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The objective of t h i s  recent ly  completed program w a s  t o  evaluate the use 
of advanced combustor concepts as a means of accommodating possible future  
broad-specif i ca t ion  fue l s .  

The combustor evaluations consisted of sector  combus tor  tests, using a 
three-swirl cup sector  CF6-50 test r i g .  The tests were conducted with a non- 
v i t i a t ed  air  supply and an on-line exhaust gas analysis system, as w e l l  as 
other normally used combus t ion tes t ing  control sys  t e m s ,  instrumentation and 
da ta  acquis i t ion equipment. 

The various combustor configurations were evaluated a t  true c ru ise  and 
simulated takeoff (P3 reduced from 2.96 MPa to 1.59 MPa) conditions fo r  the 
CF6-50 cycle. I n  each test, the combustors were evaluated with three fuels:  

o Jet  A - 14% Hydrogen by weight 

o ERBS - 13% Hydrogen by weight 

o Special Blend - 12% Hydrogen by weight 

The program included one t e s t  of a current  production CF6-50 combustor config- 
uration, Figure 1, to  serve as  a baseline fo r  comparison, one tes t  each of 
three advanced combustor concepts and a parametric test  of the most promising 
of the three advanced concepts. 

The three advanced double annular combustor concepts, which are a l so  
i l l u s t r a t e d  i n  Figure 1, consisted of (1) a concept employing high pressure 
drop fue l  nozzles for  improved atomization, (2) a concept with premixing tubes 
i n  the main stage, and (3) a concept w i t h  the p i l o t  stage on the inside and 
the main stage on the outside,  which is the reverse of the other two concepts. 
This l a s t  concept was intended to  reduce the main stage length and, therefore, 
i ts  residence t i m e  and NOx emissions levels ,  and t o  provide an improved e x i t  
rad ia l  temperature p ro f i l e .  Double annular combustors, w i t h  the p i l o t  on the 
outside, have shown tendencies i n  previous tests to have inboard-peaked 
temperature p ro f i l e s .  

The baseline CF6-50 burner w a s  tested f i r s t .  The baseline tes t  showed 
tha t  smoke and CO l eve l s  for sector  tests would be somewhat higher than fo r  
f u l l  annular tests because of leakage i n  the r ig ;  however, trends with operating 
conditions were as expected. Other test  da ta  would not be affected.  The 
baseline burner showed some s e n s i t i v i t y  to fue l  hydrogen content with regard 
to  smoke, NOX (takeoff), and l i n e r  temperatures. 
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Of the four  burners  t e s t ed ,  Concept 2 had the lowest  NOx l e v e l s ,  a very 
clean dome with v i r t u a l l y  no carbon depos i t s ,  lower smoke l e v e l s  than the 
basel ine combus t o r ,  very low dome temperatures and no combus t i o n  i n s t a b i l i t y  
a t  any opera t ing  condi t ion .  Liner temperatures w e r e  l o w  except  f o r  a region 
on the inner  l i n e r  downstream of the premixing tubes.  This l i n e r  temperature 
problem would be r e l a t i v e l y  easy to  remedy by the use of hole p a t t e r n  ad jus t -  
ments and p r e f e r e n t i a l  cool ing .  Therefore these high temperatures were n o t  
considered a major problem. 

Concept 1 produced low smoke l e v e l s  and showed l i t t l e  s e n s i t i v i t y  to f u e l  
hydrogen content  w i t h  regard to  smoke l e v e l s  and metal temperatures.  NO, 
l e v e l s  were lower than CF6-50 l e v e l s  bu t  higher  than Concept 2 l e v e l s .  These 
l e v e l s  were higher  than expected f o r  t h i s  design based on previous tests of 
similar designs i n  the Experimental Clean Combustor Program. I t  i s  suspected 
t h a t  these r e s u l t s  were due t o  the l o s s  of some nichrome patches on d i l u t i o n  
holes ,  which adversely a f f ec t ed  combustor a i r f low d i s t r i b u t i o n .  The l i n e r s  
were made from CF6-50 combustors. 

Concept 3 produced the lowest smoke ' l eve l s  and demonstrated t h a t  the 
r a d i a l  temperature p r o f i l e  could be inver ted  by revers ing  the p i l o t  and main 
stage domes i n  a double annular combustor. The NOx l e v e l s  were between those 
measured f o r  the o the r  t w o  concepts.  However, t h i s  combus tor encountered 
combus t i o n  resonance and dome flame s t a b i l i t y  problems a t  some opera t ing  
condi t ions .  I t  is  bel ieved t h a t  during a po r t ion  of the test  the flame w a s  
no t  seated i n  the p i l o t  dome as  evidenced by very l o w  metal temperatures.  I t  
is  l i k e l y  t h a t  the observed resonance and dome i n s t a b i l i t y  were inf luenced by 
leakage between the three-cup s e c t o r  and the test  r i g  s ide  walls. Because of 
combustion s t a b i l i t y  problems, th i s  combustor y ie lded  high CO and some l i n e r  
temperature d a t a  which a r e  no t  bel ieved r ep resen ta t ive  of t h i s  concept ' s  
p o t e n t i a l ,  and t h i s  d a t a  i s  omitted i n  the following f i g u r e s .  I t  i s  bel ieved 
t h a t  a complete set  of r ep resen ta t ive  d a t a  w a s  obtained f o r  Je t  A f u e l .  

Concept 2 demonstrated the p o t e n t i a l  of a premixed-prevaporized design i n  
achieving low NOx l e v e l s  and c lean  l i n e r s  and domes. The Concept 1 t e s t  
showed t h a t  high AP f u e l  nozzles gave no s i g n i f i c a n t  improvement over the l o w  
AP f u e l  nozzles t e s t ed  e a r l i e r  i n  similar combustor des igns .  Data from the 
Concept 3 t e s t  w a s  considered not  r ep resen ta t ive  of the concept ' s  p o t e n t i a l  
because of combustion s t a b i l i t y  and resonance problems. Thus Concept 2 was 
chosen f o r  the  parametric t es t .  Although no refinement or development t e s t s  
to reso lve  problems w e r e  conducted on these advanced designs,  they a l l  appear 
t o  have p o t e n t i a l  f o r  use with f u e l s  with broadened s p e c i f i c a t i o n s .  Dome 
temperatures f o r  a l l  of the three  advanced designs were extremely l o w  and 
showed e s s e n t i a l l y  no e f f e c t  of f u e l  type whereas f o r  the base l ine  combustor, 
dome temperatures were higher  with reduced f u e l  hydrogen content .  These 
r e s u l t s  are i l l u s t r a t e d  i n  Figure 2 .  

Liner temperatures also tended to e x h i b i t  reduced s e n s i t i v i t y  t o  f u e l  
hydrogen content  f o r  the advanced designs.  Figure 3 shows t rends of l i n e r  
temperature as a func t ion  of f u e l  hydrogen content  r e l a t i v e  t o  temperatures 
measured using Jet  A f u e l .  A s  i s  shown, the lowest temperatures were no t  
obtained with the premixed system (Concept 2). Previous experience with double 
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annular combustors, including a premixed system (NASUGE Experimental Clean 
Combustor Program), would l ead  one to  expect  less s e n s i t i v i t y  f o r  a premixed 
system than f o r  a double annular combustor. I t  i s  theorized,  therefore ,  t h a t  
the f u e l - a i r  mixture a t  the premixing tube e x i t  w a s  n o t  as uniform as poss ib l e .  
and t h a t  t h i s  l ack  of uniformity inf luenced the l i n e r  temperature r e s u l t s .  

Carbon depos i t s  i n  the dome reg ions  were also s i g n i f i c a n t l y  reduced with 
the advanced domes. Figure 4 shows the base l ine  combustor p o s t - t e s t  dome 
condi t ions .  A l i g h t  coa t ing  of  soot is  evident  on a l a r g e  por t ion  of the dome 
sur face  and some buildup occurred on the s w i r l  cup ven tu r i  t r a i l i n g  edges.  
A l l  th ree  of the  advanced designs had r e l a t i v e l y  l i t t l e  carbon on the p i l o t  
dome su r faces .  Concepts 1 and 3 had some carbon on the main s t age  dome sur-  
f a c e s .  Concept 2, with the premixed main s tage ,  had v i r t u a l l y  no carbon on 
the dome as shown by Figure 5 .  I t  should be noted t h a t  a l l  of the advanced 
designs had prototype f u e l  nozzles  t h a t  had a b lu f f  reg ion  between the  f u e l  
nozzle and s w i r l  cup. These b lu f f  regions,  which would be el iminated i n  
product engine designs,  had carbon d e p o s i t s .  

Smoke d a t a  exhib i ted  the expected t rend toward gene ra l ly  increased smoke 
with reduced hydrogen con ten t .  Concept 2,  with the premixing dome, had higher  
smoke l e v e l s  than the o the r  two advanced des igns .  This f ind ing  is  a l s o  
bel ieved t o  be the r e s u l t  of  less than uniform fue l - a i r  mixtures a t  the e x i t  
of  the premixing d u c t .  Concept 3 had the lowest smoke l e v e l s  measured; 
Concept 1 a l s o  had low smoke l e v e l s  and showed the  l e a s t  s e n s i t i v i t y  to  f u e l  
type.  Figure 6 p re sen t s  some of  the  smoke d a t a  c o r r e l a t i o n s  f o r  the four  
combus t o r  conf igura t ions  a t  simulated takeoff  condi t ions  . 

Only genera l  t rends  f o r  r a d i a l  e x i t  temperature p r o f i l e s  a r e  obta inable  
i n  sec to r  combustor t e s t s .  However, i t  appears t h a t  Concept 3 with the 
inver ted  main t o  p i l o t  s t age  s h i f t e d  the p r o f i l e  i n  the des i red  d i r e c t i o n .  
For Concept 1 with the main s t age  on the inboard s ide ,  the p r o f i l e  w a s  peaked 
a t  approximately 30% of  the r a d i a l  e x i t  he igh t  (peaked inboard) .  For Concept 3 
with the main s t age  on the outboard s i d e ,  the p r o f i l e  w a s  peaked a t  approxi- 
mately 60% of the e x i t  h e i g h t .  

A l l  of the advanced designs appear to have the p o t e n t i a l  f o r  l o w  NOX 
l e v e l s .  The increased aP nozzles  used i n  Concept 1 did  no t  provide reduced 
NOx r e l a t i v e  t o  ear l ier  f u l l  annular tests of double annular combustors (NASA/ 
GE Experimental Clean Combustor Program) a1 though these  r e s u l t s  were clouded 
by the l i n e r  hardware problems previously mentioned. Concept 3 provided 
s l i g h t l y  lower NOx l e v e l s  than Concept 1, apparent ly  due t o  i ts  reduced main 
s t age  res idence  t i m e .  Concept 2, the premixed main s t age  design, had the 
lowest NOx l e v e l s  and the least  NOX s e n s i t i v i t y  to f u e l  hydrogen content ,  as 
shown i n  Figure 7. 

The advanced concepts a l l  had higher  CO l e v e l s  than the  base l ine  combus- 
t o r .  This i s  as expected, based on previous t e s t s ,  and i s  a t t r i b u t e d  to  the 
l ean  dome opera t ion  of these des igns .  A t  i d l e  condi t ions  the advanced designs 
would a l l  have very low CO l e v e l s  s ince  only the p i l o t  stages would be i n  
opera t ion .  Fuel hydrogen content  w a s  n o t  found t o  have a s t rong  e f f e c t  on CO 
emissions as shown i n  Figure 8. 
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Concluding Remarks 

A l l  of the advanced concepts show promise for reduced s e n s i t i v i t y  to f u e l  
hydrogen con ten t .  Some hardware problems were encountered, bu t  these problems 
could be quickly resolved i f  refinement tests were conducted. 

The design with the  premixing main s t age  w a s  selected f o r  the parametric 
test because of its l o w  NOX emissions l e v e l ,  carbon free dome and very l o w  
dome temperatures which were e s s e n t i a l l y  independent of f u e l  type.  The o t h e r  
advanced designs also had l o w  dome temperatures.  The premixing dome design 
l i n e r  temperatures exh ib i t ed  less s e n s i t i v i t y  to  f u e l  type than d id  the base- 
l i n e  combustor, a1 though more s e n s i t i v i t y  than observed f o r  Concept 1. The 
inner  l i n e r  hot  s p o t  and the  observed smoke r e s u l t s  for  the premixing design 
suggest  t h a t  the fue l - a i r  mixture w a s  n o t  as uniform as des i r ed .  Addit ional  
work with premixing dome des igns  is  recommended. 

The Concept 3 double annular combustor w i t h  the  t w o  domes reversed ind i -  
cated an improved e x i t  temperature p r o f i l e .  One poss ib l e  a l t e r n a t i v e  design 
would be Concept 3 w i t h  a premixing dome .. 
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Test Combustor Configurations 
% 

Double Annular Combustor Concept 3 
With Main Stage Premix Tubes Double Annular Combustor 
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