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The primary object ives  of t h i s  research program a r e  t o  (1) develop a c r i t i c a l  
experiment capable of determining t h e  autoigni t ion  c h a r a c t e r i s t i c s  of a i rc ra f t - type  
f u e l s  i n  a i r  a t  elevated temperatures and pressures,  and (2) apply t h e  equipment 
and techniques developed t o  napping t h e  i g n i t i o n  delay times of severa l  hydrocarbon 
fuel -a i r  mixtures. Autoignition data  a r e  required f o r  es tabl ishing design c r i t e r i a  
per t inent  t o  advanced gas turbine  engines which employ f u e l  prevaporizat ion and 
premixing. The program i s  di rec ted  toward design of the  experiment, f ab r ica t ion  of 
the  t e s t  equipment,. empirical  v e r i f i c a t i o n  t h a t  t h e  va r iab les  which a f f e c t  autoig- 
n i t i o n  can be control led  i n  a manner such t h a t  use fu l  quan t i t a t ive  r e s u l t s  can be 
obtained, and parametric evaluation of t h e  autoigni t ion  c h a r a c t e r i s t i c s  of severa l  
l i q u i d  hydrocarbon fue l s .  

The spontaneous i g n i t i o n  characteristics of hydrocarbon f u e l s  i n  a i r  have been 
a subject  of inves t igat ion Eor many years;  however, none of the  previous invest ipa-  
t o r s  has been completely successful  i n  i s o l a t i n g  and evaluating each of t h e  experi- 
mental va r i ab les  i n  a control led manner and over ranges representa t ive  of those en- 
countered i n  advanced gas turbine  engines. Consequently, a  thorough examination of 
pas t  e f f o r t s  i n  t h i s  area  was undertaken i n  order t o  properly define a c r i t i c a l  ex- 
periment t h a t  determines the  e f f e c t s  of a l l  the  kno~m o r  suspected variables on 
autoignit ion.  It was concluded t h a t  parametric autoigni t ion  data  pe r t inen t  t o  gas 
turbine  engines can be bes t  acquired by conducting a continuous f l a ~  experiment 
using dry, unv i t i a t ed  a i r ,  and providing independent control  of pressure,  tempera- 
ture ,  and fue l -a i r  mixture residence time. I n  addi t ion ,  t h e  experiment should mini- 
mize flow disturbances and wal l  e f f e c t s ,  and provide f o r  a  deterninat ion of the  
fuel -a i r  mixture d i s t r i b u t i o n  and t h e  degree of drople t  vaporizat ion.  These c r i t e r i a  
served a s  a b a s i s  f o r  formulating the  technical  approach from which the  experiment 
design evolved. 

The autoigni t ion  t e s t  apparatus which was developed i n  the  present  program con- 
sists of an e l e c t r i c a l  resistance-type a i r  heater ,  an i n l e t  plenum and flow s t r a i g h t -  
ener,  a specially-designed premixing-type f u e l  i n j e c t o r  f o r  generating a r e l a t i v e l y  
uniform fuel -a i r  d i s t r i b u t i o n ,  a  c y l i n d r i c a l  mixer/vaporizer sec t ion  comprising 
severa l  flanged spool pieces t o  pe rn i t  length  v a r i a t i o n  over t h e  range 2.5 cm t o  150 
em i n  increments of 2.5 cm, an expander sec t ion  which provides a sudden expansion at  
the  autoigni t ion  s t a t i o n  and a water quench, a  scavenger af terburner ,  and a remotely- 
operated t h r o t t l e  valve located i n  t h e  exhaust ducting. Deta i l s  of the  test hardware 
a r e  described i n  Ref. 1 and shown schematically i n  the  at tached i l l u s t r a t i o n s .  The 
inner surface  of the  mixer/vaporizer sec t ions  is  r e l a t i v e l y  smooth and f r e e  of wake- 
producing imperfections a s  a r e s u l t  of i n t e r n a l  nachining and t h e  use  of alignment 



dowels. Theore t i ca l  ana lyses  of t h e  need f o r  w a l l  cool ing  t o  prec lude  t h e  p o s s i b i l i t y  
of i g n i t i o n  i n  t h e  boundary l a y e r  were n o t  a b l e  t o  conclus ive ly  demonstrate t h a t  cool- 
i ng  would n o t  be  requi red ,  t h e r e f o r e ,  t h e  des ign  provides t h e  c a p a b i l i t y  f o r  i n t e r n a l  
w a l l  cool ing;  however, t h i s  f e a t u r e  i s  o p t i o n a l  ( t h e  i n n e r  w a l l  has  s u f f i c i e n t  s t r e n g t h  
t o  permit  uncooled opera t ion) .  Uniform i n l e t  v e l o c i t y  p r o f i l e s  a r e  assured  by flow 
b a f f l e s  and s t r a i g h t  s e c t i o n s ,  and t h e  i n l e t  temperature and p re s su re  are measured 
us ing  f i x e d  probes. 

Eornal  opera t ing  procedure c o n s i s t s  of e s t a b l i s h i n g  a prescr ibed  condi t ion  w i t h i n  
t h e  test duct  and gradual ly  i nc reas ing  t h e  air  temperature o r  p re s su re  u n t i l  au to igni -  
t i o n  occurs  a t  t h e  e x i t  of t h e  n i x e r l v a p o r i z e r  s ec t ion .  This continuous t e s t  proce- 
dure ensures  an accu ra t e  determinat ion of t h e  condi t ions  a t  au to ign i t i on .  The i g n i t i o n  
delay t i n e  is equal  t o  t h e  res idence  time of  t h e  f u e l - a i r  mixture between t h e  po in t  of 
i n j e c t i o n  and t h e  a x i a l  p o s i t i o n  of t h e  flame, and i t  i s  computed based upon t h e  ave- 
r age  flow v e l o c i t y .  The occurrence of a u t o i g n i t i o n  is  determined i n d i r e c t l y  using a 
thermocouple, a d i f f e r e n t i a l  p re s su re  t ransducer  and photodetec tors  t o  make simulta- 
neous measurements of t h e  temperature-r ise ,  p re s su re - r i s e  and i l l umina t ion  de lay  t i n e s .  
Vpon i g n i t i o n ,  t h e  test i s  terminated ab rup t ly  by s h u t t i n g  o f f  t h e  f u e l  f low and there-  
by purging t h e  r i g  wi th  i n l e t  a i r  flow. This  t e s t  arrangement permi ts  independent 
v a r i a t i o n  of each of t h e  important experimental  v a r i a b l e s  ( i . e . ,  p r e s su re ,  temperature,  
v e l o c i t y ,  res idence  t i n e ,  and f u e l - a i r  r a t i o )  w i th in  a f i x e d  range of t e s t  condi t ions .  

The genera t ion  of a uniform mixture i s  a p r e r e q u i s i t e  f o r  t h e  eva lua t ion  of t h e  
importance of f u e l - a i r  r a t i o ;  t h e r e f o r e ,  techniques f o r  ob ta in ing  r a p i d  vapor i za t ion  
and mixing wi th  a minimum flow dis turbance  were s t u d i e d  and s e v e r a l  candida te  f u e l  
i n j e c t o r s  were f a b r i c a t e d  and t e s t e d .  Two f u e l  i n j e c t o r  designs have demonstrated h igh  
p o t e n t i a l  f o r  achieving a uniform s p a t i a l  d i s t r i b u t i o n  of f u e l  i n  a i r .  The f i r s t ,  a 
mu l t ip l e - s t ru t  i n j e c t o r , %  oneinwhich f u e l  i s  i n j e c t e d  normal t o  t h e  a i r f l o w  from a 
l a r g e  number of i n j e c t i o n  s i t e s  and i n t o  segments of approxina te ly  equal  a rea .  The 
number and s i z e  of t h e  i n j e c t i o n  o r i f i c e s  were determined from cons ide ra t ion  of l i q u i d  
j e t  pene t r a t ion ,  o r i f i c e  plugging, and i n j e c t o r  s e n s i t i v i t y  t o  combustor p re s su re  os- 
c i l l a t i o n s .  E f f i c i e n t  a tomizat ion r e s u l t s  as a consequence of t h e  h igh  shea r  f o r c e s  
c r ea t ed  by t h e  i n t e r a c t i o n  of t h e  high-veloci ty  a i r s t r e a m  and t h e  low-velocity f u e l  
jets. Flow dis turbance  and, t h e r e f o r e ,  p r e s s u r e  l o s s  a r e  minimized by a s t r eaml ine  
shaped design. The second i n j e c t o r  is  a m u l t i p l e  c o n i c a l  tube  type  which c o n s i s t s  of a 
concent r ic  a r r a y  of venturi-shaped a i r  passages i n t o  each of which an i n d i v i d u a l  and 
r egu la t ab le  f low of f u e l  is  i n j e c t e d  n e a r  t h e  entrance.  Fuel  is  suppl ied  by means of a 
smal l  diameter  tub ing  t h a t  is  s u f f i c i e n t l y  long t o  provide  ample p re s su re  l o s s  t o  mini- 
mize t h e  e f f e c t  of r i g  p re s su re  f l u c t u a t i o n s  on t h e  f u e l  flow r a t e .  Airflow nonunifor- 
m i t i e s  a r e  reduced a s  a r e s u l t  of t h e  p r e s s u r e  l o s s  i ncu r red  and a tomiza t ion  is  inproved 
by t h e  shear  f o r c e s  c r ea t ed  by t h e  increased  a i r  v e l o c i t y .  

P a r a n e t r i c  t e s t s  t o  nap t h e  i g n i t i o n  de lay  c h a r a c t e r i s t i c s  of J e t - A  f u e l  were con- 
ducted a t  p re s su res  of 10 ,  15, 20, 25, and 30 a t m ,  i n l e t  a i r  temperatures  up t o  9OOK 
and f u e l - a i r  equivalence r a t i o s  of 0 . 3 ,  0.5, 0 -7 ,  and 1.0. Residence t i m e s  i n  t h e  
range of 1 t o  50 msec were obtained by in te rchanging  spoo l  p i e c e s  t o  c r e a t e  s i x  d i f f e r e n t  

d x e r l v a p o r i z e r  l eng ths  (6, 23, 53, 84, 99,  and 130 cm) and by t e s t i n g  a t  two d i f f e r e n t  



airflow rates (0.5 and 1,O kglsec). The resulting free-stream velocities were in the 
range 20 to 100 mlsec. As expected, the results indicate that the ignition delay 
times decrease with increasing air temperature and pressure. Also, the data shot: 
that, for lean mixtures, ignition delay times decrease with increasing equivalence 
ratios. 

Future work will concentrate on obtaining detailed autoignition data for a variety 
of fuels, including 2 - 4 ,  No. 2 diesel oil, ERBS and cetane, and investigating the 
effects of chemical and physical properties of fuels on autoignition. 
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