i t h  ai .rframe s u e t  ion  f e e d ,  j e t  p m p  p e r f a m a n c e  and e n g i n e  f u e l  
f n l t e r s ,  These problems a r e  d i s c u s s e d  l a t e r  under  ""empoplent C o m p a t i b i l i t y * "  

JPL i n v e s t i g a t e d  t h e  low t e m p e r a t u r e  b e h a v i o r  a f  b o t h  batch-  and i n l i n e - b l e n d e d  
I\IW ( r e f e r e n c e s  2 7 ,  313, and 5 4 1 ,  I n  i t s  e a r l y  work, w i t h  batch-blen4ed M, J P L  
observed t h a t  a r e l a t i v e l y  s t a b l e ,  shea r - induced  g e l  fanned i n  AHK a t  -30' 6, 
c a u s i n g  a  r e d u c t i o n  i n  f l aw p e r f o m a n c e ,  Tlaeir r e s e a r c h e r s  a l s o  noted t h a t  w a t e r  
vapor  from humid a i r  condensed and f r o z e  on she  s u r f a c e  of  c o l d  f u e l ,  %en t h e  
c o l d  f u e l  was AM#, t h e  c o n d e n s a t i o n - f r e e z i n g  p r o c e s s  c o u l d  r e s u l t  i n  polymer 
s e p a r a t i o n  and t h e  f o r n a t i o n  of a  w h i t e  p r e c i p i t a t e  which f l o a t e d  on t h e  s u r f a c e  of 
t i l e  AMM, Although t h e s e  r e s u l t s  caused  concern  i n i t i a l l y  among 3PL r e s e a r c h e r s ,  
t h e y  never  d i d  m a t e r i a l i z e  a s  s e r i o u s  problems i n  t h e  lab" l a t e r  work w i t h  a low 
t e m p e r a t u r e  s i m u l a t o r  and i n l i n e - b l e n d e d  f u e l  or  i n  o p e r a t i o n a l  use i n  t h e  CV-880 
a i r c r a f t .  

For i t s  low t e m p e r a t u r e  s t u d i e s  of i n l i n e - b l e n d e d  A61K, J P L  used  a 50-ga l lon ,  wing 
t a n k  s i m u l a t o r  i n  which t h e  t o p  and bot tam s u r f a c e s  were c o o l e d  by t h e  c i r c u l a t i o n  
o f  c h ~ l l e dmethanol .  The c o o l i n g  p r o c e s s  was c o n t r o l l e d  t o  m a i n t a i r ~  t h e  bot tom 
s u r f a c e  t e m p e r a t u r e  c l o s e  t o  one of  t h e  t h r e e  t e m p e r a t u r e s  (-40" C ,  -45" @, and 
-50" C )  s e l e c t e d  f o r  t h e  t e s t s ,  The cooldown p r o c e s s  took  f i v e  and a h a l f  hours  
drlr ing which 1 2  t e m p e r a t u r e s  were recorded  e v e r y  10 m i n u t e s .  The eaaldown and 
f r e e z i n g  behav io r  of AMK and t h e  J e t  A b a s e  f u e l s  a t  t h e  s e l e c t e d  t e m p e r a t u r e s  
were e v a l u a t e d  and c m p a r e d  by J P L .  



From these  t e s t s ,  JPC e s t a b l i s h e d  v e r t i c a l  temperature p r o f i l e s  f o r  t he  d i f f e r e n t  
AmK and J e t  A samples ( r e f e r e n c e  3 8 ) .  r e s u l t s  of t hese  t e s t s  showed t h a t  AMK 
cooled somewhat more slowly than  S e t  A and t h a t  the  mount  of co ld  f u e l  holdup 
( m o u n t  of f u e l  l e f t  i n  t he  tank)  was s l i g h t l y  l e s s  in the  ca5e of AMK, Rocking 
t h e  s imulated wing tank ,  s a i d  JPL,  d i d  not  s i g n i f i c a n t l y  a l t e r  t h e  c o o l d o n  o r  
f r eez ing  behavior of t he  f u e l a ,  It a l s o  underctdok an eva lua t ion  and comparison 
of  t he  p e r f o w a c e  of f u e l  boost pmps  wi th  low temperature AMX and Jet  A, The 
r e s u l t s  of t h i s  work a r e  d iscussed  l a t e r  i n  t he  ""Ceaaponent C o m p a t i b i l i t y ' h e c t i o n .  

Using a needle va lve  degrader  wi th  a 4,000 p s i  d i f f e r e n t i a l ,  3PL degraded in l ine -  
blended AMK. a t  20" C w i t h i n - 1 2  minutes and s u c c ~ r s s f u l l y  passed it through a 325-
mesh screen  without  plugging, Rowever, when t h e  f u e l  was cooled t o  -22" 6, t h e  
f i l t e r  se reen  plugged i m e d i a t e l y  ( r e f e r e n c e  513, FOP i a l i n e  blending s f  AMK, JPL 
repor ted  t h a t  t h e  base j e t  f u e l  should be between 5" C and 38" C .  With base f u e l  
below SP 6 ,  AMLK t akes  45 minutes o r  longer  t o  develop adequate  f i r e  p r o t e e t i a n .  I f  
blended with f u e l  above 38' C, Alva(; l o s e s  i t s  antrisnisting p r o p e r t i e s ,  

The FAA and the  Royal* A i r c r a f t  Establ ishment  conducted ex tens ive  t e s t i n g  on t h e  
compa t ib i l i t y  of AMK with a i r c r a f t  and engine f u e l  systems and components. ( A l l  of 
t hese  t e s t s  were o f  l i m i t e d  d u r a t i o n ,  however, and a s e r v i c e  t e s t  and eva lua t ion  
program would be needed t o  i d e n t i f y  any long term o p e r a t i o n a l  problems.) 

The Boeing p r s g r m  emphasized f u e l  system component ope ra t ion  a t  s imulated environ-
mental e x t r e m s  ( r e fe rence  601, The M f u e l  was expoaed t o  s eve re  Low temperature 
f l i g h t  p r o f i l e s  w i th  s l a s h  and v i b r a t i o n ,  repea ted  t h e m a t  cyc l ing ,  a ' kwas t  case" 
ven t /u l l age  water vapor environment, auc t ion  feed  a t  co ld  temperatures  and a l t i t u d e  
extremes, and boost pump d e l i v e r y  a t  cold f u e l  temperature extremes. 

I n  t h e  ease of i t s  8-747 main boast  pump, Boeing found t h a t  t h e  pump pe r fomed  
s a t i s f a c t o r i l y  with a t  m b i e n t ,  -28' C and -4.0" C. A t  a l l  t empera tures ,  t h e  
pump requ i r ed  more power t o  p u p  M than Jet A.  But a s  the  tempera ture  decreased ,  
pumping e f f i c i e n c y  increased  wi th  AMK and decreased with S e t  A.  The temporary 
appearance of ge l  due t o  t he  i n t e r a c t i o n  between the  v a p o r l l i q u i d  d ischarge  j e t  and 
t h e  surrounding AP/LK caused no problems. 

To ge t  more d a t a  an boost pmg ope ra t ion  than wae poss ib l e  w i th  t h e  l imi t ed  
capac i ty  of i t s  50-gallon cold f u e l  s imu la to r ,  Boeing conducted a 2-hour endurance 
r e s t  on a s imulated B-747 feed system us ing  2,000 ga l lons  of f u e l  ac  t h e  tempera- 
t u r e  des i r ed .  I n  t h i s  t e s t ,  Boeing used a B-747 o v e r r i d e  boost pump s i m i l a r  t o  t h e  
main boost pump but  w i th  h ighe r  capac i ty  and p re s su re  ou tpu t ,  This t ime, t h e  puolp 
used approximately t h e  s m e  power t o  p m p  AMK as Jet A a t  ambient and a t  -20' C and 
l e s s  a t  -40" C. The reason f o r  t h i s  anomaly, Boeing suggested,  might be the  h ighe r  
p re s su re  and flow r a t e  developed by t h e  ove r r ide  p u p  compared t o  the  main boaat 
Pump, 

During t h e  2-hour endurance t e s t  w i th  a,Boeing obsemed g e l  formations on t h e  
downstreaun s i d e  of the  f i l t e r s  used i n  t h e  feed system s imula to r :  a  JTBD f u e l  
c o n t r o l  wash f i l t e r ,  a  JT$D i n t e r s t a g e  f i l t e r ,  and a GF6 tow p res su re  c a r t r i d g e  
f i l t e r .  There was a s l i g h t  p re s su re  r i se  acrose  t h e  i n t e r s r a g e  and washflaw 
f i l t e r s  a t  m b i e n t  temp2rature;  a h ighe r  pressllre r i s e  a t  -20' C ;  and a t  -40" C, 
t h e  f i l t e r s  bypassed with-in a few minutes.  The experimental  needle  valve degrader  
used by Boeing f o r  the  t e s t s  was no6 designed f o r  use  wi th  low t m p e r a t u r e  AE-IX. 
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	Scientists and 
	their behavior, character iza- 

	systems. 
	Mast of this work has been reported in detail in individual technical reports. This report brings the results of all the ant imisting fuel work together far the 
	first time in a systematic manner that sumarizes the highlights of the individual 
	reparts with comprehensive references for those who wish to learn mre about the 
	details, 
	In essence, this report is a sumary of an extensive body of technical. literature. 
	Because the technical literature is so extensive, by necessity, the swnmary itself 
	is also extensive. By the same eokea, the Executive Sumary is longer than 
	normally encountered in a report of this type in order to present all the signifi- 
	cant highlights in a meaningful manner, 
	The reader is also advised to read the captions under each of the illustrations in this report where s ignificant information is presensd about the event s pictured , 
	The author wishes to acknowledge the major contributions made to this report by William T, Westfield, Manager af the FM Technical Center" E~inelFuel Safety Branch; Eugene P. Rlueg, Antimisting Fuel Program Manager; and Bruce C, Fenton, Assistant Progrm Manager, me author" task was mainly that of reporting on the 
	research and development work directed by these three people and others who are Listed in the reference section. 
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	EXECUTIVE SI%PIMRU .
	EXECUTIVE SI%PIMRU .
	In 1978, the Federal Aviation Administration (FAA) initiated a prograra to establish the feasibility of using antimisting additives in jet fuel to suppress postcrash fires in impact-survivable accidents, The additive would have to be effective in preventing the fomatian of easily ignitable mists when fuel is spilled from ruptured tanks and sheared by onrushing air, The additive should have a relatively low cost and be cmpatible with aircraft and airport fuel systems. If not added to the Euel prior to being 
	Evidence from aircraft accident investigations indicates that at least 35 percent of the fatalities in bpact-survivable accideats are a direst result of postcrash fires and the accampmyierg heat, smoke, and toxic gases. hestiaared 135 lives on average are lost annually worldwide in innpact-survivable accidents because sf postcrash fires, 
	In many impact-survivable accidents, ruptured fuel ranks apll 1 large amounts of 
	jet fuel into the onrushing air stream while the aircraft is atill in motion, 
	Sheared by the air, the Euel Somks, a fine, highly inflmmble mist which can be 
	easily ignited by hat engine cmponents, sparks, or other craeh-generated ignition 
	sources. hce ignited, the fire rapidly propagates through the mist to the fuel 
	release point and quickly engulfs the aircraft, 
	In 1978, the Special Aviation Pire and Explosion Reduction (SAFER) Advisory Committee concluded Chat antllneisting kerosene (-1 caul$ pro-vide the ~ingle, mast 
	significant in,asproventent in reducing poetcrash Eire hazards and reemmended expan- 
	sion of the AFiK research then underway by the FAB. Zn June 1978, the United States 
	and the United Kingdoar signed a Memmrarl$unr of Understanding (NOU) in which they 
	agreed to pursue a cooperative effort to detemine the feasibility of using anti- mist ing additives in civil aviation kerosene jet fuels, ne principal part icipartt s 
	in this effort were Establishenl: (M))
	the PAB and England's Royal. Aircraft which also had been conducting research in this area, me Naeional Aeronautics and Space Administration (NASA) was designated as a third party to the agreement to perfom basic research and provide technical support, 
	In September 1980, the PaVI Eomulaeed an Engineering and Development Progrm Plan on Antimisting Fuel. mis plan, revised in February 1983, called far a phased 
	progrm of research and development to: (a) detemine the feasibility of antimist-
	ing Euel; (b) develop recommendations for it9 introduction and use in civil avia-
	tion; (c) assess its effectiveness in a controlled hpact demonstration; and (dl 
	assess its economic seasonableness in support of regulatory act ions. The Br itish 
	antimisting additive, FM-9", developed by Imperial Chemical Industries (ICI) was 
	selected as the most promising agent then available for the study. mis report is 
	concerned with the work perfamed under PU% M eqineering aixd development 
	prragrm. 
	The accomplishments under the N pragrm during the past. eight years are swma-rized belaw according to the major elements of the progrm, 
	MCharacterization. FM-9 is a high molecular weight, hydrocarbon polyrirer, Wen added to kerosene jet fuel in small mounts -0 percent weight -

	suppresses the fuel's tendency to tom a fine miet when sheared by onrushing air as in an accident, Initially, FM-9 was available only as a powder which had to be batch 6lended into jet fuel with glycol and mine. Lt was later produced as a slurry of PM-9 in a glycol-amine carrier fluid which could be inline blended with jet fuel at the fueling point. W-9 development Pas frozen during the initial feasibility phase of the program to provide a consistent data base for evaluating the antimisting concept. 
	suppresses the fuel's tendency to tom a fine miet when sheared by onrushing air as in an accident, Initially, FM-9 was available only as a powder which had to be batch 6lended into jet fuel with glycol and mine. Lt was later produced as a slurry of PM-9 in a glycol-amine carrier fluid which could be inline blended with jet fuel at the fueling point. W-9 development Pas frozen during the initial feasibility phase of the program to provide a consistent data base for evaluating the antimisting concept. 
	Under certain condi tions, FM-9 antimist ing kerosene behaves as a non-Newtonian fluid with complex rheologieal eharaeteristies, In order to understand and be able to predict its behavior, FAA and its contractars undertook an extensive rheological study a6 Initially, researchers focused 0-n the rheolagical properties of undegraded that would explain its antimisting behavior, This work: eventually led to the conclusion that it was a unique wiseoeity property generated in Am as a result of namal stresses that
	A quality control test that would provide a real-time measure of undegraded M's antimisting e%fect iveness was a major goal, The researchers; investigated methods for quantifying the viscoelasticity of undegraded M based on a die swell technique that measures the expansion of a atre-of W as it is Eoreed out the end af a capillary tube, Tbey refined this tecbniqslet to the paint wkxere it shows prmise as a real-time quality cantcol teat, 
	At the other end of the degradation spectrum, a precise method was needed for characterizing highly degraded AMK that would provide a reliable ixrdication of the fuel % filterability and caulbustibility, After investigating several analytical teehniques, Southwest Reaearch Xnst irute (SWRI) developed a simultaneous 
	filtratian/degradatioa test that appears to be a reliable quality control test Ear inline blended, highly degraded FM-9 m. This test, however, bas not been developed to the point where it is suitable for teal-t inae applications, 
	FAA contractors also laade a detailed study of Mh heat transfer properties to 
	insure that the fuel would perfom adequately in the aircraft and engine heat exchangers. mile highly degraded M and Jet A fuel have nearly the sacne heat transfer rate, the heat transfer rate for undegraded AMK can be significantly 
	lower. Despite che question of the adequacy of the beat transfer properties of undegraded M, no problerna were encountered either in engine as flight tests, fn all the tests, the hear exchangers were domstrem of the degraders, Mawever, no 
	problems were experienced ;hen the degraders were shut dom, and the heat exchang- 
	ers had to work with undegraded AI"LX; fuel. 
	The FAA developed several small- and large-scale test facilities to measure the flammability characteristics of antimisting fuels under simulated t akeof f and Landing conditions. The large-scale, wing-fuel spillage facility at the FAA Technical Center proved to be the moet realistic in simulating the eondi- tions encountered by jet fuels in impact-survivable accidents for which AMK was developed. The small-scale tests were useful in the initial screening of antimist-ing fuel candidates. 
	. 

	FAA ran aver 300 tests on its wing-fuel spillage facility and developed an ignition envelope far AKK as a function of FM-9 concentration, airspeed, fuel spillage rate, ambient air temperatuee, fuel temperature, and type and lacation of the ignition 
	source. The results from these tests correlated well with the results of catapult 

	crash tegts of surplus military aircraft conducted by FM at the Naval Air 
	crash tegts of surplus military aircraft conducted by FM at the Naval Air 
	Englneerzng Center. The large-scale tests demanstrated that a 0,3 percent concen-tration of FM-3 in Jet A would prevent the formation of mist-generated fireballs as speeds up to 150 knots and would provide partial protection against fuel mist Elreballs at speeds up to 200 knots. 
	AS?% Production., Early in the W program, researchers recognized the necessity of 
	o lending FM-9 ant imisting additives into jet fuels at the aircraft fueling point, Lntroduction of the additive at an earlier stage would increase costs as well as possibilities of unintentional degradation and eontaminatian, fCX% development of a slurry sf FM-9 in a glycol-amine carrier fluid made this possible, but it was still necessary Esr FRA and its contractors to develop a practical ialine blending process. 
	o lending FM-9 ant imisting additives into jet fuels at the aircraft fueling point, Lntroduction of the additive at an earlier stage would increase costs as well as possibilities of unintentional degradation and eontaminatian, fCX% development of a slurry sf FM-9 in a glycol-amine carrier fluid made this possible, but it was still necessary Esr FRA and its contractors to develop a practical ialine blending process. 

	A 1 liter/minute inline blender was developed incorporating static mixing tubes in a continuous, 3-phase flow system in which the additive is metered into the jet 
	fuel, dispersed, and then dissolved, me final blender that was built and used in the pragrm was a 50-125 gal%on/minute unit used in the Controlled Impact Demon- stration (CJD) test. Larger, commercial size, inline blenders could be manufac- tured using the same basic cmponents and design, 
	Early in the progrm, sodium used in the manufacturing process of FM-9 was detected 
	in BFM?a at. levels that could significantly accelerate hot section corrosion in 
	tr~rbineengines. ICT subsequently supplied P%LAwith sodim-free samples of FM-9 which were successfully tested on the wing-fuel spillage facility, ?"ke company would use the sodium-free process if the demand far FM-9 were to develop. 
	Studies here and in Engl.and demonstrated that AMlt: developed adequate fire protec- e run properties within 15-20 minutes after being inline blendeda provided that the temperature and aromatic content of the base fuel were above, 0 Celsius (6) and 12 percent, respectively. Other studies showed rhat aromatic content was the only characteristic of diiferent Set A base fuels rhat had a significant effect on FM-9 polymer dissolution, For the GZD test, FAA developed specifications for FM-9 M4.K and its canstitu
	Several investigations were conducted here and in England on the effects of water and water vapor on AMK, Bulk water makes the fuel cloudy and can cause a white, sticky precipitate to settle out of AMK, But bulk water can be kept out of 
	axrcraft fuel tanks by improved fuel handling procedures. It is possible to control the presence of bulk water in Jet A fuel during the blending process and 
	subsequent fueling of the inlinc blended ainto aircraft fuel tanks, The arnount of condensed sr coalesced water that could get into aircraft fuel tanks under 
	simulated "worst case" flight conditions is too small to cause problems. 
	The FAA and M and their contractors carried out several patibility of FM-9 AMK with individual engine components, alrfriuae fuel systems and components, fuel additives, rank sealants and coatings, bladder cell materials, and elastomers, 
	. 

	Of the several approved Jet A fuel additives that were inveati.gared, only the anti-
	~c~ng a precipitate in AMK at the maximuna allowable concentration, 
	agent produced However, because FM-9 AMk: has better lubricity than Jet A and contains approxi- mately 1 percent glycol, lubricity and anti-icing additives may not be required. Further studies in this area are'warranted. 

	Engine and Euel system component tests showed that engines cauld be operated an undegraded M but at a loss in efficiency and an increase in carbon monoxide and unburned hydrocarbon emissions. For modern jet engines to operate efficiently on MR it has to be highly degraded. Researchera investigated several methods for degrading AIVOK, All resulted in a net energy loss to the engine cycle. Prototype 
	Engine and Euel system component tests showed that engines cauld be operated an undegraded M but at a loss in efficiency and an increase in carbon monoxide and unburned hydrocarbon emissions. For modern jet engines to operate efficiently on MR it has to be highly degraded. Researchera investigated several methods for degrading AIVOK, All resulted in a net energy loss to the engine cycle. Prototype 
	flight degraders were built for use on the B-720 CZD aircraft and flight tested on one engine of a 6V-880. Far expediency, these prototype degraders were developed 
	from an existing military engine centrifugal pump and were oversized for the W application. In any future design, the degrader would most likely be made an 
	integral part of the engine fuel pmp to minimize weight and energy requirements. 
	Other empatibility problems, mostly minor, were uncovered in these studies, For exmple, ejector pups and probably boost pwps would have to be redesigned to make up for perfomance losses with Me Mesh sizes or filter area of sow fine engine filters might have to be increased. Gravity transfer and suction feed perfamanee fell below normally accepted levels at certain conditions. However, it is believed that these deficiencies could be remedied by minor hardware modifications or Euel management procedure change
	By the sme token, researchers encountered problems with soluble and insoluble gels that require mare complete explanations, me insoluble gel. that occurred in FM-9 M during some early flight test and engine teit cell work is believed to have been caused by contmination that had accumulated in the system prior to &he intro- duction of the AMK, which is highly detergent, Also requiring further investiga-tion is the gel that foms when regular kerosene fuel is added to a system containing residual Mor when is a
	Before M use could be hplemented in commercial avli.ation, long duration service 
	tests and evaluations would Be required to answer satisfactorily these questions 
	on proposed changes that will have to be made in current airfraare and engine 
	systems to accommodate antimisting fuels safely, 
	The primary objectives of the AElK flight test program were to demonstrate the use of FM-9 antimisting kerosene fuel and a prototype degrader an representative transport aircraft: and to determine the effects of on the aircraft fuel system performance as well as fuel system effects on the W. The two aircraft involved were a Convair 880 in which the No. 3 engine was equipped with a degrader and fueled exclusively with M and the Boeing 720 ClD aircraft in which all four engines were equipped with degraders an
	. 

	The flight test progrm was successful. Except for the insoluble gel that famed 
	on the CV-880 filters early in the progrm, the AElK and degraders perfamed satis- 
	factorily. There were no major degrader system hardware failures or design 
	problems. Ground starts, altitude relights, engine acceleration/decelerat:ion 
	perfomance were at1 on a par wirh Jet A perfomance, The GMK maintained its mist 
	suppression qualities throughout the flight test environment, 
	The B-720 aircraft (operating solely on 
	emorely flow into the California desert for a carefully planned survivable impact that would demonstrate M's fire protection potential. The final flight deviated from the planned flight profile and exceeded the design goals; for AMK fuel. 

	Because of the high yaw angle of the aircraft at impact with steel wing openers 
	Because of the high yaw angle of the aircraft at impact with steel wing openers 
	embedded in the desert site, a major ignition source occurred at the fuel release 
	point. Initial ignition occurred when a wing opener failed the right inboard 
	engine, mis initial fire appeared to involve lubricating oil, hydraulic fluid, 
	and degraded M, It engulfed the fuselage but went out after eight seconds 
	lewing the aircraft with relatively little fire damage, However, burning fuel entered openings sliced into the lower fuselage by the wing openers and eventually destroyed the aircraft, 
	While no experiment as complex as the CID can be expected to go exactly as planned, a careful review of 20 years of accident data indicated that CID was a unique accident, The data on the 700 accidents examined revealed no impact-survivable 
	accident that had all the critical elements of CID. TPle conclusion: If GID had occurred as planned, in all probability the antimisting characteristics of AMK would have prevented the pastcrash fire. 
	Post-ClD Studies. Following the inrpact demonstration, FAA undertook studies to determine exactly what happened and why, It conducted a series of experiments at the Technical center that-were designed to duplicate the critical parameters of CLD such as high yaw angles and recirculation areas of high shear in order ta deternine their ef fects on sailled fuel under controlled conditions, 
	In essence, these studies along with researchkrs intensive examination of the detailed photographic data on CfD confirmed that the E1M-9 M fuel had been subjec- ted to conditions well beyond those far which it was designed to provide post-crash fire protection and, based on past accident data, conditions considered extremely unlikely to occur in impact -survivable accidents. 
	The tests also turned up a gatentially serious problem not relevant to the CID, but one that will require additional research in any future work on antimist ing fuels, If blP?IK becoraes entrained in the engine exhaust where it is exposed to severe shear forces, an extremely fine mist can result which can be readily ignited if a flame source is present. 
	C
	C
	-

	ost Considerations, Due to ehe present high level of air travel safety, the use of FM-9 antimisting fuel is difficult to justify solely on an economic basis, Economic studies for the FAA showed a low benefit-to-cost ratio, However, they also calculated that the u$e of FH-9 would require only a 2. to 3 percent increase in the price of an airline ticket. Tkris would cover the cost of the aSMK as well as the costs for any required aircraft and airport fuel system modifications, 

	CONCLUSIONS 
	The results of eight years of development and testing indicate rhat antimisting kerosene fuel would provide a very high degree of protection against postcrash fuel mist fires in impact survivable accidents. Some additional research would be required along with long duration service tests and evaluation, The use of safety fuels, particularly as part of an overall systems approach, merits serious consideration in future aviation safety technology development progrms, 

	Detailed studies of impact-survivable aircraft accidents indicate that approxi- mately 135 lives worldwide and 21 domestically, on the average, are lost annually because of past-crash fires (references 1, 66, and 731, 
	Detailed studies of impact-survivable aircraft accidents indicate that approxi- mately 135 lives worldwide and 21 domestically, on the average, are lost annually because of past-crash fires (references 1, 66, and 731, 
	In June 1918, the Federal Aviation Administration (FAA) and the Royal Aircraft Establishment (EM) signed a Memorandm of Understanding (MOU) (appendix A) in which the United States and the United Kingdm agreed to "cooperate in the exami- nation, development, and testing of antimisting kerosene (BMK) fuels and of equip- ment related to the use of such fuels" "at would provide flammability prate~tion ta jet aircraft in hpact-survivable accidents, The National Aeronautics and Space Administration (NASA), a thir
	That sme year, the FAA established the Special Aviation Fire and Explosion Reduction (SUER) committee to evaluate all prograars designed to increase the probability of survival in accidents involving fire. The SAFER committee concluded that AMK fuels could provide the single most signiEicant safety improvement: for reducing the postcrash fire hazard and recornended continuing and expanding W research because of the substantial reductions in fatalities it could provide (referenee 2). 
	Consequently, in conjunction with the HOU, the FAA developed a phased, 6-year 
	development and evaluation progrm with the following goals (reference 3): 
	o Establish the feasibility of using antimisting kerosene fuel, 
	o Establish the feasibility of using antimisting kerosene fuel, 

	o Develop recmmendations for the in"eooduction and use of M. 
	o Develop recmmendations for the in"eooduction and use of M. 

	o Demonstrate the effectiveness of M in an impact-survivable acciderit. 
	o Demonstrate the effectiveness of M in an impact-survivable acciderit. 

	o Assess the econmic reasonableness of using the fuel in support of regulatory act ion. 
	o Assess the econmic reasonableness of using the fuel in support of regulatory act ion. 

	The FAA and M selected PM-9" (registered trademark of $@I),an antimisting additive which had been under development since the early 19708, as the most prorni.sing candidate far this study. Developed by Xotperial Chmical Xndustries (XCII and its wholly owed subsidiary, ICS Anaericas, FM-3 is a high molecular weight ,hydrocarbon terpolymier. At FAA's request, E7ri-9 famulation changes were prohibited during the feasibility phase to provide a common data base that could be used in evaluat ing the ant imis~ ing
	Initially, IGI supplied FAB and its contractors with jet fuel in which the FM-9 powder had been batch blended in three steps, Later, XGZ developed a glycol-amine carrier fluid for the FM-9 which enabled the additive to be inline blended with jet fuel at the point of use. mis significantly reduced logistics problems and minimized unintentional degradation. Also, it would have been unfeasible, if not impossible, for the airlines to use FM-9 in powdered fom due to operational constraints. For their initial stu

	r11e resultant antimisting kerosene fuel, Jet A with a 0-3 percent by weight concentrat ion of FM-9, demonstrated impressive, fire resis tance properties in numeraus small-and large-scale tests, both here and in England, When W is sheared by onrushing air (as it would be when spilling from ruptured fuel tanks ~.ra an aircraft accident), it thickens, foming large, difficult to ignite droplets instead of the fine, readily ignitable, jet fuel mists usiually generated in erasiles (figure 2)-
	r11e resultant antimisting kerosene fuel, Jet A with a 0-3 percent by weight concentrat ion of FM-9, demonstrated impressive, fire resis tance properties in numeraus small-and large-scale tests, both here and in England, When W is sheared by onrushing air (as it would be when spilling from ruptured fuel tanks ~.ra an aircraft accident), it thickens, foming large, difficult to ignite droplets instead of the fine, readily ignitable, jet fuel mists usiually generated in erasiles (figure 2)-
	After two years of intensive investigations with the FM-9 additive, researchers concluded in Novernber 1986) that (9) was feasible; (2) it offered benefli ts in ti-re form of greatly increased resistance ta postcrash fuel mist fires; and (3) there were no technically unsolvable problems that would preclude its operational use, Federal Aviation Administrat ion (FAA) and NASA then initiated research efforts that wauld lead to full-scale ground and flight tests, culminating in a transport aircraft crash demons
	Before beginning the program, the PBA recognized that was a high ri8k program that might not work and would not be cast beneficial in the classical sense, But 
	if successful, the payoff in lives saved wauld be high, 
	Under Phase 1 of its engineering developmem9: pragrrrxra on M (reference 33, she FAA set out to establish the basic characteristics sf m,namely: flammability, rheology, degradability, blending, handling, specifications, performance, and compatibility. Phase 1 also called for lar&~-scale evaluation and economic studies of H. (As used in this report, AMK refers to PH-9 antimisting fuel, unless atherwise specified.) 
	BPSCUSSZON mD RESULTS -
	Under certain conditions, antimisting kerosene behaves as a nan-Newtonian fluid with complex rheological characteriseics. In order to understand and be able to predict its behavior and characteristics, it was necessary for the FAA to undertake an extensive rlrreological study of ALW in its degraded and ~ndegraded~state a
	over broad range of temperature and flow conditiono, It was also necessary to study its behavior as a function of the formulation and blending procedures used in its preparation. 
	In addition to its om work on Mcharacterizatian at the Technical Center, the FAA sponsored research at Southwest Research Institute (SwRIC), NASA" Jet Propul- sion Laboratory (JPL), and at United Technologies Corporation% Pratt & mitney Aircraft Group CPWA). Initial research efforts were focused on determining the rheological characteristics of undegraded M Chat were responsible for its anti-misting behilvior. This early work was carried out with batch-blended fuel, 
	Early rheological experiments at 3PL and SwRI with capillary rube viscometere 
	showed that the shear viscosity of increases suddenly when a critical shear 
	rate (1000 s-I to 3000 s-2) is exceeded (references 4 and 5)* But this 
	increase in shear viscosity, even at shear rates well above the critical value, is 
	not large enough to aceaunt for Wk ability to resist atomization at airspeeds 
	of 150 knots and higher, 
	Et now appears that the large extensional viscosit ies (viscoelast icity) generated rn W as a result of normal stresses are che dominant rheological charaelerist ic 

	responsible for its mist prevention behavior. Studies have shown that th~normal stresses generated in AMX flows ate much higher than the shear stresses, In experiments at SwRZ, PM-9 W was forced through capillary tubes at high shear rates and over long shear times, As it was farced out the tip of the capillary tube, the Aim jet swel led noticeably indicating its high viscoelasticity (reference 61, 
	responsible for its mist prevention behavior. Studies have shown that th~normal stresses generated in AMX flows ate much higher than the shear stresses, In experiments at SwRZ, PM-9 W was forced through capillary tubes at high shear rates and over long shear times, As it was farced out the tip of the capillary tube, the Aim jet swel led noticeably indicating its high viscoelasticity (reference 61, 
	Tna FAA and SwRl developed methods to quantify the wiseoelasticiry of undegraded AMK for use as a real-time quality control test of anthisting effectiveness Crefes- enccs 7 and 10). mis test is based on the die swell technique that measures the expansion of the jet of AlulM as it is forced out the end of the capillary tube 
	(figure 2). 
	Center engineers were able to estlmaee the effective concentration of N additive during the infine blending process using die swell data taken over a fixed range of si~ear rates at discrete rime intervals (reference 7). Tkre sensitivity of the cancencration estimates Ear a given batch of slurry was determined to be within 
	0.02 
	0.02 
	of the nominal 0.30 percent. Zvlareover, the predicted concentration correlated well with the fuel" fire protection perfomance on the FAA" sing-fuel spillage facility (figure 3). Based on nomal stress properties, the die swell appears to be a practical, real tinre, quality control test far 

	Due ta its relationship to nomal stresses, the die swell test should have a better 
	theorct ical and physical relationship to W%amtimist ing behavior than an orxfice 
	flow cup test, wlxich had been the primary quality cantrol test recowended by ICI 
	for undegraded AMK (reference 81, Experiments rat SwgI showed that the orifice flow cup is essentially a viscometer ";hat measures the shear viscosity of AMli: above its critical shear rate and, alone, is faat a rdlisblie indicator of the fuelr s antimist--
	ing perfamance. 
	The FAA and its contractors also worked on the development of mare precise methods 
	Far characterizing highly degraded (low misting resistance) FM-9 AEaK;. The degrada-
	t ion level. of hid% is a reliable indicator of the fuel% filterability and combusti-bility, The standard procedure for quantifying the level of degradoation initrally was a filter ratio test (reference 9). mis test is a ratio of the time required 
	for a known quantity of AMiC to Elow through a nominal 17 micron, Dutch weave, 
	stainless steel filter to the time it takes for the same quantity of Jar: A ra flow 
	through. A value close to 1 indicates zr highly degraded fuel with flow properties 
	sian~lar to Jet A; 40 or above indicates a-highly undegraded fuel, But the filter 
	cat io test lacks the sensitivity needed for reliable indications of the filterabxl-
	ity sf very highly degraded M (FR < 1,2). Consequently, FAA and its corltractors 
	began investigating ather methods for evaluating the properties of highly degraded 
	A,%: . 
	Southwest Research Institue developed a sma&l-scale, pmp filtration test that 
	simulated filtration conditions in an aircraft fuel systm to measure the filter 
	plilgging characteristics of intentionally degraded M(reference 6). In this 
	test, degraded AtvlM is forced through a small seetion of a gaper filter or metal. 
	screen using a variable speed gear pmp. The pressure drop across the filter, due 
	to flow resistance, is measured as a function of flaw time and superficial velocity 
	(flow rate/filter area), Below a critical flow velocity (CFV), the pressure drop 
	across the filter remains constant, Wen the superficial velocity of the flow 
	through the filter exceeds thebGFV for that filter, there is a sharp rise in the 
	pressure differential across the filter. Ttais increase in the pressure differen- 
	tial results from an increase in viscosity and, possibly, from the formation of-a 
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	transient, shear-induced gel on the downstreara side of the filter. For batch- blended M,the pump filtration test can be used to predict the filter pluggixlg characteristics of highly degraded mK, For inline blended W, however, the pmp filtration teat requires an equilibration period that would preclude its use as a real-time quality control test, 
	transient, shear-induced gel on the downstreara side of the filter. For batch- blended M,the pump filtration test can be used to predict the filter pluggixlg characteristics of highly degraded mK, For inline blended W, however, the pmp filtration teat requires an equilibration period that would preclude its use as a real-time quality control test, 
	A slimultaneous filtrationldegradation test developed by SwRI, shows promise as a real-time quality control measure for inline-blended, highly degraded M(refer-ences 10 and 11). In special apparatus developed by SwRZ, inline blended ais 
	forced through a needle valve under high pressure (1000 to 5000 psi) and imedi-ateLy flows through a small section of metal screen or paper filter, The pressure drop across the filter is then measured as a function of time to deternine the critical velocity for the filter. Using this test, SwRZ found that freshly blended AMK is only slightly more resistant to degradation than fully equilibrated AblK and develops satisfactory mist fire protection within 30 minutes of blending, This prototype test, however, h
	suitable for real-time applications, 
	Working under a NASA contract, PWA developed the transition velocity test, which is used in conjunction with gel pemeation chromatography (GPG) to predict the filter-ability of highly degraded, batch-blended AMK. (refereace 121, Transition velocity is a more! sensitive test than filter ratio. The average velocity of flowing through an 18 micron filter is plotted against eke vacum applied domstrem of the filter, The point at which the slope of the plot changes is defined as the transi-tion velocity. However,
	The FAA and SwRI also evaluated gel permeation chromatography as a characterization test %or highly degraded AMK (references 13, 14, and 151, It was able to discrimi- nate mang different silmplels of highly degraded AMM, But it was not able to predict the filterability of even highly degraded AMK due to the presence of small mounts of undegraded or partially degraded FM-9 polper -as well as the 
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	W;EAT TUSPER PROPERTIES. 
	The FAA contractors also made a detailed study of the heat transfer properties of AMK to insure that aircraft and engine heat exchangers would perfom satisfactorily with the m-9 antimisting fuel, 
	In its study, PWA determined the heat transfer coefficient of batch-blended M by flowing it chrough a single pass, single concentric alminm tube Rear exchanger similar to the type used in its JT8D turbofan engine (references 12 and 13). To degrade the fuel, PWA passed it through the JT8B fuel pmp one or naore times, PWA results showed that at low flaw rates, the heat tranafer coefficients of degraded AMK and Jet A were almost identical (figure 4). At higher flow rates (150 kg/ hour), the degraded M heat tra
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	FIGURE 4, AldK HEAT TMSFER GRMH Hear transfer properties of highly degraded (3-pass) MK closely approximated those of Jet A in tests at Pratt C Whitney 
	JPL undertook generalized flow and heat transfer experiments to define the flow behavior of FM-13 MK (reference -16). The 3PL work was also done wit"rrba%ch-blended fuels at different levels of degradation, In addition, JPL used differeat concentrations aE the FM-9 additive and measured heat transfer characteristics over a range of fuel temperatures from 20" Celsius (6) to 40"" G, JRL alsd did flaw visualization studies to deternine whether the flows were laminar, transitional or turbulent, 
	Researchers at JPL concluded that: the flaw and heat transfer behavior of M can be divided into three regions: Newtonian laminar region, shear-thickening region, and drag reducing turbulent region. At low flaw rases, Mbehaves as a Newtonian fluid with constant viscosity at a given temperature and has a heat transfer coefficient equivalent to Jet A, At a certain, critical, wall shear rate, which depends on the fuel temperature and additive concentration, shear thickening occurs and causes a Large increase in

	Rheology also plays a don~inant role in the antimisting perfomance of AMK. The major effect of the antimisting additive on jet fuel %lammabil.ity is rhealogical rather then chemical, The additive inhibits the fuel" tendency to Earn a fine, readily ignitable mist under shear and promotes the fornation of Large droplets which are more difficult to vaporize and ignite, 
	Rheology also plays a don~inant role in the antimisting perfomance of AMK. The major effect of the antimisting additive on jet fuel %lammabil.ity is rhealogical rather then chemical, The additive inhibits the fuel" tendency to Earn a fine, readily ignitable mist under shear and promotes the fornation of Large droplets which are more difficult to vaporize and ignite, 
	The FAA has developed a variety of tese: facilities to measure the flamability characteristics of antimisting fuels under various simulated takeoff and landing crash conditions. Tkese include the FM% large-scale, winefuel spillage test facility and the small-scale, Flamarability Comparison Teat Apparatus (FGTA), JPL's miniwing spillage test unit and its sprq eharacterizationlimage enhancement system, SwBZ% spinning disk test, and the Naval Air Engineering Center" (NMG) large-scale, aircraft crash test catap
	While all of these flamability test units provide nxeaningful information, the FAA's large-scale, wing-fuel spillage test facility is the most realis-tic in simulating the conditions encountered by jet fuel ia impact-sumivable accidents (reference 17) with the exception of the NAEC catapult tests, This facility uses the fan discharge air from a stationary turbofan engine to drive an augmentor. The high volume, high speed airflow from the augmentor flows over a wing section at speeds up to 200 knots. Nominal
	The FAA researchers can more than 300 tests on the wing-fuel spillage rig and developed an ignition envelope far M as a function of FM-9 concentration, air-speed, fuel spillage rare, ambient air temperature, fuel temperature, and location, type and intensity of the ignition source (references 17 and 189, Tkre results from these tests, conducted with both inline- and batch-blended M,showed that a 0-3 percent concentration of FM-9 in Jet A will prevent the growth of mist-generated fireballs at speeds up to 15
	Fuel ignition existed only as localized flame intensification at the ignition 
	source with small, self-extinguishing fireballs aft of the airfoil. There was na mist flashback or flame propagation* Even at simulated airspeeds above 150 knots, MK fireballs -unlike those of Jet A propagated relatively slowly, and the 
	flmes did not propagate upstrem to the simulated tank rupture. These results 
	indicated that a 0.3 percent concentration of FM-9 in Jet A would protect an 
	aircraft from fuel mist fires at impact speeds up to 150 knots and provide partial 
	protection at speeds up to 200 knots, 
	To validate the results from the wing-fuel spillage tests, the FM conducted a series of large-scale, catapult crash teers with surplus military aircraft at the Naval Air Engineering Center (references 19, 20, and 219. Ln these tests, the aircraft fueled with W or Jet A were accelerated along a 7,500-foot track by a jet pusher car and impacted into a prepared crash site (figure 5). Ignition sources were pl.aced in the impact area and on the test aircraft. Tke results from the catapult crash tests and the win
	effectiveness. 
	\ 


	Under an FAA contract, Falcon Research & Development Company attempted tu establish correlations mong the results of the different flammability tests (reference 22). Falcon found that large-and full-scale crash simulations provided creditable data 
	Under an FAA contract, Falcon Research & Development Company attempted tu establish correlations mong the results of the different flammability tests (reference 22). Falcon found that large-and full-scale crash simulations provided creditable data 
	for an antimisting fuel. Small-scale flammability tests were generally effective 
	for screening antimisting fuels and yielded repeatable data, But the results from 
	different mall-scale teats didnk correlate well with each other nor with the results from large-scale flmmahility tests. Nevertheless, the emall-scale tests were useful to researchers for evaluating specific characteristics of antimisting 
	fuels (reference 8). 
	Results of tests on JBL9s miniwing shear apparatus correlated with large-scale teat results from the wing-fuel spillage rig and catapult test tracks, according to JPL researchers. Designed to generate controlled fuel sprays, the miniwing shear apparatus provided a steady-state skulation of a fuel spill during an airplane crash (referenee 91. & in PM'a wing-fuel spillage facility, fuel was ejected frm the leading edge of an airfoil md blown back aver the airfoil by a free-jet wind tunnel. An oxyacetylene tar
	The JPL researchers used the miniwing shear apparatue te study mist fornation and flmma"ality of FM-9 AMK at different lmells of degradation and aver a range of simulated airepceds from 40 to 160 knots, Initially, the correlation of teat results from the miniwing facility with tkase from the wing-fuel spillage rig was poor, Subsequently, JPL modified its miniwing shear apparatus by increasing the intensity of the ignition source, thereby hproving the correlation of test results with those frm the FkA'a wing
	They conducted several tests ta deternine the caaditians under which a stable, 
	self-supporting flanae could be elatablilskred near the fuel releage point following 
	exposure to a transient ignitiaq source, Using fXme anchoring a5 an absolute 
	pass-fail criterion, JPL researchers conducted testa with Jet A, undegraded m, 
	and different levels of degraded M. They varied airaped, fuel flow rates and 
	the intensity of the ignition sources (an electrical spark and irn oxyacetylene 
	torch). 
	Results of the JPL tests confimed that AMK flammability increased with the Lclvel of degradation, For Jet A, an electrical spark af 0,067 kw was sufficient to ignite the fuel and produce a self-supporting flme at airspeeds as low as 39 knots. But BMK containing 6,J percent FM-9 couldn't be ignited by an electrical spark. Even with an oxyacetylene torch of 90 kw, JOL couldn? aacbieve ignition at shulated airspeeds up to 156 knots and fuel flaw rates up ta 10 gallmin. When MR ignition was achieved, the fZme w
	mese tests showed that if the ignition source was intense enough, all fuels would ignite. Over the range of conditions used in the JPL tests, fuel misting proper- eiea and aerodynamics detemined whether or not the flame was self-supporting, once ignition waa achieved. Self-sustaining flaraacl anchoring in the wake of a bluff body depended on free strem airspeed and the fuel" rheological properties and was independent of the initial ignition source intensity, It should be noted that JPL was unable to ignite 

	Tn its fuel spray characterization work, JFL used the miniwing shear Facility to generate controllable fuel sprays for computer enhanced, photographic analysis, The spray characterization was based an digital analysis of high resolution, wide 
	Tn its fuel spray characterization work, JFL used the miniwing shear Facility to generate controllable fuel sprays for computer enhanced, photographic analysis, The spray characterization was based an digital analysis of high resolution, wide 
	f~eld spray images formed under pulsed ruby laser sheet illmination (reference 9). With this ~echniqu$,JPL was &le to measure fuel droplet size distribution and 
	concentrat on at different Euel flow rates. 
	This work showed that droplet size distribution was nat a£fected by fuel flow rate but did decrease as airspeed increased. At high airspeeds, the fuel beeme more 
	finely atomized and flammability increased, Researchers at JPL demonstrated chat mist flammability was a function of the Sauter Mean Dimeter, (Sm)of the fuel droplets. Antimisting kerosene-air mixtures containing Fuel droplets with an SMD of 500 microns or nore showed a sharp reduction in flmmability, They quantified 
	the flammability aS flowing Euel drogle~-air mixtures by directly me?%ufi~gthe 
	temperature rise in a flame established in the wake sf a centanuous lgnrkaon 
	source, 
	They also investigated flme spread across a pool of M (reference 91, Xn an impact survivable accident, this can be the critical determinant in the time available for the safe evacuation af passengers, Testa showed no significant differences between the flame spread rates of Jet A and FM-9 Nacross pooled fuel, Both f%me spread rates increased with the depth of the fuel layer, Wen the depth of the fuel layer was increased frm l/8 inch to 3/4 inch, the flame spread rate increased from 2 cm/s ta 3.5 cm/s, In fu
	Results from the spinning disk flammability tester developed by SwRI ahowed goad correLatian with the results from FU's swing-fuel spillage tests when measuring flammability of M as a function of FM-9 caacentratian and 8imLlated air speed or disk velocity (reference 61, In other areas such as the effect of mine in the carrier fluid on BMK flammability, the spinning di~kresults did not correlate with the results of other flammability tests. 
	Xn order to provide its contractors with a standard, small-scale, flamability 
	tester, the PM Technical Center developed the PLmmabiPity Comparison Test Apparatus, Five units were made and calibrated for use in the AbaX, progrm 
	(references 23 and 241, In the FCTA, compressed air was released through a sonic 
	orifice, Fuel was injected into the air atrem a& carried over a propane torch 
	(figure 6). 
	Results of FGTA tests indicated that the maximum heat output depends on a combina-
	tion of airspeed and Euel flow rate (reference 8). Tke FGTA sewed as a good 
	standard test device for screening antimisting fuel candidates. 
	In its atomization and flammability study, JPL found that small-scale, flammability tests on units such as the FCTA and the miniwing shear apparatus yielded only an upper bound to the antimisting behavior of AMM (reference 251, In an actual crash, there may be finer misting of a larger progartion of the spilled fuel, small-scale tests were generally misleading in that they indicated greater fire suppres-sion capability for APaK than the large-scale tests, such as the wing-fuel spillage tests and the catapul
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	FIGURE 6. FLAMMBILITY COMPARISON TEST MPAKATUS Ftamahility Comparison Test Apparatus (rap), shown with schematic (bot torn), was used by FAA and its contractors as a standard test device for screening antimisting fuel candidates, 
	\ 

	FIGURE 7, CHART SHOWING RE&AT%;ONSHliPSOF DXFFEmNT FUEL FLAmBliLITY TESTS 
	FIGURE 7, CHART SHOWING RE&AT%;ONSHliPSOF DXFFEmNT FUEL FLAmBliLITY TESTS 
	Chart prepared by JPL shows the relacionship of results from different fuel 
	fhanmability tests used in AMkI. program, kleber Number and Aerodynamic 
	Deborah Number are the variables which most affect the external aerodynamics 
	of fuel atam~zatioa, 
	WATER GOMIlATIB%EITM. 
	If water is added to a tank conraining FM-9 M fuel, a true solution of walex: iar hYK may occur (reference 2b1, As mare water is added, a micro-ergylsion can form in which the particles of water are usually too small to scatter lighe. Additional water generates coarse droplets and then, a bulk water phase, Ttlese phases can occur in combination. The last phase, however, has occurred only in the laboratory and under conditions which were more ext seme than wars t case flight conditions. 
	In its study on thE? effects of water and water vapor on M,JPL found that the uptake of water in AMM could be as high as 1,300 ppm at 20" Celsius (reference 271, By comp~rison,Jee A will hold 56 to 120 ppm at a saturation temperature of 23" C. The way water is introduced into AMEC, can deternine the type and volume of the second phase. Under static conditions, mare than 250-300 ppm water are needed to initiate the formation of an insoluble second phase. If the fuel surface is cold, water vapor can produce a
	The investigation by JPL showed that the anount of water dissolved in was critically dependent upon external agitation, Therefore, the water absorption 
	limits should be accepted with caution because they probably represent the extreme upper limits, Under realistic conditions, the mount of water which gets absorbed will depend upon local agirabion and time, 

	In addition to water entering the fuel tanks during flight, the most likely sources of water that could come into contact with M are free water present in Jet A storage and transfer units and water accidentally introduced into aircraft fuel tanks (reference 8). Large mounts of free water, from 1 to 5 percent, will cause precipitates to fom in APlIK and must be woided through good housekeeping proce- dures, particularly during ground handling and fueling. (Many of the studies on the incampatibility of Ab51( 
	In addition to water entering the fuel tanks during flight, the most likely sources of water that could come into contact with M are free water present in Jet A storage and transfer units and water accidentally introduced into aircraft fuel tanks (reference 8). Large mounts of free water, from 1 to 5 percent, will cause precipitates to fom in APlIK and must be woided through good housekeeping proce- dures, particularly during ground handling and fueling. (Many of the studies on the incampatibility of Ab51( 
	While water-induced gels in A1"ZK are a recognized phenomenon, there ia disagreement over their significance to.aircraft operations. In its study of the compatibility of batch-blended AMI(: wit"hthe DG-10[KG-10 fuel system, Douglas Aircraft added water in the fom of stem to MK to produce a total, dissolved water content of 250-300 pp (reference 281, Drops aE water collected on a plastic film covering the fuel tank and dropped iota the M causing a local white contarnination which dispersed within one minute,
	The presence of water in AMIK. was considered a potentially serioue problem by Pratt 6r FJIritney Aircraft (.reference 12). Wtrenever free water was present in M, PWA reported, it caused polyraer precipitation. The water-induced precipitate clogged 
	filters and was not revereible during subsequent heating cycles. In its initial 
	laboratory deicing test, PWA added water to undegraded, batch-blended W to produce a total water content of 210 ppan, After the W was degraded, it was r?r pressure rise. TIae pressure buildup disappeared when the filter was warned to ram temperature. 
	passed through a 40-micron filter. Xce fonoed on the filter causing 

	Then PWA followed its initial test with a full-scale, deicing rig test, A white precipitate formed on the filter paper and couldn't be dissolved by the deicing heater. Subsequent analysis of the W showed that the water content: had risen to I,Q00 pp, much of which was free water. Pratt & CJhitney Aircraft repeated the laboratory teat with AElM containing an average of 211 pp of water in solution. Ice again famed and clogged the 41)-micron filter but disappeared upon being heated to 43" C, the typical deicin
	The Fa believes the validity of these results is questionable because of the pro- cedures used by WA in its tests. No aircraft would encounter this much water in regular operation, nor would degraded cme into eontact with free water as in 
	the PWA tests. The results from the Boeing test8 on water vapor ingestion under simulated flight conditions were considered mre realistic md indicated no water- AMK problems. 
	In its evaluation af AfilK under simulated flight conditions, Boeing conducted 
	several tests an water and water vapor ingestion under worst case conditions. purpose of these tests was to deternine what happens to M if airborne water is 
	Tlre 

	introduced into the fuel tank ullage through the vent system during aircraft descent through a region of extremely high huraidity. 
	me tests demonstrated that 

	the amount of water (approximately 200 pp) which might accumulate in the fuel 

	aurlng repeated descents through water-saturated clouds had no adverse effects on the in the rank. Consequently, Eoeing reported, ingestion of water vapor in amounts that could be expected in worst case airline service did not appear to cauese special problems with AMK, 
	aurlng repeated descents through water-saturated clouds had no adverse effects on the in the rank. Consequently, Eoeing reported, ingestion of water vapor in amounts that could be expected in worst case airline service did not appear to cauese special problems with AMK, 
	iX4TERIAL AND CHEMIGa GQ@ATZBXLITYe 
	Garnpat~bility tests on tank sealants and coatings, fuel tank bladder cell materials and fuel system elastomers in contact with antimisting fuels made with FM-9 revealed no problems, 
	Product Research and Chemical Corporation soaked specimens of its polysulfide sealants and polyurethane "coatings in FM-9 W at 140'""Fahrenheit (F) for 70 days and detected no adverse effects (reference 291, Goadyear Aerospace ran FM-9 AMK compatibility tests on its Vithane BTC69 and witrile BTCll bladder materials. Results of these tests showed that the reactions of these materials with AMK were less severe than their reactions with fluids used in military specification tesos (reference 301, 
	Psatt & mitney Aircraft conducted compatibility tests of FM-9 M with typical fuel system elrastamers -butadiene rubber and fltoorosilicane rubber. They soaked the elastomers in FM-9 AML( fur six months and periodically inspected them, At the end of the six month test, PWA found no crack or material crazing in any of the test specimens (reference 121, The measured mechanical properties stabilized after one week of soaking. 
	They also investigated the compatibility of FM-9 AMK with different chemical additives routinely used in jet fuels (reference i2). These were: Hitec E5l5, a corrosion inhibiterllubsicity agent; JFU, a themal stability improver; Biobar JF, a biocide; ethylene glycol-mnomethyX ether, an anti-icing agent; and N,M1-disali- cylrdene l,2--propane-dimine, a metal deactivator. All additives except rhe antr-ic~ng agent were blended with undegraded, batch-blended AMI( in amounts 10 slmes Chase normally used and then 
	Tnc metal deacs ivator produced no observable reaction, me corrosion inhibitor/ 
	lubricity agent showed a slight turbidity after one day. The thermal stability 
	ddditive produced a small amount of particulate precipitate after four days as did 
	che Jet A control sample, The anti-icing agent produced a lacy deposit. The bloclde deposited a film on the wall of the test vessel after four days, 
	In a second test, PWA blended the additives with undegraded M in the recommended allowable mounts, %he anti-icing agent was the only one to produce a precipitate, a lacy deposit as in the first test. The metal deactivator fomed a small amount of precipitate in the control sample of Jet A but produced nothing in the MR, 
	Pratl: & aitney also measured the effect of on light, copper turnings for 48 hours, Test results indicated that capper was more reactive with M than with Jet 
	A. 
	A. 
	Mowever, bronze parts of a fuel pmp used for more than 100 hours in the progrm showed no adverse effects from M, whether this would be significant over the long term is unknown. In its fuel analysis and quality control tests, PWA measured 3.4 to 3.7 ppm of sodim in six blends of M. These levels of sodium would appreciably accelerate hot-section corrosion in a jet engine. However, Imperial Chemical Industries infbmed the FAA that it planned to change the process 


	used in making PM-9 powder in order to eliminate the sodim (reference 3l), 
	used in making PM-9 powder in order to eliminate the sodim (reference 3l), 
	Samples of sodium-free A% were later provided by ECZ and tested by FAA an the Technical Center wing-fuel spil,lage facility. The sodim-free AMK provided the same fire protection capability as the regular W. 
	An investigation was undertaken by ICI into M's compatibility with Jet A (refer-ence 32). Tn earlier laboratory and field test work, both FAA and ICL encountered a gel that fomed when AMK cae into contact with residual Jet A or when Jet A was added to AMK, They reported that when the nixed fuel was used in a small pump-degrader system, gel could be fomed due to shearing action. There appeared to be no problem when the W proportian was greater than 50 percent or if the dilution was done with degraded Mor Set
	&TERNATE ADDITIVES. .
	For the AMK development prograun, the FAA had asked XCZ to freeze the formula for its antimisting slurry in August 1983. The cmpasition agreed to at that time was a 25 percent concentration of FM-9 in a glycol mine carrier fluid, mis was the fornulation that was used in the subsequent developent and test progrms in the United States and United Kingdm. Qn its om, ICI continued to develop new FM-9 compositions. The FAA and its contractors rested some of of the new lC% cmposi-tions as well as additives supplie
	The Arco, Conoco and Dow additives passed the laboratory-scale FGTA rests and were 
	tested on the Large-scale, wing-fuel spillage facility. The Gonoco and Arco 
	additives showed sufficient fire protection potential to warrant further testing with regard to their cold flow and pmpability characteristics. Low temperature pumpability tests on the Arco and donoco additives using a small Cessna 441 boost 
	pmp (reference 34) *were run by JPL. Both additives displayed unacceptable low 
	temperature punrpability. But JPL also found that the low temperature pumpability 
	af inline blended FM-9 AMK was unacceptable with the small Cessna boast pup, 
	Using a DC-10 boost pmp with a much higher flow rate, JPE obtained acceptable low 
	temperature pumpability results with FM-9, indicating that pmp size or configure-
	tian has an get undefined effect. Similar results in the DC-TO boost pump might be obtained with the Arco and Conoco additives. 
	MPRODUCTION. 
	Early in the AMK program, researchers recognized the desirability af blendling antimiatring additives into jet: fwl at tkaircraft fueling paint (references 35 and 36). Xntroduction of the additive at an earlier stage would increase costs, unintentional degradation, and the possibility of contamination (reference 371, But it was not until late 1983 that FN-9 antimisting additive became available as a slurry suitable for inline blending, 
	\ 
	The slurry developed by ICI consisted of 25 percent (by weight) FM-9 powder 
	dispersed in a carrier fluid of glycol, amine, and water. Prior to this time, FAA 
	and its contractore worked with batch-blended AEJlK (Jet A mixed with FM-9) supplied 
	by the manufacturer, or they blended liMX using FM-9 parrrder supplied by XCI. me 

	batch-blended U,: percent FM-9 AIvlK comprised Q,3 percent (by weight) FM-9 pulmer, 
	batch-blended U,: percent FM-9 AIvlK comprised Q,3 percent (by weight) FM-9 pulmer, 
	0.0 
	0.0 
	percent (by weight) glycol[arnine carrier fluid, and 99-2 percent (by weight) .Jet A. 

	Yvst of the sheological and characterization data an CaMK resulted from the early ' wor~witn batcil-blended fuels, Researchers later found that certaid Am charac-teristics such as filterability and low tenperature pmpability differed signifi- cantly in batch-blended and inline-blended (references 10 and 381, 
	The FAA and its contractors worked extensively on the development and optimization of lnline blending of M(references 39, 4.0, and 41). 'rtris work yielded four inline blenders with capacities of 1 liter/minute, 10 gallon/minute, 25 gallon/ minute and 50-125 gallon/minute (figure 8). All the blenders follow the same basic design. To insure precise flow carntrol, a variable speed, progreseive cavity pmp is used to pmp and metes the FM-9 slurry. me metered slurry is injected rnto the Jet A stream inmediately 
	After the FM-9 slurry is added to the Set A atrea, the blended fuel passes through st.atlc mixing tubes, nese tubes rely ora a combination of high fluid Reynolds raunnber and fluid residence time to blend the slurry and Jet A into a homogenous fluid. The degree of dispersion and blendi.ng achieved by the static mixing t~sbes determines the antimisting polper's dissolution in the Jet A and, therefore, is an important: factor in blending high quality AEarC fuel, The pr0perti.e~ of the slurry --chemical and ph
	Based on its experience gained in this program, FAA established the specifications shorn in table 1 for inlia-re blended PM-9 W (reference 42). Work by JPL with different Jet A base fuels shewed that only the fuel's aromatic content signifi-cantly impacted the final characteristics of the blended antimisting fuel (reference 39), 
	TABLE I, AP1K SPECXFICATSOISS 
	FM-9 Palper 0,302 st. 0.02% By Weight (ASm L) 381) 
	CZarity* XO Ntu (Max.) 
	Orifice FLOW Cup* 2,5 ~1/30Sec, (Max,) 
	Filter Ratio* 35-I00 
	Total Water 230 PPM Max. (ASTM D 1744-641 
	Appearance Uni Eom; No Visible Sediment 
	Stability 6 Months (Min,) 
	Jet A Base Fuel Commercial Grade (ASJIM D 1655) 
	Aromatics 12%(Min.1 
	Total Water 80 PPM Max, 
	(ASTM D 1744-64)
	b .
	*30 Minutes After Blending 
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	JET A SUPPY 
	FIGURE 8. PICTURE AND SCHEMATIC OF INLINE BLENDER Largest of the four inline blenders developed by FAA and its contracfors, the 50-125 gallans/minu@e unit (top) was used to blend M4.K for the CID B-720 aircraft. All blenders worked an the same principles illustrated by the schematic (bottom). 
	\ 

	LC1 hericas produced Avgard" (registered tradmark of PCI) slurry in 240-pound 
	LC1 hericas produced Avgard" (registered tradmark of PCI) slurry in 240-pound 
	(maximum) batches and delivered it in sealed containers holding 40 pounds of 6lurry. LC1 provided an analysis for each batch of slurry that had to meet the specificariaas listed in table I, 
	Blending studies by the W and JPL demonstrated that, freshly inline blended FM-9 KMX fuel developed adequate fire resistance after a 15 to 20 minute aging period, provided that the temperature at blending and the aromatic content af the fuel were not too Law (references 8 and 391, Wen the temperature was below 0" C and the aromatic content of the base fuel was below 12 percent, polper particles tended to 
	settle out, 
	In some early studies, filter ratio results indicated that freshly inline-blended FM-9 AitlK appeared to be more difficult to degrade than hatch-blended fuel, which had time to equilibrate (references 43, 44, and 45). Both JPL and SwRf, for example, degraded samples of the equilibrated batch-blended and freshly inline- blended FH-9 Mand then conducted filker ratio tests on the degraded fuel samples after they had cooled to-mbieat temperature. The inline-blended fuel samples yielded filter ratios I0 to 20 ti
	4.0 
	4.0 
	to 200 microns without plugging, Filter ratio masnreraents don't always give a valid indication of fuel degradability, In its characterieatisa sf degraded M, JPL aated that often wi.th freshly blended All there would be undissolved polyzaer that was not degraded (reference 451, Consequently, if filter ratio tests an these samples were net run within one minute after degradation, the undegraded polpers would swell, producing high filter ratio readings, 

	PCI and others warked on ways of accelerating the dissolution of the FM-9 antimisting polper in jet fuel In efforts to reduce the ecluilihration rime and the power required to degaede inlirae-blended W (references 33 and 46). In March 1983, ECL developed a new slurry with a higher solid loading that had excellent dissolution properties. In tests at FBB, RCZ, and the W, MK fuel made from this slurry successfuZly demonstrated fire resistance properties and degradability within 1.5 minutes of blending. Because
	The FAA. sponsored studies at JPL ow thk effects of different base fuels on the 
	propert ies and perfomance af antimisting fuels (reference 39). Researchers from 
	JPL found significant differences in a limited sampling of the Jet A base fuels, 
	But with the exception of aromatic content, which had to be at least 12 percent, 
	these variations did not signif~cantly affect M characteristics. 
	A study was conducted by JPL for the FAA on the problems associated with inline 
	blending Nat different base fuel temperatures (reference 47). Using a 1 liter/ mi11 blender, JPL researchers made a series of blends with the Jet A base fuel at different temperatures from -35" C to 40" C, Fram these tests, JPL concluded that the oprimm blending temperature range for AMK was between O0 G and 30" C, When blended with a base fuel above 30" C, t4MK lost some of its fire protection capabilities; and above 33" C, it lost all fire protection properties. The JPL researchers also found that when Al
	@ 
	ing properties within the goal of 15 to 20 minutes after blending. 

	In another FAA sponsored study, General Technology Applications, Lne, CGTA), " 
	In another FAA sponsored study, General Technology Applications, Lne, CGTA), " 
	investigated its eryafracturing process as a method for rapidly dissolving anti- misting additives in Jet A (reference 33). This process used a hammer mil1 cooled by liquid nitrogen to break intramolecular bonds and produce active surfaces on polper particles which would interact with liquid hydrocarbons to accelerate dissolution. The process worked well in blending Jet A and Oppanol B-230, a high molecular weight polyisobutylene polymer with time dependent solubility and anti- misting properties. But attem
	fine poder, were unsuccessful. 
	As part of the M safety work, FsLA demonstrated in limited tests that jet engines could operate on undegraded antimisting fuel, But stcddiea in the United States and United Kingdm clearly showed that for modern jet engines to start and to operate efficiently and cleanly an W, the FM-9 antimisting polymer must be highly degraded to restore the W as closely as possible to Jet A properties prior to cmhustian. 
	The relationship mong degradation levels, Euel atomization and cmbuat ion eff i-
	ciency and stability were investigated by JPL (reference 48). Their researchers 
	used a Eucl nozzle from a PWA JT8D engine to produce M sprays at flow rates 
	corresponding to engine ignition, idle, cruise, and takeoff conditions. They 
	tested Jet A (FR --l), undegraded AMK (FR Ei 301, and degraded AMK with filter 
	ratios of 1.2, 1.3, 1.5, 1.6, 6.6 and 20. 
	At al1 power settings, JPL found that co6bustian efficiencies decreased with 
	increases .in filter ratio. Also, unburned hydrocarbons and carbon monoxide 
	emissions increased with increases in filter ratio and droplet sizes. For m, with a 1.2 filter ratis at idle, cmbustion efficiency dropped to 99 percent from 
	99.3 
	99.3 
	percent with Jet A. Combustion efficiency dropped further to 97.9 percent when the filter ratio rose to 1.5. These results confimed .thoee obtained earlier by PWA and Lucas Aerospace (references 13 and 49). 

	The FAA. and W and their contractors investigated various methods for degrading 
	MK, All of them produced a nee energy lass to the engine cycle, In any futrlre 
	designs, however, the degrader would be designed as an integral part sf the engine 
	fuel pump and control system. to keep wight and energy penalties to a miniam, 
	In work for the RAE, Plessey Aerospace Ltd, developed a cmbined pmp-degrader 
	based on the BP 240 min engine Euel pump from the Phantom-Spey aircraft Qrefer-
	ences 50 and 51). Plessey rested the unit at rotational speeds of 5,000 to 12,000 
	rm and at fuel flow rates from 0,505 to 1.26 litersls. At a specific power of 63 
	kwjliter, it degraded M in a single pass to 1.4 filter ratio from 24. The large 
	power requirement of the pmp-degrader led Plessey to conclude that a systems 
	approach would be highly desirable in order to take advantage of the degradation 
	provided by other components such as boost punrps, 
	Plessey, along with PWA and JPL, investigated nomechanical means for degrading ANK 
	including ultraviolet-light, catalysis, ultrpsonics, lasers, cavitation and centri- 
	fuges, Plessey concluded that the nomechanical Leihods *re ineffective, too 
	sl~w,or not suitable for aircraft operations (reference 50). 
	Comercial caviea-

	tion devices were used by PWA to degrade AMK successfully, but size and power 
	requirements precluded their use in aircraft (reference 12). 
	Both PWA and United 

	Technologies Research Center believe, however. that AMK can be degraded adequately 

	wiih a multistage cavitating venturi based on results of tests with a single-stage unrt (reference 52). 
	wiih a multistage cavitating venturi based on results of tests with a single-stage unrt (reference 52). 
	Ln the United States, SwRI developed a hydro-mechanical degrader that used a vari- able flow pump to raise AMK to high pressure (2,000-4,000 psi) and force the fuel through flow rszstrictors -packed heads, metal screens or a needle valve degrade the antimisting polper (reference 6). SwKI was able to achieve filter ratios of 1.2 in a single pass through its degrader at a specific degrader power of 15 kw/liter (reference 5.31, 
	Morking with batch-blended fuel, 

	The SwqI degrader used an axial piston pmp frqm a TP30 en ine driven by a 50 hp
	electrxc motor through a magnetic coupl~ng devace, A needi!e valve, located hmedi-ately downstream of the punrp, acted as a variable area orifice to maintain a constant pressure-drop aver a wide range of fuel flaw rates. The speed limitation of the electric motor restricted the maxima flaw rate to about l,50O kglhaur, which represented cruise conditions far the JT8D commercial engine. 
	W~ch this degrader, SwKl evaluated the filtration pesfomkance sf degraded with 
	filters from the JT8D and CF6 engines, The filters were located immediately dom- 
	strem of the needle valve degrader, The results showed that AMR degraded at a 
	specific power of 21 kwdliter could flow through these filters rssader cruise condi- 
	tions at pressures close to those for Jet A, The results remained virtually the 
	same when degrader specific power was reduced to 14 kw/%itexp, But when the 
	temperature was lowered below 8" C, specific degrader pwer had to be increased 
	to 29 kwlliter to produce satisfactory filter perfomance (reference 4). 
	Ira later work with inline-blended AMK, 8wRI found that it appeared to be more 
	difficult ta degrade freshly ialine-blended fuel than equilibrated batch-blended 
	fuel (reference 111, At the same speciftc power, the needle valve degrader 
	achieved a filter ratio sf 10 for the inline-blended fael and 1,2 for the equili- 
	brated batch-blended fuel. But critical velocity measurements made by SwRI in its 
	degradation-filtration tests indicated that the inline-blended A&%K was only-
	slightly msre resistant to degradation than the fully equilibrated batch-blended 
	MKS Arr discussed earlier in the section on MK production, indicated filter 
	ratios for freshly inline-blended Ali3[M are misleading. 
	For its degradation studies, JPL used a needle valve degrader similar to one used 
	by SwRI (reference 54). It demonstrated that fresh, inline-blended M could be 
	degraded and filtered through a 325 mesh wash flow filter within 20 minutes of 
	blending at 20' C. A specific degrader power of 27.6 etwlliter was used, Pressure 
	drop across the degrcader was 4,000 psi, Bur when the temperature was lowered to 
	-20" C, the AMK, degraded at the same specific power of 27.6 kwlliter, failed the 
	filterability test. 
	i.n 
	i.n 
	later mrk on the degradation of cold, freshly inline-blended M,JPL modified the degrader by adding a recirculation laap, a bypass Loop heater, and a counter-flow heat exchanger to heat the incoming, cold A&% (reference 47). These modifi- cations, according to JPL, greatly improved the low temperature perfomance of the degrader. For a 38 percent recirculation and a 4,000 p%i pressure drop across the needle valve, the degrader power requirement was 44 kwlliter. 

	General Electric (GE) developed a prototype flight degrader for the FAA based an the high speed, augmentor centrifugal pump for its military F101 engine (references 55 and 561, In bench tests, the\GE unit degraded inline-blended AMK ta high levels 

	(FR = 1.2) over a full range of flow conditions. The specific fuel consumption penalty for engine gear box power to operate the purmp-degrader, according to GE, would be relatively low, The unit was flown on the No, 3 engine of the CV-880 flight: test vehicle (figure 5) and was used an all' four engines of the Controlled Impact Demonstration (61D) B-720 aircraft (figure 101, 
	(FR = 1.2) over a full range of flow conditions. The specific fuel consumption penalty for engine gear box power to operate the purmp-degrader, according to GE, would be relatively low, The unit was flown on the No, 3 engine of the CV-880 flight: test vehicle (figure 5) and was used an all' four engines of the Controlled Impact Demonstration (61D) B-720 aircraft (figure 101, 
	The test conditions specified for the GE degrader were based on the requirements of the GE CJ8Q5 and the PWA JT36 engines used, respectively, in the CV-880 and B-720. In terns of flow capacity, the GElFlOl pup-degrader wae considerably oversized for the CV-880 engine, which required up to 30 galimin, maximura, (The only high speed, centrifugal puq hediatelg available, the FlQl augmentor pup was designed for a 210 gal/min flaw rare on jet fuel,) Consequently, the power required to operate this degrader was c
	Prior to the impact demonstration, the PU Technical Center conducted several engine tests an undegraded M fuel (references 57, 58, and 591, The engines were started on Jet A fuel and &hen switched ta uradegraded AMK without any operational problems. Sn one teat, an engine ran continusul~ly on undegraded IlidulK for approxi- mately three hours. The engines were able to operate at rated thrust despite significant reductions in efficiencies which resulted apparent ly from the poor atomization of the undegraded
	The FAA Technical Center ran a series of ground testa in 1982 ueing a VTF30-PI engine fueled with batch-blended, undegraded FM-9 W (references 57 and 58). The engine's afterburner was replaced with a straight, conical exhaust collector and nozzle, In each test run, the engine waa started and brought ,to idle on Jet A and then switched over to uadegradcd AMK, The engine was operated frm idle to full power with accelerations and decelerations for a coral running time of 2 hours and 
	57 minutee. 
	Fobloving the initial run an undegraded dlE?ldC, the engine's themodgmamic perfomance deteriorated somewhat. The high pressure compressor had to be operated at higher speed to achieve the same pressure ratio; and the speed match beeween the high and low pressure rotors shifted. Turbine discharge temperatures also increased, indicating a possible deteriorated turbine condition; and the manifold pressure produced at a given drive speed dropped. These conditions are believed ta have resulted from the shear thi
	In support 06 the CID, the FAA Technical Center conducted tests with a PWA JT3C-6 engine operating on inline-blended, undegraded AKki (reference 591, The engine's fuel control system was modified to correspond to the more stringent conditions of the JT3C-7 engines installed in the B-720 CID aircraft, The tests were designed to duplicate the conditions%expected during the final CLD flight to deternine what would happen if the engine degraders failed, A total of 1,348 gallons of M were 
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	blended directly into the B-707 wing tank of an integrated, aircraft fuel system rig at the Technical Center and rhen fed to the engine in the test cell by the wing tank boost pump. The engine, which was started and shut dom on Jet A, operated an the undegraded AMK for 2 hours and 17 minutes. 
	blended directly into the B-707 wing tank of an integrated, aircraft fuel system rig at the Technical Center and rhen fed to the engine in the test cell by the wing tank boost pump. The engine, which was started and shut dom on Jet A, operated an the undegraded AMK for 2 hours and 17 minutes. 
	Pretest and posttest calibrations of the engine on Jet A far these tests shqwed no significant differences in engine operating characteristics. The speed match between the high and low pressure compressors remained the same as did pumping characteristics and fuel flew requirements. Nor were &here any significant differ- ences in the engine's acceleration-deceleration characteristics before and after the test on undepraded AMK. No operational problems were encounrered during the simulated CID mission or duri
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	Prior to the CZD simulation, the Technical Center, in 1982 and 1983, had accumula-ted approximately a15e and a half hours experience running two PWA 360-R-6 engines on undegraded, batch-blended M, The engines were started an Jet A, then switched to undegraded fuel at idle before being run up to cruise power, No operational problems were encountered. The two J6Q engines were then mounted an the aft fuae-lage of a surplus RB-66 aircraft that was crash tested an a Naval Air Engineering Center catapult in April
	LOW TEPIPERATUm BEKAVZOR. 
	Because jet fuel is routinely exposed to extrmely low temperatures in aircraft wing tanks during flight as well as in above ground fuel storage tanks in some northern countries, FAA csntnractars seudied M%low temperature bebwiar, 
	The Boeing Company studied the use of AjMK in airfrme fuel systems and in certain critical engine components (reference 603. Boeing used a SO-gallon B-747 wing 
	tank, cold fuel simulator for environmental and component tests (figure 11). Far 
	the long term (2-hour) perfomance tests, the Beeing Fuels Labarat~ry assembled a simulated B-767 aircraft fuel feed system. 
	Boeing began its test prograrra with batch-blended fuel but switched to inline-blended AlVlK when it became available. For blendisbg and degrading che anbiglisting 
	fuel, Boeing used a 25-ga%/min blender and rhe SwRI needle valve degrader, both supplied by the FAA Technical Center. 
	Eaeing's test plan called for the study and evaluation of the following: 
	o Differences between M and Jet A on a simulated, earnmercial, airplane flight mder worst ease, low temperature conditions. 
	o Differences between M and Jet A on a simulated, earnmercial, airplane flight mder worst ease, low temperature conditions. 

	a Effects of repeated thermal cycling and airframe motion on the antinristing characteristics of a, 
	o Effects of water and water vapas ingestion om AMK under worst case humidity conditions during flight, 
	o Effects of water and water vapas ingestion om AMK under worst case humidity conditions during flight, 

	o Perfomance of production, fuel system components such as boast plunps, jet pumps, engine driven pumps, arrd capacitance quantity gauges with AMX, 
	o Perfomance of production, fuel system components such as boast plunps, jet pumps, engine driven pumps, arrd capacitance quantity gauges with AMX, 
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	%REEN MEIVIBLY, .FOUR MESH QF TANK 05-7/10 .
	FIGURE 11. INTERIOR OF GOLD FUEL SIMULATOR TANK .Drawing shows the interior of the 50-gallon cold fuel simulator tank used .by the Boeing Company to conduct low temperature, dynajaic simulation tests .on M. .
	o Continuous, long-time performance sf a commercial aircraft boost pump with cold AMK, 
	o Continuous, long-time performance sf a commercial aircraft boost pump with cold AMK, 

	Later, the FAA added the following secondary objectives to the Boeing program: 
	o Power requirements for degrading AMK at low tempesaturea, 
	o Power requirements for degrading AMK at low tempesaturea, 

	o Long-term performance of typical, engine, fuel feed system filters with cold 
	o Long-term performance of typical, engine, fuel feed system filters with cold 

	w. 
	w. 

	Boeing compared the bulk fuel cooldown rate of AMF; with that of Jet A and found no major differences in the thermal responses of the two fuels, At -SOo C, Boeing noted, the Jet A turned an opaque yellow while the AMK, remained clear, During boost puop operation, semitransparent strands of gel formd on the free surface of 
	and on the interior surfaces of the tank at temperatures of -20" C and below. A result of the boost pump vapor discharge jet. interacting with the AMK, the strands of gel dissolved back into the fuel as temperatures approached arnbienl: and never interfered with boast pump operation, 

	Boeing observed the famation and disappearance of similar, transparent strings of gel during its themal cycling tests. Visual inspection of the fuel tank after it was drained showed no gel deposits on the interior surfaces, Designed to debermine the effects of repeated thermal and dynamic cycling on the antimisting characterism- tics of N,the tests showed that AMK retained its antimisting properties after exposure to a severe, low temperature, flight profile with and without slosh and vibration, and even af
	Boeing observed the famation and disappearance of similar, transparent strings of gel during its themal cycling tests. Visual inspection of the fuel tank after it was drained showed no gel deposits on the interior surfaces, Designed to debermine the effects of repeated thermal and dynamic cycling on the antimisting characterism- tics of N,the tests showed that AMK retained its antimisting properties after exposure to a severe, low temperature, flight profile with and without slosh and vibration, and even af
	Baeing concluded that the antimisting properties of AMK are not adversely affected by law temperature exposure nor by normal airplane flight dynamics and vibration 
	exposure. 
	Existing heat transfer calculation methods can be used to calculate AMK tempera-tures in fuel tanks, according to Baeing. men subjected to low temperature enviroments, W displayed essentially the same thermal response as Jet A, 51piis means that existing models used to analyze buoyantly driven (free convection) heat transfer properties of Jet A can be applied to the same systems operating with MK, This finding is contrary to that for farced convection, Boeing said, where M is a less effective heat transfer 
	Boeing also empirically developed vertical tank temperature profiles for Jet A and MK, Rese profiles were generally the same, Boeing also found that the bulk fuel 
	cooldown rates of mK and Jet A showed no major differences in thermal response. 
	Overall, Boeing reported that its envirowrrrental end component perfomance tests revealed no insurmountable problems with airfrme fuel system components operated with WfaK aver the temperature range and nmber of cycles studies, Boerng did encounter problems with ai.rframe suet ion feed, jet pmp perfamance and engine fuel fnlters, These problems are discussed later under ""empoplent Compatibility*" 
	JPL investigated the low temperature behavior af both batch- and inline-blended I\IW (references 27, 313, and 541, In its early work, with batch-blen4ed M, JPL observed that a relatively stable, shear-induced gel fanned in AHK at -30' 6, causing a reduction in flaw perfomance, Tlaeir researchers also noted that water vapor from humid air condensed and froze on she surface of cold fuel, %en the cold fuel was AM#, the condensation-freezing process could result in polymer separation and the fornation of a whit
	For its low temperature studies of inline-blended A61K, JPL used a 50-gallon, wing 
	tank simulator in which the top and bottam surfaces were cooled by the circulation 
	of ch~lledmethanol. The cooling process was controlled to maintair~ the bottom 
	surface temperature close to one of the three temperatures (-40" C, -45" @, and 
	-50" C) selected for the tests, The cooldown process took five and a half hours 
	drlring which 12 temperatures were recorded every 10 minutes. The eaaldown and 
	freezing behavior of AMK and the Jet A base fuels at the selected temperatures 
	were evaluated and cmpared by JPL. 

	From these tests, JPC established vertical temperature profiles for the different 
	From these tests, JPC established vertical temperature profiles for the different 
	AmK and Jet A samples (reference 38). results of these tests showed that AMK 
	cooled somewhat more slowly than Set A and that the mount of cold fuel holdup 
	(mount of fuel left in the tank) was slightly less in the ca5e of AMK, Rocking 
	the simulated wing tank, said JPL, did not significantly alter the cooldon or 
	freezing behavior of the fuela, It also underctdok an evaluation and comparison 
	of the perfowace of fuel boost pmps with low temperature AMX and Jet A, The 
	results of this work are discussed later in the ""Ceaaponent Compatibility'hection. 
	Using a needle valve degrader with a 4,000 psi differential, 3PL degraded inline- blended AMK. at 20" C within-12 minutes and succ~rssfully passed it through a 325-mesh screen without plugging, Rowever, when the fuel was cooled to -22" 6,the filter sereen plugged imediately (reference 513, FOP ialine blending sf AMK, JPL reported that the base jet fuel should be between 5" C and 38" C. With base fuel below SP 6, AMLK takes 45 minutes or longer to develop adequate fire proteetian. If blended with fuel above 
	The FAA and the Royal* Aircraft Establishment conducted extensive testing on the compatibility of AMK with aircraft and engine fuel systems and components. (All of these tests were of limited duration, however, and a service test and evaluation program would be needed to identify any long term operational problems.) 
	The Boeing prsgrm emphasized fuel system component operation at simulated environ-mental extrems (reference 601, The M fuel was expoaed to severe Low temperature 
	flight profiles with slash and vibration, repeated themat cycling, a 'kwast case" vent/ullage water vapor environment, auction feed at cold temperatures and altitude extremes, and boost pump delivery at cold fuel temperature extremes. 
	In the ease of its 8-747 main boast pump, Boeing found that the pump perfomed satisfactorily with at mbient, -28' C and -4.0" C. At all temperatures, the pump required more power to pup Mthan Jet A. But as the temperature decreased, pumping efficiency increased with AMK and decreased with Set A. The temporary appearance of gel due to the interaction between the vaporlliquid discharge jet and the surrounding AP/LK caused no problems. 
	To get more data an boost pmg operation than wae possible with the limited capacity of its 50-gallon cold fuel simulator, Boeing conducted a 2-hour endurance rest on a simulated B-747 feed system using 2,000 gallons of fuel ac the tempera- ture desired. In this test, Boeing used a B-747 override boost pump similar to the main boost pump but with higher capacity and pressure output, This time, the puolp used approximately the sme power to pmp AMK as Jet A at ambient and at -20' C and less at -40" C. The reas
	Pump, 
	During the 2-hour endurance test with a,Boeing obsemed gel formations on the downstreaun side of the filters used in the feed system simulator: a JTBD fuel control wash filter, a JT$D interstage filter, and a GF6 tow pressure cartridge 
	filter. There was a slight pressure rise acrose the intersrage and washflaw 
	filters at mbient temp2rature; a higher pressllre rise at -20' C; and at -40" C, the filters bypassed with-in a few minutes. The experimental needle valve degrader used by Boeing for the tests was no6 designed for use with low tmperature AE-IX. 
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