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SUMMARY 

This repor t  d e s c r i b e s  t h e  e f f o r t s  performed and t h e  r e s u l t s  obta ined 
i n  Phase I11 of t h e  Experimental Clean Combustor Program. Ihe primary 
o b j e c t i v e s  of t h i s  program were: 

a To develop advanced technology combustors f o r  c u r r e n t  and f u t u r e  
CTOL commercial a i r c r a f t  t u r b i n e  engines ,  with s i g n i f i c a n t l y  
lower p o l l u t a n t  emissions l e v e l s  than those  of cur ren t  technology 
combustors ; 

a To demonstrate the  p o l l u t a n t  emission reduc t ions  i n  an advanced 
commercial a i r c r a f t  turbofan engine.  

I n  Phase 111, a Double Annular Combustor and new engine f u e l  c o n t r o l  
and sapply components were f i r s t  evaluated i n  component t e s t s .  Following 
these  t e s t s ,  t h e  combustor and f u e l  c o n t r o l  and supply components were 
evaluated i n  an ex tens ive  s e r i e s  of CF6-50 engine t e s t s .  I n  p a r a l l e l  with 
these  e f f o r t s ,  work was a l s o  conducted on four program addenda. These 
addenda were t h e  Turbulence Measurement Addendum, t h e  Diesel  No. 2 Fuel 
Addendum, t h e  Noise Measurement Addendum, and t h e  FAA Probe Val ida t ion  
Addendun. The r e s u l t s  of these  program addenda a r e  presented i n  four 
separa te  r e p o r t s  . 

I n  t h e  Phasa 111 component t e s t s ,  t h e  performance and opera t ing  charac- 
t e r i s t i c s  of t h e  b - ~ b l e  Annular Combustor were found t o  be near ly  t h e  same 
a s  those  of the  Phase I1 prototype combustor conf igura t ion ,  and it met a l l  
development engine i n s t a l l a t i o n  and assembly requirements.  However, t h e  
carbon monoxide and hydrocarbons emission l e v e l s  a t  engine i d l e  opera t ing  
condi t ions  were found t o  be s u b s t a n t i a l l y  h igher  than those  of t h e  Phase I1 
prototype combustor. Following t h i s  f ind ing ,  a s e r i e s  of d iagnos t i c  and 
development t e s t s  of t h e  combustor was conducted i n  an e f f o r t  t o  e l imina te  
the  cause of these  higher  emission l e v e l s .  Some emission l e v e l  reduct ions  
were r e a l i z e d ,  but l e v e l s  equivalent  t o  those  of t h e  Phase 11 prototype 
combustor were not obtained.  It was determined t h a t  t h e  d i f f e r e n c e s  i n  
emission l e v e l s  were due t o  small d i f f e r e n c e s  i n  t h e  p i l o t  s t age  and center-  
body design d e t a i l s  of t h e  two combustor conf igura t ions  and t h a t  disassembly 
of t h e  demonstrator engine combustor and s i g n i f i c a n t  rework of some of i t s  
p a r t s  would be needed t o  e l imina te  these  d i f f e r e n c e s .  Accordingly, i t  
was decided t o  forego t h i s  rework and t o  proceed with t h e  engine t e s t s .  
However, i t  is f u l l y  expected t h a t ,  wi th  a d d i t i o n a l  development e f f o r t ,  t h e  
carbon monoxide and hydrocarbons emission l e v e l  d e f i c i e n c i e s  of t h e  demon- 
s t r a t o r  engine combustor can be l a r g e l y  e l imina ted .  

In t h e  extensive  s e r i e s  of CF6-50 engine t e s t s ,  t h e  Double Annular Com- 
bustor  and t h e  f u e l  con t ro l  and supply components were found t o  opera te  very 
s a t i s f a c t o r i l y  a t  a l l  t e s t  cond i t ions  ranging from ground i d l e  t o  t akeof f  



s teady-s ta te  opera t ing  cond i t ions .  Engine l i g h t o f f  was r e a d i l y  obta ined and 
no d i f f i c u l t i e s  were encountered wi th  combustion s t a g i n g  between t h e  p i l o t  
and main s t a g e s  of  t h e  combustor. Overa l l ,  engine  a c c e l e r a t i o n  and decelera-  
t i o n  were smooth and responsive  a t  a l l  o p e r a t i n g  cond i t ions  and were essen- 
t i a l l y  t h e  same as those  of t h e  c u r r e n t  product ion CP6-50 engine.  ' he  demon- 
s t r a t o r  engine met t h e  FAA requirement f o r  a c c e l e r a t i o n  from f l i g h t  i d l e  t o  
f u l l  power w i t h i n  5 seconds. 

In  t h e  engine  tests, s i g n i f i c a n t  emiss ion l e v e l  r educ t  i o n s ,  compared 
t o  those  o f  t h e  c u r r e n t  product ion engine ,  were demonstrated. A t  t h e  nominal 
CF6-50 engine  i d l e  power s e t t i n g  of  3.30 percent  o f  t akeof f  power, EPA parem- 
e t e r  va lues  o f  6.2, 0.3 and 5.7 lb/1000 l b  th rus t -h r  were obta ined f o r  carbon 
monoxide, hydrocarbons,  and n i t r o g e n  ox ides ,  r e s p e c t i v e l y .  These l e v e l s  
r ep resen t ,  r e s p e c t i v e l y ,  approximate reduc t ions  of 55, 90 and 30 pe rcen t ,  
r e l a t i v e  to the  c u r r e n t  product ion  engine  l e v e l s .  At higher  i d l e  power 
s e t t i n g s ,  s u b s t a n t i a l l y  g r e a t e r  r educ t  ions  were demonstrated. 

With t h e s e  reduc t ions ,  a t t a inment  o f  t h e  program goal f o r  carbon mon- 
oxide  was demonstrated wi th  an i d l e  power s e t t i n g  o f  about 7.0 percent .  
However, based on t h e  r i g  t s t s  of  t h e  Phase I1 prototype comkustor, i t  is 
f u l l y  expected t h a t  the  carbon monoxide goa l  can a l s o  be met wi th  an i d l e  
power s e t t i n q  of 3.3 pe rcen t ,  wi th  some modi f i ca t ions  t o  t h e  Phase 111 combus- 
t o r  conf igura t ion .  The hydrocarbon goal  o f  t h e  program was met wi th  a margin, 
a t  an  i d l e  power s e t t i n g  of 3.3 pe rcen t .  As expected f r m  t h e  r i g  t e s t  
r e s u l t s ,  t h e  n i t rogen  oxides  goa l  was not met because of  t h e  h igh c y c l e  p r e s s u r e  
r a t i o  of  t h e  CF6-50 engine .  However, t h e  n i t r o g e n  oxides  l e v e l  measured i n  
t h e  engine t e s t s  was on ly  about 10 percent  above t h e  proposed new n i t r o g e n  
oxides  s t andard ,  a p p l i c a b l e  t o  t h e  CF6-50 engine ,  a s  s p e c i f i e d  i n  t h e  rev i -  
s i o n s  t o  the  e x i s t i n g  s t andards  proposed dur ing 1978 by t h e  Environmental 
P ro tec t ion  Agency. The measured smoke l e v e l s  were h igher  than those  obtained 
with the  cur ren t  production engine.  However, t h e  measured l e v e l s  were i n  
compliance with t h e  a p p l i c a b l e  EPA smoke s t andard .  

The major performance shortcoming of  t h e  Double Annular Combustor i n  the  
engine t e s t s  was i t s  e x i t  temperature d i s t r i b u t i o n .  Because t h e  e x i t  tempera- 
t u r e  p a t t e r n  f a c t o r  was h igher  and t h e  peak of  t h e  r a d i a l  e x i t  temperature 
p r o f i l e  was more inboard than i n  the  c u r r e n t  product ion combustor, t u r b i n e  
s t a t o r  and r o t o r  d i s t r e s s  occurred.  Accordingly, improvement o f  t h e  e x i t  
temperature d i s t r i b u t i o n  of  t h i s  combustor r e p r e s e n t s  an  important development 
need. I n  e s s e n t i a l l y  a l l  o t h e r  performance a s p e c t s ,  t h e  Double Annular Com- 
bus to r  was found t o  be q u i t e  s a t i s f a c t o r y .  The measured combustor meta l  tem- 
pe ra tu res  were wel l  wi th in  the  accep tab le  limits. Also, no carbon d e p o s i t i o n  
o r  f u e l  nozzle  coking problems were encountered.  

The o v e r a l l  performance and emission r e s u l t s  obtained i n  the  demonstrator 
engine eva lua t ions  of the  Double Annular Combustor were encouraging. However, 
cons ide rab le  f u r t h e r  development e f f o r t ,  e s p e c i a l l y  i n  e x i t  temperature d i s -  
t r i b u t i o n  and f u e l  flow c o n t r o l  t o  t h e  combustor s t a g e s  a t  o t h e r  than sea- 
l e v e l - s t a t i c  opera t ing  cond i t ions ,  w i l l  be needed before  the  Double Annular 
Combustor des ign concept can be u t i l i z e d  i n  opera t iona l  engine a p p l i c a t i o n s .  



INTRODUCTION 

This  r e p o r t  d e s c r i b e s  r e s u l t s  o f  f u l l - s c a l e  CF6-50 exper imenta l  engine  
t e s t s  conducted i n  Phase 111 of  t h e  NASA/General E l e c t r i c  Experimental Clean 
Combustor Program (ECCP). I n s t a l l e d  i n  t h e  exper imenta l  engine  was a low 
p o l l u t a n t  Double Annular Combustor wi th  a s s o c i a t e d  f u e l  system and f u e l  
c o n t r o l  components which were de r ived  i n  t h e  p r i o r  ECCP Phases I and 11. 

In response t o  p rov i s ions  o f  t h e  Clean Ai r  Act Amendments of  1970, t h e  
U.S. Environmental P r o t e c t i o n  Agency (EPA) conducted s t u d i e s  t o  a s s e s s  t h e  
impact of  a i r c r a f t  engine p o l l u t a n t  emissions on a i r  q u a l i t y .  Based on t h e  
r e s u l t s  of those  s t u d i e s ,  t h e  EPA concluded t h a t  s t andards  r e g u l a t i n g  t h e  
q u a n t i t i e s  of  carbon monoxide (CO), unburned o r  p a r t i a l l y  oxidized hydro- 
carbons (HC), ox ides  o f  n i t r o g e n  (NOx), and smoke emiss ions  d ischerged by 
a i r c r a f t ,  when opera t ing  wi th in  o r  near a i r p o r t s ,  a r e  needed. Based on t h i s  
f i n d i n g ,  s t andards  were def ined f o r  s e v e r a l  d i f f e r e n t  c a t e g o r i e s  and types  
o f  fixed-wing commercial a i r c r a f t  engines ,  and were issued i n  J u l y  1973 
(Reference 1 ) .  In the  c a s e  of  e x i s t i n g  l a r g e  subsonic commercial a i r c r a f t  
engines ,  such a s  the  General E l e c t r i c  CF6 engines ,  smoke s t andards  became 
e f f e c t i v e  i n  January 1976. Gaseous emission s t andards  were t o  become e f f e c -  
t i v e  i n  January 1979. I n  1978 t h e  EPA issued a Notice of  Proposed Rulemak- 
ing which r e v i s e s  some of the  l e v e l s  o r  e f f e c t i v e  d a t e s  of t h e  s t andards  
promulgated i n  1973 (Reference 2 ) .  

As a r e s u l t  o f  government and i n d u s t r y  e f f o r t s  i n i t i a t e d  more than 13 
years  ago, s i g n i f i c a n t  advances have been made i n  the  development of  smoke 
abatement technology f o r  use i n  a i r c r a f t  t u r b i n e  engines .  The modern a i r -  
c r a f t  t u r b i n e  engines  which have been introduced i n t o  s e r v i c e  dur ing  t h i s  
decade g e n e r a l l y  opera te  wi th  low smoke l e v e l s .  The General E l e c t r i c  CF6 
engines ,  f o r  example, o p e r a t e  wi th  v i r t u a l l y  i n v i s i b l e  smoke l e v e l s  a t  a l l  
power s e t t i n g s .  These new engines  a r e  a l r e a d y  i n  compliance wi th  t h e  smoke 
s t andards .  However, compliance wi th  t h e  gaseous emission s t andards  r e q u i r e s  
l a r g e  reduct ions  i n  the  emiss ion l e v e l s  o f  a l l  c u r r e n t  technology engines .  
Major combustor des ign technology advances a r e  needed t o  o b t a i n  s i g n i f i c a n t  
r educ t ions  i n  gaseous p o l l u t a n t  emission l e v e l s .  

To provide these  needed combustor des ign technology advances, t h e  ECCP 
was i n i t i a t e d  by NASA i n  1972 (Reference 3 ) .  The o v e r a l l  o b j e c t i v e s  of  t h i s  
major program were t o  d e f i n e ,  develop,  and demonstrate the  technology of low 
p o l l u t a n t  emission combustors f o r  use  i n  advanced commercial CTOL a i r c r a f t  
engines with high c y c l e  p r e s s u r e  r a t i o s  i n  the  range of  20 t o  35. However, 
i t  is a l s o  intended t h a t  t h i s  technology b e  a p p l i c a b l e  t o  advanced m i l i t a r y  
a i r c r a f t  engines .  Because the  smoke emission l e v e l s  of advanced commercial 
and m i l i t a r y  a i r c r a f t  engines have a l r e a d y  been reduced t o  low va lues ,  t h e  
primary ECCP focus was on reducing t h e  CO, HC,  and NOx emission l e v e l s  of 
t h e s e  engines .  



Ihe NASA/GE ECCP was one of t he  programs t h a t  comprised the  ove ra l l  
program. The work e f f o r t  was i n i t i a t e d  i n  January 1973 and was conducted 
i n  th ree  phases. l'he design and development e f f o r t s  of t h i s  NASAfGE p rog rm 
were spec i f i ca l l y  d i r ec t ed  toward providing advanced combustors fo r  use i n  the  
General E l ec t r i c  CP6-50 engine. Uhile the  CF6-50 engine is the  spec i f i c  in- 
tended appl ica t ion  of the  advanced combustor technology development e f f o r t s  
~f t h i s  program, t h i s  technology i s  a l s o  intended t o  be general ly  appl icable  
t o  a l l  advanced engines i n  the  l a rge  th rus t  s i z e  category. Phabe 111 of t h i s  
overa l l  program is the  subjec t  of t h i s  repor t .  The r e s u l t s  of Phases I and 
I1 a r e  presented i n  References 4 through 9. ' h e  key objec t ive  of Phase 111 
was t o  evaluate i n  CF6-50 demonstrator engine tests the Double Annular Cm- 
bustor ( t h e  combustor concept evolved i n  t h i s  program). This repor t  presents  
the  de ta i led  r e s u l t s  of the CF6-50 engine tests of the Double Annular Combus- 
t o r .  PJso included a r e  the  r e s u l t s  of the  combustor cmponent t e s t s  t h a t  
were conducted p r io r  t o  the  engine tests. 

Ihe de ta i led  r e s u l t s  of four Phase 111 addenda - the  Turbulence Measure- 
ment Addendum, the  Diesel No. 2 Fuel Addendum, t he  Noise Measurement Addendum, 
and the  FAA probe Val idat ion Addendum - a r e  presented i n  References 10 through 
13 respect ively.  



CHAPTER I 

EXPERIMENTAL CLEAN COMBUSTOR PROGRAM DESCRIPTION 

A. OVERALL PROGRAM DESCRIPTION 

The Experimental Clean Combustor Program was a mul t iyea r  e f f o r t  conducted 
by t h e  NASA-Lewis Research Center .  The primary program o b j e c t i v e s  were: 

a To genera te  t h e  technology requ i red  t o  develop advanced c ~ m m e r c i a l  
CTOL a i r c r a f t  engines with s i g n i f i c a n t l y  lower p o l l u t a n t  exhaust  
emission l e v e l s  than those  of c u r r e n t  technology engines .  

To demonstrate the  low p o l l u t a n t  emission l e v e l s  i n  t e s t s  of ad- 
vanced commercial a ' r c ra f t  turbofan engines .  

The i n t e n t  of t h i s  major program was t o  reduce p o l l u t a n t  emission l e v e l s  
by development of advanced combustor des igns ,  r a t h e r  than by t h e  use  of 
s p e c i a l  operat  i o n a l  techniques  and/or water  i n j e c t  i o n  methods. The program 
was aimed a t  genera t ing  technology which is  p r imar i ly  a p p l i c a b l e  t o  advanced 
commercial CTOL a i r c r a f t  engines wi th  high cyc le  p r e s s u r e  r a t i o s  i n  t h e  range 
of  20 t o  35. However, i t  was a l s o  intended t h a t  t h i s  technology be a p p l i c a b l e  
t o  advanced m i l i t a r y  a i r c r a f t  engines.  Because t h e  smoke emission l e v e l s  o f  
advanced commercial and m i l i t a r y  a i r c r a f t  engines  had a l r e a d y  been reduced t o  
low va lues ,  t h e  primary focus of the  program was on reducing t h e  l e v e l s  of t h e  
gaseous emissions.  

The NASA/General E l e c t r i c  Experimental Clean Combustor Program was one 
of  the  programs t h a t  comprised t h e  o v e r a l l  e f f o r t .  It was conducted by t h e  
General E l e c t r i c  A i r c r a f t  Engine Group under c o n t r a c t  t o  t h e  NASA-Lewis 
Research Center.  The des ign and development e f f o r t s  were d i r e c t e d  toward 
providing advanced combustors f o r  use  i n  t h e  General E l e c t r i c  CF6-50 engine.  
While the  CF6-50 engine is  t h e  s p e c i f i c  intended a p p l i c a t i o n  of t h e  advanced 
combustor technology development e f f o r t s  of t h i s  program, t h i s  technology 
should a l s o  be app l i cab le  t o  a l l  advanced engines  i n  t h e  l a r g e  t h r u s t  s i z e  
ca tegory.  

B. PROGRAM PLAN 

The Experimental Clean Combustor Program was conducted i n  t h r e e  sequen- 
t i a l ,  i n d i v i d u a l l y  funded phases : 

Phase I: Combustor Screening 

Phase 11: Combustar Refinement and Optimization 

Phase 111: Combustor-Engine Tes t ing  



1. Phase I Program 

The Phase I Program was an 18-month e f f o r t  s p e c i f i c a l l y  d i r e c t e d  toward 
screening a v a r i e t y  o f  combustor des ign  approaches. The o b j e c t i v e  wa,s t o  
i d e n t i f y  and develop the  most promising combustor des ign approaches f o r  ob- 
t a i n i n g  p o l l u t a n t  exhaust  emission l e v e l  r educ t ions .  Phase I Program 
e f f o r t s  involved t h e  d e f i n i t i o n  of  four advanced combustor des ign approaches, 
t h e  d e t a i l e d  a e r m e c h a n i c a l  des ign o f  CF6-50 engine-size vers ion8 of  these  
approaches, t h e  f a b r i c a t  ion  of f u l l  annu la r  combustors, and p o l l u t  ionlper-  
formance eva lua t ion  tests. Conf igurat ions  were evaluated i n  a t e s t  r i g  
t h a t  e x a c t l y  d u p l i c a t e s  the  aerodynamic flowpath and envelope dimensions of 
t h e  combustor housing of the  CF6-50 engine,  a t  opera t ing  cond i t ions  i d e n ~ i -  
c a l  t o  those  of t h e  CF6-50 engine  except f o r  p r e s s u r e  l e v e l .  That parameter 
was r e s t r i c t e d  t o  0.965 MPa o r  l e s s  due t o  t e s t  f a c i l i t y  l i m i t a t i o n d .  I n  
these  t e s t s  d e t a i l e d  measurements of  t h e  emission and performance c h a r a c t e r i s -  
t i c s  of  each combustor c o n f i g u r a t i o n s  were obta ioed.  

In conjunct ion wi th  Phase I ,  a d d i t i o n a l  e f f o r t s  were d l s o  c a r r i e d  out  i n  
two program addenda: t h e  Advanced Supersonic Transport  \ASTI Addendum and 
the  Combustion Noise Measurement Addendum. The purpose o f  the  AST Addendum 
was t o  develop combustor des ign technology f o r  reducing t h e  NOx emission 
l e v e l s  o f  AST engines  a t  supersonic  c r u i s e  opera t ing  cond i t ions  by applying 
and extending t h e  r e s u l t s  of t h e  b a s i c  program i n v e s t i g a t i o n s .  The purpose 
of the  Combustion Noise Measurement Addendum was t o  o b t a i n  experimental  d a t a  
on the  acous t i c  c h a r a c t e r i s t i c s  of t h e s e  advanced low emission combustors, 
thereby enab l ing  comparisons of  t h e i r  no i se  c h a r a c t e r i s t i c s  with those  
of c u r r e n t  technology combustors. 

Deta i led  d e s c r i p t i o n s  and r e s u l t s  o f  t h e  Phase I Program and t h e  AST 
Addendum a r e  presented i n  Reference 4. Combustor Noise Measurement Addendum 
r e s u l t s  a r e  presented i n  Reference 5. 

2 .  Phase I1 Program 

The Phase I1 Program was a 153011th e f f o r t  t o  f u r t h e r  develop t h e  most 
promising advanced combustor des igns  evolved i n  t h e  Phase I Program. The 
Double Annular Combustor and t h e  Radia l IAxial  Staged Combustor des ign ap- 
proaches were s e l e c t e d  f o r  development i n  the  Phase I1 Program. Phase I1 
e f f o r t s  included both f u l l  annular and s e c t o r  combustor component t e s t s ,  
d e t a i l e d  aoromechaniral des ign of v e r s i o n s  o f  t h e s e  c m b u s t o r s  f o r  poss ib le  
use in Phase I11 CF6-50 engine  t e s t s ,  and the  des ign of a breadboard engine 
f u e l  c o n t r o l  system. The primary o b j e c t i v e s  o f  these  des ign and development 
e f f o r t s  were t o  provide advanced combustor des igns  which would meet the  per- 
formance and i n s t a l l a t i o n  requirements of  t h e  CF6-50 engine and t h a t  would 
approach the  low p o l l u t i o n  emission l e v e l s  g o a l s  o f  t h e  program. 

In conjunct ion wi th  t h e  Phase I1 Program, a d d i t i o n a l  e f f o r t s  were a l s o  
c a r r i e d  out  i n  two program addenda: t h e  Noise Measurement Addendum and t h e  
A l t e r n a t e  Fuels  Addendum. The purpose o f  the  Noise Measurement Addendum was 



t o  o b t a i n  a d d i t i o n a l  experimental  d a t a  on the  a c o u s t i c  c h a r a c t e r i s t i c s  of  
these  low emission combustors and make d i r e c t  comparisons of  t h e i r  no i se  
c h a r a c t e r i s t i c s  wi th  those  of t h e  c u r r e n t  product ion CF6-50 combustor. The 
purpose of  the  A l t e r n a t e  Fuels  Addendum was t o  o b t a i n  experimental  d a t a  on t h e  
e - f fec t  of re laxed f u e l  s p e c i f i c a t i o n s ,  such a s  f i n a l  b o i l i n g  po in t  and hydro- 
gen c o n t e n t ,  on the  p o l l u t a n t  emission l e v e l s  and performance c h a r a c t e r i s t i c s  
of low emissions combustors and t h e  c u r r e n t  production CF6-50 combustor. 

Detailed d e s c r i p t i o n s  and r e s u l t s  of t h e  Phase I1 Program a r e  presented 
i n  R e f ~ r e n c e  6 ,  and a  summary of  the  Phase I and Phase I1 Programs i s  pre- 
sentcd In  Reference 7 .  Desc r ip t ions  and r e s u l t s  of  t h e  two addenda presented 
i n  Ref-rences 8 and 9 r e s p e c t i v e l y .  

3. Phase 111 Program 

The Phase I11 Program was a  27month e f f o r t  c o n s i s t i n g  of d e t a i l e d  evalu- 
a t i o n s  of the  most promising Phase I1 Program combustor des ign in  a  demonstra- 
t o r  CF6-50 engine .  The o b j e c t i v e  was t o  demonstrate s i g n i f i c a n t  p o l l u t a n t  
reduct ions  with an advanced combustor which meets the  performance, op .? ra t iona l ,  
and i n s t a l l a t i o n  requirements of t h e  engine.  The ccnnbustor incorporated a l l  
of the  aero-thermal des ign f e a t u r e s  t h a t  evolved i n  t h e  Phase 11 Program, to-  
gether  with advanced mechanical and i n s t a l l a t i o n  f e a t u r e s  der ived from o t h e r  
General E l e c t r i c  combustor programs. General E l e c t r i c  furnished t h e  requ i red  
combustor p a r t s ,  engine components, end f u e l  supp ly /con t ro l  components from 
another program. 

The primary i n t e n t  of the  engine t e s t s  was t o  eva lua te  those  performance 
and opera t ing  c h a r a c t e r i s t i c s  of  t h i s  advanced two-stage combustion system 
which could not be evaluated i n  component t e s t s .  In  the  engine t e s t s  steady- 
s t a t e  performance, p o l l u t a n t  emission d a t a ,  and a c c e l e r a t i o n  and d e c e l e r a t i o n  
c h a r a c t e r i s t i c s  of the  engine were determined.  

In conjunct ion wi th  t h e  Phase 111 Program, a d d i t i o n a l  e f f o r t s  were 
c a r r i e d  out  i n  four program addenda: t h e  Turbulence Measurement Addecdum, 
the  Diesel  No. 2 Fuel Addendum, t h e  Noise Measurement Addendum, and t h e  FAA 
Probe Va l ida t ion  Addendum. The purpose o f  t h e  Turbulence Measurement Addendum 
was t o  c h a r a c t e r i z e  the  tu lbu lence  s c a l e  and i n t e n s i t y  i n  the  compressor d i s  
charge a i r f l o w  of  t h e  CF6-50 engine .  The purpose of t h e  Diesel  No. 2 Fuel 
Addendum was t o  o b t a i n  a d d i t i o n a l  d a t a  on the  e f f e c t s  of r e l axed  f u e l  s p e c i f i -  
c a t i o n s  i n  engine t e s t s  with t h e  Double Annular Combustor. The purpose of t h e  
Noise Measurement Addendum was t o  o b t a i n  a d d i t i o n a l  d a t a  on the  a c o u s t i c  
c h a r a c t e r i s t i c s  of low emission combustors i n  engine t e s t s .  The purpose of 
FAA Probe Va l ida t ion  Addendum was t o  v a l i d a t e  the  des ign of an engine 
emissions sampling probe developed by t h e  FAA. 

Detailed d e s c r i p t i o n s  and r e s u l t s  of t h e  Phase I11 Program a r e  presented 
i n  Chapters I1 through I V  o f  t h i s  r e p o r t .  Desc r ip t ions  and r e s u l t s  of  t h e  
four addenda a r e  presented i n  References 10 through 13 ,  r e s p e c t i v e l y .  



C. PROGRAM SCHEDULE 

The o v e r a l l  schedule p lans  of t h e  NASAIGeneral E l e c t r i c  Experimental 
Clean Combustor Program a r e  presented i n  Figure 1. 

D. PROGRAM GOALS 

1. P o l l u t a n t  Emission Level Goals 

The p o l l u t a n t  emissions g o a l s  wi th  the  s t a t u s  l e v e l s  of t h e  c u r r e n t  pro- 
duc t ion  CF6-50 engine a t e  presented i n  Table 1. As shown by t h i s  comparison, 
a t ta inment  of these  goa l s  involves  s i g n i f i c a n t  p o l l u t a n t  emission l e v e l  re- 
duc t ions .  The goa l s  were intended t o  be o p t i m i s t i c  p r o j e c t i o n s  of t h e  a t t a i n -  
a b l e  p o l l u t a n t  emission l e v e l  r educ t ions .  The i n t e n t  of t h e  program was t o  
genera te  advanced combuctor des ign technology r a t h e r  than t o  v e r i f y  a l r e a d y  
a v a i l a b l e  combustor des ign technology. Fur the r ,  t h e  use of water i n j e c t i o n  
i n t o  the  combustor t o  o b t a i n  lower NO, emissions l e v e l s  was s p e c i f i c a l l y  
excluded a s  an approach t o  be considered i n  the  program. 

2 .  Combustor Performance Goals 

The key combustor performance goa l s  a r e  presented i n  Table 2 .  Except 
f o r  combustion e f f i c i e n c y  l e v e l s  aL low engine  power opera t ing  modes, t h e  
c u r r e n t  production CF6-50 engine  combustor a l r eady  provides performance 
l e v e l s  equal  t o  o r  b e t t e r  than the  goals .  Thus, t h e  major cha l l enge  of 
t h i s  program was t o  develop advanced combustor des igns  which s i g n i f i c a n t l y  
reduce p o l l u t i o n  l e v e l s  without compromising performance c h a r a c t e r i s t i c s .  
The cur ren t  CF6-50 engine does not  achieve the  99 percent  combustion e f f i -  
c iency goa l  a t  t h e  i d l e  opera t ing  mode. This  goa l  i s  s p e c i f i e d  a s  99.0 per- 
cen t  t o  be c o n s i s t e n t  wi th  t h e  CO and HC emission l e v e l  goa l s .  
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Table 1. Pollutant Emissions: Goals and Current CF6-50C 
Engine Status. 

Prescribed Class T2 Engine Takeoff/Landing Cycle 

Pollutant 
Emi s s ion 

Current 
Program CF6-50C En ine 
~ o a l *  Status *4 

NO, (as NO2) lb/1000 lb Thrust-Hour 3.0 7.7 

CO lb/1000 lb Thrust-Hour 4.3 14.9 

HC (as C H 4 )  lb/1000 lb Thrust-Hour 0.8 8.0 

Smoke Maximum SAE Number 19 12 

* Same as EPA 1979 Class T2 engine standards in 
Reference 1. 

** Idle Thrust 3.31 percent of takeoff thrust. 



Table 2 .  Combustor Performance Goals of the NASAIGeneral Electric 
Experimental Clean Combustor Pr qram. 

Eng l ne 
Operating Program 

Performance Parameter 

Minimum Combustor Efficiency 

Maximum Pressure Drop 

Maximum Exit Temperature Pat tern 
Factor 

Altitude Relight 

Mechanical Durability 

Mode Goal 

Cruise 6. OX 

Takeoff and 0 . 2 5 1  
Cruise 

Windmilling Meet CF6-50 
Engine Relight 
Envelope 

Equivalent to 
Cur~ont CF6-50 
Combust or 



EQUIPMENT AND EXPERIMENTAL PROCEDURES 

CHAPTER 11 

1 .  Reference  Engine D e s c r i p t i o n  

The NASAIGeneral E l e c t r i c  Exper imenta l  Clean Combustor P r b ~ r a m  h a s  been 
s p e c i f i c a l l y  d i r e c t e d  toward deve lop ing  an advanced low-emissicn combustor  f o r  
use i n  t h e  General  E l e c t r i c  CF6-50 e n g i n e  f ami ly .  T).e CF6-'n ag ine  f ami ly  i s  
t h e  higher-power s e r i e s  of  t h e  two CF6 h igh  bypass turbofar  . . lne f a m i l i e s  
which have been developed by Genera l  E l e c t r i c  . The othei- L Q  . I i s  t h e  CF6--I. 
engine  fami ly .  Models o f  t h e  CF6-50 eng ine  f ami ly  a r e  i n  cl . ia l  s e r v i c e  
a s  t h e  p w e r p l a n t s  f o r  t h e  McDonnell Douglas DC-10 S e r i e s  30 a i r c r a f t ,  t h e  
Airbus I n d u s t r i e  A300B a i r c r a f t ,  and t h e  Boeing 747-200 a i r c r a f t .  

The CF6-50 eng ine  Is a  d u a l - r o t o r ,  h igh  bypass  r a t i o  t u r b o f a n  engine  
i n c o r p o r a t i n g  a  v a r i a b l e - s t a t o r ,  h igh  p r e s s u r e  r a t i o  compressor ,  an  a n n u l a r  
combl~s to r ,  an a i r - coo led  c o r e  eng ine  t -u rb ine ,  and a c o a x i a l  f r o n t  f an  w i th  a  
low p r e s s u r e  compressor d r i v e n  by a low p r e s s u r e  t u r b i n e .  The eng ine  is 
des igned  t o  be d isassembled  i n t o  major  components and modules f o r  e a s e  o f  
maintenance.  B a s i c a l l y ,  t h e  engine  c o n s i s t s  o f  a  f an  s e c t i o n ,  compressor  
s e c t i o n ,  combust ion s e c t  i o n ,  t u r b i n e  s e c t  i o n ,  and a c c e s s o r y  d r i v e  s e c t i o f i s .  
The major f e a t u r e s  of  t h e  eng ine  a r e  shown i n  F igu re  2 .  

The CF6-50C eng ine  model o p e r a t i n g  pa rame te r s  were s e l e c t e d  f o r  u s e  as 
t h e  combustor d e s i g n  and t e s t  c o n d i t i o n s  of  t h i s  program. Key o v e r d l  spec i -  
f i c a t i o n s  of  t h i s  engine  a r e  p re sen ted  i n  Table  3.  

2 .  Reference Combustor D e s c r i n t i o n  

The combustor c o n f i g u r a t i o n  used i n  p roduc t ion  CF6-50 e n g i n e s  i s  a  high-  
performance des ign  wi th  demonst ra ted  low e x i t - t e m p e r a t u r e  p a t t e r n  f a c t o r s ,  
low p r e s s u r e  l o s s ,  h igh  combust ion e f f i c i e n c y ,  and low smoke emiss ion  a t  a l l  
o p e r a t i n g  c o n d i t i o n s .  A c r o s s - s e c t i o n a l  drawing of t h i s  combustor ,  a s  in- 
s t a l l e d  i n  t h e  engine  is shown i n  F igu re  3 .  The key f e a t u r e s  o f  t h i s  ccm- 
b u s t o r  a r e  i t s  low-pressure- loss  s t e p  d i f f u s e r ,  i t s  c a r b u r e t i n g  swir l -cup  
dome d e s i g n ,  and i t s  s h o r t  bu rn ing  l e n g t h .  The s h o r t  burn ing  l e n g t h  r educes  
t h e  amount of  l i n e r  coo l ing  a i r  r e q u i r e d .  More a i r  i s  t h u s  a v a i l a b l e  t o  con- 
t r o l  e x i t  t empera tu re  p a t t e r n  and p r o f i l e  f a c t o r s .  The s t e p  d i f f u s e r  d e s i g n  
provides  v e r y  uni form,  s t e a d y  a i r f l o w  d i s t r i b u t i o n s  i n t o  t h e  combustor.  

This  combustor c o n t a i n s  30 vor tex- inducing  a x i a l  s w i l l  c u p s ,  one  f o r  
each f u e l  n o z z l e .  The combustor c o n s i s t s  of  fou r  major  s e c t i o n s  t h a t  a r e  
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Table 3. CF6-50C Engine Specifications . 

Takeoff Rat ing (SLS) 

Thrust 
Spec if ic Fuel Consumption 

Max sum Cruise ( ~ a c h  0.85/10.7 km) 

Thrust 
Specific Fuel Consumption 

Weight 

Length 

Etaximum Diameter 

Pressure Ratio 

Takeoff 
Maximum 

Bypass Ratio (Takeoff) 

Total Airflow (Takeoff) 

224.2 kN (50,400 lbf) 
10.7 g/kN-s (0.0377 lbm/lbf-hr) 

48 kN (10,8009 lbf) 
18.6 g/kN-s (0.656 lbmllbf-hr) 

3780 kg (8330 lb) 

482 cm (190 in) 

272 cm (107 in) 

29.4 
31.4 

4.4 

659 kg/s (1452 lbmls) 
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r i v e t e d  toge ther  i n t o  a s i n g l e  u n i t  and spo t  welded t o  prevent r i v e t  l o s s :  t h e  
cowl assembly, t h e  dome, and t h e  inner  and o u t e r  l i n e r s .  The l i n e r s  each con- 
sist of  a s e r i e s  o f  c i r c u m f e r e n t i a l l y  s tacked r i n g s  t h a t  a r e  joined by 
resistance-welded and brazed j o i n t s .  The l i n e r s  a r e  f i l m  cooled by a i r  t h a t  
e n t e r s  each r i n g  through c l o s e l y  spaced c i rcumferen t ia l  ho les .  Three a x i a l  
planes of d i l u t i o n  h o l e s  on t h e  o u t e r  l i n e r  and f i v e  planes  on the  imer l i n e r  
a r e  employed t o  promote a d d i t i o n a l  mixing and lower t h e  combustor e x i s t  tem- 
peratures .  Key design and performance p a r m e t e r s  of t h i s  CP6-50 combustor 
a r e  presented i n  Table 4. Combustor e x i t  p r o f i l e  c h a r a c t e r i s t i c s  a r e  shown i n  
Figure 4. 

3 .  Reference Engine Combustor P o l l u t a n t  Emission Levels 

Representative p o l l u t a n t  emission l e v e l s  o f  t h e  production CF6-50C engine 
equipped with t h e  s tandard product ion combustor e r e  presented i n  Table 5. 
These d a t a  were taken from a s e r i e s  of engine t e s t s  and have been cor rec ted  t o  
production CF6-50C engine standard-day opera t ing  cond i t ions .  

The CF6-50 production combustor was o r i g i n a l l y  designed and developed t o  
meet low smoke emission requirements,  and t o  provide vir:ually i n v i s i b l e  
plumes. A s  shown i n  Table 5-A, t h e  l e v e l s  a r e  well  below t h e  a l lowable  l i m i t s  
at a l l  opera t ing  cond i t ions .  However, t h e  combustor was designed and devel- 
oped before gaseous p o l l u t a n t  emission s tandards  were e s t a b l i s h e d .  As shorn 
i n  Table 5-B, s i g n i f i c a n t  r educ t ions  a r e  required t o  meet t h e  EPA s tandards .  
The gaseous emission l e v e l s ,  however, compare ve ry  favorably  with o ther  cur- 
r e n t  technology production combustor des igns ,  p a r t i c u l a r l y  when engine cyc le  
cond i t ions  such a s  i d l e  t h r u s t  and o v e r a l l  p ressure  r a t i o  a r e  considered.  

8 .  TEST COMBUSTORS 

1. Double Annular Low Emission Combustor Concept 

In the  Phave I and I1 Programs, four advanced combustor des ign concepts 
were evaluated i n  CF6-50 engine-size f u l l  annular  combustor r i g  t e s t s  (Ref- 
erences 1 and 3 ) .  The b e s t  r e s u l t s  were obtained wi th  t h e  Double Annular 
combustor conf igura t ion  D12, shown i n  Figure 5, which was t h e  prototype f o r  
the  Phase I11 demonstrator Double Annular combustor. The Double Annular 
combustor comprises two annular  concen t r i c  burning zones, separated by a 
shor t  centerbody. Th i r ty  f u e l  nozzles  a r e  used i n  each annulus.  The o u t e r  
annulus i s  the  p i l o t  s t a g e  a s  is fueled a t  a l l  engine opera t ing  condi t ions .  
The inner  annulus is t h e  main s t a g e  and is  fueled only  a t  high-engine-power 
opera t ing  condi t ions .  The a i r f l o w  d i s t r i b u t i o n  is  h igh ly  biased t o  t h e  main 
s t a g e  in order  t o  reduce both i d l e  and high-power emissions.  The p i l o t -  
s t a g e  a i r f l o w  i s  s p e c i f i c a l l y  s i zed  t o  provide n e a r l y  s to ich iomet r ic  fue l -a i r  
r a t i o s  and long res idence times a t  i d l e  power s e t t i n g s ,  thereby minimizing 
CO and HC emissions l e v e l s .  A t  high-power opera t ing  cond i t ions ,  most of t h e  
fue l  i s  supplied t o  the  main s tage .  In  t h i s  s t a g e ,  t h e  res idence times ar, 
very s h o r t .  Also, a t  high-power opera t ing  cond i t ions  , l ean  f u e l - a i r  r a t i o s  
a r e  maintained i n  both s t a g e s  t o  minimize NOx and smoke emission l e v e l s .  



Table 4. Production CF6-50 Combustor Parameters. 

Key Dimensional Parameters 

Overall System Length (OGV to TND) 

Burning Length (Fuel Nozzle tip to RID) 

Dome Beight/Area 

Reference Passage Height/Area 

Key Standard-Day Takeoff Parameters 

Compressor Exit Mach Number 0.27 

Reference Velocity 25.5 m/s 

Total Pressure Drop (Including Diffuser) 4.3% 

Temperature Rise ( ~ 4  - T3) 790 K 

Exit Temperature Factor (T4 ,ax - T3)/(T4 avg - T3) 
Profile Factor (Circ. Avg  ax) 0.09 

Pattern Factor (Local Max) 0.25 

Combust ion Efficiency >99.9% 



0 

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 

Temperature Deviation Ratio, 'T ' T4 ~vr) (T4 .4vg - T3) 

Peak Profile 

-a- 

Figure 4. Typicsl Exit Temperature Profile Characteristics of tho 
CF6-50 Production Combustor. 
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Table 5. Reference CF6-50C Production Engine P o l l u t a n t  Emission Levels.  

a Keroeene Fuel 
Standard-Day Operating Condit ions 
(Ambient Humidity = 6.3 g/kg) 

A. Emission Ind ices  

SAE 
Engine Operating NO, ( a s  NOp) CO HC (as C H ~ )  Smoke 

Mode g/kg Fuel $/kg Fuel g/kg Fuel No. 

Std I d l e  (3.3% FN, F u l l  Burning) 3.1 107 .O 58.9 - <12 
(No ~ l e e d )  

Approach 30.0% FN) 12.0 3.9 0.7 - < 5 

Climbout (85.0% FN) 29.1 0.8 0.1 - < 6 

Takeoff (100.0% FN) 33.9 0.7 0.1 - < 7 

B. EPA Emission Parameters 

1. Current 1979 Standards Ca lcu la t ion  Method (cyc le  thrust-hour weighted) 

CF6-50 1979 Std 

NO, ( a s  NO2) lb / l000  l b  th rus t -h r  7.7 3.0 

CO lb /  1000 l b  th rus t -h r  14.9 4.3 

HC ( a s  CH4) lb/1000 l b  thrus t -hr  8.0 0.8 

2 .  Draft 1981 Standards Ca lcu la t ion  Method ( t akeof f  t h r u s t  weighted) 

NO, ( a s  NO2) g/kN 60.4 39.3 

CO g/ kN 117.6 36.1 

HC ( a s  CHq) g/kN 63.3 6.7 
- 



Plfot Strpe Dome Assembly y 

Maln Stage Dome Assembly 

O h  Total Fuel Flaw 
I In Pilot In Maln 

S?age Stage 

At Idle 100 0 I 

A: Takeoff 20 80 ' 
- 

Figure 5 .  Prototype Double Annular Combustor (Phase I1 Configuration D12) . 



2. Engine Demonstrator Combustor Design 

The Double Annular combustor concept achieved program goals for CO and HC 
emissions at idle operating conditions early in the Phase I1 Program. Ae 
shown in Figure 6, these low level- of idle emissions were maintained through- 
out the combustor refinement test series. NOx emission levels, shown in 
Table 6, did not meet the goal. The engine installation and performance re- 
quirements were most nearly met with configuration D12, which was selected as 
the prototype for the Phase 111 demonstrator engine combustor. A second- 
generation Phase 111 combustor configuration was needed because the prototype 
configuration used in Phases I and I1 was designed for component testi~g. 
As such, the features incorporated into this design to accommodate differen- 
tial thermal growths, pressure loads, vibration loads, and mechanical assembly 
were not adequate to permit its use in engine tests. 

Ti7  resulting demonstrator engine combustor design is shown in Figure 7. 
The aerothermal design features of this demonstrator engine combustor were 
patterred after those of the prototype combustor. Advanced aeromechanical 
design features derived from other General Electric programs were incorporated 
into its design. Machined-ring cooling-air slots were used throughout the 
dome and liners for improved cooling air effectiveness. Included in the 
mechanical arrangement were features for adequate thermal growth, assembly, 
and mechanical stiffness. With this design, both the pilot- and main-stage 
fuel nozzles can be installed through the existing fuel nozzle ports of the 
engine, wt ih the combustor installed. This important design feature permits 
the existing engine outer casing to be used without modification. The main- 
stage fuel nozzles are connected to the existing engine fuel manifold. The 
pilot-stage fuel nozzles are connected to a new fuel manifold. 

Key aerothermal design parameters of the two Double Annular combustors 
are compared in Table ?. Airflow distributicns are very similar except that 
the demonstrator combustor dome cooling airflows are slightly higher. This is 
accomplished primarily by reducing profile trim airflow. Key velocities are 
also very similar except that inner and outer passage velocities of the demon- 
strator comhustor are more nearly equalized to reduce parasitic pressure 
losses. Dome heights of the demonstrator combustor were increased about 20 
percent to provide additional room within the cowl to accommodate the needed 
radial movements of the swirl-cup slip joints. Additional details of the 
swirl cup and dome construction are shown in Figures 8 and 9. Details of one 
of the crossfire slots in the centerbody are shown in Figure 10. Two of these 
slots located 180' apart were incorporated into the demonstrator combustor 
design to provide a positive flame path from the pilot stage for main-stage 
ignition. 

Demonstrator engine combustor fuel nozzles are shown in Figure 11. 
Advanced aeromechanical design features derived from other General Electric 
programs were incorporated into the fuel nozzle design. The fuel nozzle tips 
incorporate ail: shrouds of the type in use with the production fuel nozzles 
to aid in fuel atomization and prevent carbon buildup. The fuel nozzle stems 
are designed with natural vibratory frequencies well above the range of engin- 



Fuel /Air  R a t i o  

F igure  6 .  Phase I 1  P r o t o t y p e  Double Annular Covbustor - I d l e  
E m i s s i o n  C h a r a c t e r i s t i c s .  



Table 6. NO, Emission Level Comparison, Phase I1 
Prototype Double Annular Combustor 
Configurations. 

Configuration 
Number 

Current 
Production 

ECCP Goal 

E I 
No, 

at Takeoff (1) 

(1) Corrected to current CF6-50C production 
engine cycle standard-day takeoff operating 
cond it ions. 

(2) No profile trim air, high pressure drop. 

(3) Increased liner cooling air, low pressure 
drop. 



t Pilot Stage Dome Assembly 
I 

Lxin Stage Done Assembly 

Figure 7. Phase I I I  Demonstrator Double Annular Combustor, 
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Table 7. Double Annular Combustor Design Parameters. 

Airflow Distribution. X W, 

Phase I1 Phase 111 
Prototype Demonstrator 

Combustor (Dl21 Combust or 

Pilot Stage 

Swirlers 
Dilution, Second Outer Panel 
Dome Cooling 

Main Stage 

Swirlers 
Dilutioc, First Inner Liner Panel 
Dome Cooling 

Centerbody and Liner Cooling 

Profile Trim 

Aft Seal Leakage 

Key Velocities, m/s 

Pilot Stage Dome 
Main Stage Dome 
Outer Passage 
Inner Passage 
Reference 

Key 3imensions, cm 

Pilot Stage Dome Height 
Main Stage Dome Height 
Combust ion Length 

LOO. 0 











f requencies  t o  prevent resonance.  . stems Ere aerodynamically contoured i n  
c r o s s  s e c t i o n  t o  minimize p r e s s u r e  l ~ ~ s e s  and incorpora te  double wai l  con- 
s t r u c t i o n  t o  minimize hea t  t r a n s f e r  from t h e  hot  compressor d i scharge  a i r  t o  
Lhe f u e l .  Both the p i l o t -  and main-stage f u e l  nozzles  incorpora te  flow d i s -  
t r i b u t i o n  valves  which a r e  loca ted  we l l  o u t s i d e  t h e  mounting f l a n g e s  t o  fur-  
t h e r  minimize heat  t r a n s f e r  t o  the  f u e l .  

Flow-pressure drop c h a r a c t e r i s t i c s  of t h e  engine f u e l  nozzles  a r e  shown 
i n  Figure 12. The p i l o t  nozzles  which a r e  fueled a t  a l l  engine power condi- 
:Ions a r e  equipped wi th  d u a l - o r i f i c e  f u e l  nozzles  t o  provide adequate atomiza- 
t i o n  a t  ground s t a r t  and a l t i t u d e  r e l i g h t  cond i t ions  without exceeding t h e  
cur ren t  engine f u e l  supply p r e s s u r e  a t  the  maximum p i lo t - s t age  f u e l  flow r a t e .  
The secondary o r i f i c e  cut-in-point  is  s e t  above t h e  nominal i d l e  f u e l  flow 
r a t e  t o  provide the  b e s t  p o s s i b l e  a tomizat ion a t  i d l e .  The main-stage, which 
is  fueled only a t  h igher  engine  power l e v e l s ,  i s  equipped wi th  a simplex noz- 
z l e  with r e l a t i v e l y  l a r g e  meter ing a r e a s .  The i n t e n t  is t o  prevent harmful 
carbon or  gumming of r e s i d u a l  f u e l  when the  main-stage is  shut  o f f .  m e  main- 
s t a g e  fue l  nozzles  a r e  equipped wi th  i n t e g r a l  p r e s s u r i z i n g  va lves ,  s o  t h a t  t h e  
main-stage manifold and d i s t r i b u t i o n  l i n e s  a r e  normally always f i l l e d  wi th  
f u e l .  This f e a t u r e  i s  needed f o r  r ap id  a c c e l e r a t i o n  from i d l e  o r  approach t o  
f u l l  power requirements.  

Engine s imulator  f u e l  nozzles  shown i n  Figure  13 were designed f o r  use 
i n  r i g  t e s t s .  These nozzles d u p l i c a t e  the  f u e l  sp ray  angle  and a i r  shrocd 
c h a r a c t e r i s t i c s  of  the  engine f u e l  nozz les ,  and approximate the  atomizatio-i  
c h a r a c t e r i s t i c s .  The f u e l  nozzle  t i p s  a r e  in terchangeable  simplex f u e l  
nozzles s ized a s  shown i n  Table 8 f o r  r i g  t e s t s  a t  e i t h e r  atmospheric o r  
e levated p ressure .  

3. Combustor Test  Conf igurat ions  

An extensive  s e r i e s  cf r i g  t e s t s  and modi f i ca t ions  t o  t h e  demonstrator 
engine combustor were conducted p r i o r  t o  i t s  i n s t a l l a t i o n  i n t o  t h e  engine .  
The conf igura t ion  des igna t ions ,  types  and i n t e n t  of  t h e  modi f i ca t ions ,  and 
types of  t e s t s  conducted a r e  l i s t e d  i n  Table 9. Modif ica t ions  were implemented 
f o r  one o r  more of  the  following reasons:  

1. Combustor Liner  Temperature Improvement. Minor l o c a l  adjustments 
to  the  l i n e r  cool ing a i r f l o w s  were made i n  c o n f i g u r a t i o n s  E2 and 
El2 t n  reduce peak 1 i n e r  temperatures .  

2 .  Combustor Ex i t  Temperature P r o f i l e / P a t t e ~ n  Factor  Improvement. 
The combustor was f i r s t  t e s t e d  without any p r o f i l e  t r i m  a i r f l o w  
(Configuration ElA) . The q u a n t i t y  and c i r c u m f e r e n t i a l  l o c a t i o n  
o l  p r o f i l e  t r i m  a i r f l o w  was then va r i ed  i n  c o n f i g u r a t i o n s  E2,  E8, 
and E12. 



Jet-A Fuel 

P i l o t  Stage 

, Secondary - - Or i f  ices - Cut-in a t  - 
1.10 MPa 

- 
Climbout - 

' 

I I 1  1 1 1 1  I I I I l l l i  

- Main Stage 

- Pressuriz ing 
Valves - 
1.86 MPa 

- - - - 
- 
- 

& , Fuel Nozzle Pressure Drop, MPa 
f 

Figure 12. Flow Character i s t i c s  of the Engine Fuel Nozzles.  
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F i ~ u r c  1 3 .  R i g  Test Fuel Nozzles. 
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Table 9. Combustor Configurations and Rig Test Sequence. 

Comont s 

Combu:3tor/Fuel Xort les  ns  
Oeccived 

.---- 

C'omhustor/l'uel Norrlr s a s  
Received 

- 
Caabu~ to r / l ; :~ r l  Nozzlcs a s  
Ercei  vrd 

P i l o t  Steye buel ho rz l e  Clearance 
Rduced 

CINnbuhtor Airflow Distribution 
l o d i l i d  

Fuel Nozzles Sime 1s EIR 

Three Di lut ion Scheries and Two 
Fuel Nozzle Types 

Fike  Di lut ion Schemes 

Four Di lut ion Schemes and Oue 
Cup Llodif i ca t ion  

Five  P i l o t  Fucl Nozzlc/Cup nnd 
Two Ynin Fuel Nozzle b:odi f i c n t i o n s  

Best Fu r l  Xoz~leiCup/Dilut ion 
Modi f i c n t i c n  

Basis  f o r  P r o f l l e  Trim 

-- 

4 A l r  Ywiif icat ion 

P r o f i l e  Trim Ai r  Added 

ThrccCuy Mali Tiuntions 

b e s t  Cup Mal i t i ca t ion  from E9 
and Thrce n i l u t i o n  Scbcmes --------- 
Best Cup Modification from EY, El0 
and Spray Tes t s  

Bas i s  fo r  P r o f i l e  Trim A i r  
Ma!ilic;.tion 

P m f l l c  Trim Air M d i f i c n t i o i i  

Cunbustc3r 
C o n f i ~ u r a t  lo11 

N m k r  

El' 

-- 
K 11 

E U  

E1B 

E2 

E2 

E34-E3E 

f  44-E4E 

."inn1 
I:c.~dinc 
Aumi~... 

10 

2.1 

40 

51 

60 

72 

93 

114 

136 

- 
159 

* 

191 

- 
200 

209 

211 

257 

2e1 

290 

298 

!:an 
Xo.  

1 

2 

3 

4 

5 

6 

7 

tl 

Typa Test  

A t m ~ s p l ~ u r ~ c  Discharge, h t t e r n  
Factor  

-- 

F.tsosl.;~c.ric Ulschnrcc Gruund 
S!art/Subidle Performance 

Lor Poxcr Emiss ion~ /Pe r fo r~nmce  

-- 
LUW l'omcr Emissi~:~/Perlo;mancr 

Atwspl t r r ic  Discharge, Pa t t e rn  
Factor  

Lor P w e r  Emissions/Performance 

l d l a  Emissions, Dlagnor t ic  

I d l e  Emissions, Diagnostic 

I d l e  E m i n ~ o n s ,  D ~ a g n o s t i c  

Emissions, Diagnost ic  

Emiss ion~Per fo r~ . ance  

---- .- 
Atmoshperic b ischarge,  Pa t t e rn  
Factor  

A t r~osphenc  Discharge. Pn t t e rn  
Factor  

I d l o  F h l ~ s t v n s ,  n i a ~ n o ~ t i r  

- 
I d l e  Em~rsionq,  Uiagnostic 

- 
Eaiss io~~s/Performal l re  

At?osphcr~c Discharge, 
Pa t t e rn  i a c t o r  - 
Alaosphrric Discharge, 
Pa t t c rn  Factor 

l e s t  
U :~ t r  

3i11;76 

3,'15,'76 

3/13/76 

3/24/76 

4/1/76 

4/5/76 

4/15/76 

---- 
4/28/76 

5,19,/76 

8/3/76 

.--. 

6/11/76 
8 / 0 / 7 6  

d,20/76 

8/27/76 

---.- 

10/2A/76 
11!1/76 

11/19/76 

2/14/77 

2/17,'77 

2/26/77 

- 

E6A-E6G 

El  

-- 
E7 

E8 

EM-EW' 

ElM-E' X: 

E l l  

E l l  

El2 

10 

11,  
12  

13  

14 

5 ,  
16 

17 

1R 

19 

20 



3. Combustor P ressure  Drop Adjustment. As r ece ived ,  the  combustor 
pressure  drop was very  c l o s e  t o  t h e  des ign  i n t e n t  (4.6 percent a t  
engine takeoff  opera t ing  c o n d i t i o n s ) .  Main-stage s w i r l e r  a i r f l o w  
a r e a  was reduced i n  c o n f i g u r a t i o n s  E2 and El0 t o  compensate f o r  
o t h e r  a i r f l o w  a r e a  inc reases  and maintain the  intended p ressure  
drop. 

4. I d l e  CO and HC Emission Level Improvement. An ex tens ive  s e r i e s  of 
p i lo t - s t age  fuel  nozzle ,  swirl-cup,  and d i l u t i o n  modi f i ca t ions  
were made i n  conf igura t ions  E 1 B  through E l l  i n  an e f f o r t  t o  reduce 
the  i d l e  CO and HC emiss ions  t o  the  l e v e l s  previously  obta ined 
with the  Phase I1 prototype combustor. 

Deta i led  d e s c r i p t i o n s  of the  combustor c o n f i g u r a t i o n  modi f i ca t ions  a r e  presented 
i n  Appendix A. A comparison of  t h e  a i r f l o w  d i s t r i b u t i o n s  of  t h e  f i r s t  and 
l a s t  conf igura t ions  is  contained i n  Table 10. 

C. ENGINE FUEL SYSTEM 

1. Engine Fuel Control Design Concept 

Incorporat ing a  Double Annular combustor i n  the  CF6-56 engine r e q u i r e s  s 
device  f o r  ob ta in ing  the  des i red  f u e l  flow s p l i t s  between s t a g e s  over the  en- 
t i r e  range o f  engine opera t ing  cond i t ions .  Accordingly, a  f u e l  flow s p l i t t e r  
was designed i n  Phase I1 f o r  use i n  t h e  Phase 111 engine  t e s t s .  The f u e l  
s p l i t t e r  i s  shown i n  Figure 14, toge the r  with an o p e r a t i o n a l  schematic. 

As shown i n  Figure  14,  t h e  s p l i t t e r  was designed f o r  inc lus ion  i n  the  
e x i s t i n g  CF6-50 engine fue l  c o n t r o l  system. Overal l  f u e l  flow r a t e  is 
scheduled by t h e  production main engine c o n t r o l  and t h r o t t l e  s e t t i n g .  The 
s p l i t t e r  schedules the  s p l i t  between the  p i l o t  and main s t a g e s  au tomat ica l ly  
according t o  t o t a l  f u e l  flow r a t e  and predetermined s e t t i n g s  of t h e  main- 
s t age  cut-in point  and the  p i l o t - t o - t o t a l  s p l i t  a f t e r  cut - in .  Both of 
these  fue l  scheduling parameters can be ad jus ted  from t h e  engine opera t ing  
console.  Remote adjustments were provided s o  t h a t  t h e  e f f e c t s  o f  f u e l  
scheduling on both exhaust emission l e v e l s  and engine opera t ing  c h a r a c t e l  - 
i s t i c s  could be inves t iga ted .  Fuel schedul ing c a p a b i l i t i e s  of  t h e  device  
a r e  indicated i n  Figure 14.  P i lo t - to - t . , i a l  f u e l  flow s p l i t  can be  var ied  
from about 50 t o  100 percent a t  approarh paver ~ p e r a t i n g  cond i t ions ,  and 
from about 10 t o  30 percent a t  high-power opera t ing  cond i t ions .  The main- 
s t age  cut-in device incorporates  a  h y s t e r e s i s  f e a t u r e  t o  prevent flow in- 
s t a b i l i t i e s .  

Since the  flow s p l i t t e r  schedules s p l i t  a s  a  func t ion  of t o t a l  f u e l  flow 
r a t e ,  i t  i s  s u i t a b l e  only f o r  sea  l e v e l  demonstrat ion t e s t  use .  Addi t ional  
f ea tu res  a r e  required a l s o  t o  accommodate c r u i s e  opera t ing  cond i t ions .  



Conf ieurat ion 

Table 10. Demonstrator Engine Combustor Airflow 
Distributions. 

Airflow Distribution ( %  W,.) 

Pilot Stage 

Swirlere 
Dilution (Outer Second Liner Panel) 
Dome Cooling 

Main Stage 

Swirlers 
Dilution (Inner First Liner Panel) 
Dome Cooling 

Centerbody Cooling 

Liner Cooling 

Profile Trim (Inner Sixth Liner Panel) 

Seal Leakage 

ElA Ell, 12 
(As Received, (Final Rig 
First Rig Test And 
Test) Engine Test) 



Pilot Stage 
* Manifold 

- FLoa 
Splitter 

Main  Stage 
* h l n n i f o l t l  

. . 

Tot :11 >1 ;I I 1 P i L ~ t / n F a i  n Srngc  . .. 
FLIL 1 

I- 
S t .I fir-. F l n i v  S p I i t  

??Inn Cut- In 
... 

. .- ,-- 1 

T~JL a1 Fur.1 F l  rnv ,  Pr. i -~x,nl of Rat ~d 

Ficurc,  1.1. ~ ~ r ~ r n ~ f i ~ t r ~ l r ~ r  E n ~ i n c  E'ucl Plow Splitter. 
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2 .  Engine Fuel Supply System 

Re la t ive ly  few modi f i ca t ions  t o  the production engine f u e l  supply system 
were needed t o  conduct the  engine demonstrat ion r e s t s .  Ae ehown i n  Figure  15,  
the  main-stage fue l  nozzles  were connected d i r e c t l y  t o  t h e  e x l ~ t i n g  f u e l  mani- 
f o l d ,  and the  pil-ot-stage f u e l  nozzles  were connected t o  a new manifold.  Some 
of the  compressor bleed a i r  p ipes  were rerouted t o  accommodate t h i s  new mani- 
fo ld .  In a production engine the  f u e l  manifold and ind iv idua l  nozzle supply 
l i n e s  a r e  a l l  shrouded t o  con ta in  any f u e l  l eaks  which miyht develop.  How- 
ever ,  f o r  the r e l a t i v e l y  e h o r t  demonstrat ion t e s t  s e r i e s ,  t h i s  s a f e t y  requ i re -  
ment was waived and the  des ign  of the rlew manifold system was g r e a t l y  s impl i -  
f ied . 

The fue l  s p l i t t e r ,  toge the r  with i ts  assoc ia ted  valving and instrumenta- 
t i o n ,  wss mounted on a panel a t t ached  t o  t h e  t e s t  c e l l  f l o o r  d i r e c t l y  under the 
engine,  a s  shown i n  F i g w e  16. 

D.  ENGINE TEST APPARATUS 

1 .  Demonstrator Engine Descr ip t ion -- 
CF6-50 Engine Number 455-105/7 was usnd f o r  the  Double Annular Combustor 

engine demonstration t e s t s .  This engine is  one of severa l  f a c t o r y  engines 
which a r e  used f o r  a l l  types  of systems,  mechanical ,  and performance develop- 
ment t e s t i n g .  The engine was equipped with production engine p a r t s  except 
t h a t  a f ixed-area ,  c o n i c a l ,  c o r e  engine exhaust nozzle  was i n s t a l l e d ,  a s  shown 
i n  Figure 17.  Use of a f ixed-area nozzle is  common p r a c t i c e  f o r  f a c t o r y  t e s t -  
ing.  For these  ECCP t e s t s ,  t h e  engine was opera ted t o  CF6-50C engine  model 
t h r u s t  l e v e l  (224 kN), but  i t  was capable of higher-power opera t ion .  In the  
previous buildup (455-105161, the  engine was run t o  CF6-50M engine  t h r u s t  
l e v e l s  (241 kN). Lowever, due t o  accumulated t e s t i n g  p r i o r  t o  t h e  ECCP pro- 
gram, t h e  engine performance and t u r b i n e  temperatures were h igher  than those  
of  any high-time-in-service production engines.  In p a r t i c u l a r ,  standard-day 
combustor a i r f l o w  r a t e s  ( w ~ ~ / G / ~ ~ )  were about 7 percent  low, and s tandard-  
day fue l  flow r a t e s  (Wf/0262) were about 25 percent  high a t  i d l e  and about 
10 percent high a t  t a k e o f f ,  r e l a t i v e  t o  product ion engine performance. 
Standard-day combustor f u e l - a i r  r a t i o  ( f4 /o7)  was t h e r e f o r e  30 percent h igh a t  
i d l e  and 15 percent high a t  t a k e o f f ,  r e l a t i v e  t o  production engine performance. 

2. Engine Test  Ce l l  Desc r ip t ion  

Tes t s  were conducted i n  Ce l l  7 of the Development Engine Test  Complex of 
Building 500. This complex h a s  ex tens ive  s e r v i c e s  r equ i red  f o r  the  t e s t i n g  
of  development engines.  l h e  c e n t r a l  Ins t rumenta t ion Data Room (IDR) is 
located one f l o o r  below t h e  t e s t  c e l l  a r e a .  Ins t rumenta t ion a p p l i c a t i o n  
f a c i l i t i e s  and t h e  Development Engine Assembly a r e a  a r e  adjacent  t o  t e s t  a r e a .  
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High Pressure  IIose 

High Pressure  Hose 

P i l o t  Fuel  Flow Meter 

------.-- 

Under Engine 

T e s t  C z l l  
, - -  ---- -- ------- 

Q Control  Room 
4 -28 v o l t s  U . C .  

Cross-Flre  
Flow S p l i t  On/Off Switch 

!domei~tary Contact  
Normally Open 

~ 0 ~ 0  
Torquemotor 

Control  Box 
Flow S p l i t t e r  

F igure  16.  Engine Fuel System Setup, 





Cel l  7 was designed f o r  development t e s t i n g  of l a r g e  turbofan engines a t  
sea - l eve l - s t a t i c  condit ions+. The genera l  arrangement o f  t h e  c e l l  is  shown i n  
Figure 18. Air e n t e r s  the  c e l l  from an i n l e t  mounted on t h e  roof .  An a r r a y  
of  tu rn ing  vanes provides uniform h o r i z o n t a l  flow t o  t h e  engine.  The engine 
exhausts i n t o  an augmentoc, where t h e  exhaust is sound t r e a t e d  and e x i t a  i n t o  
the  atmosphere through a  v e r t i c a l  s t a c k .  The augmentor pumps secondary a i r  
t h a t  flows around the  engine and provides  e x t e r n a l  cool ing.  The engine  is sus- 
pended from a  t h r u s t  measuring frame through a  f l igh t - type  pylon and engine 
fan duct  cowling. The engine c e n t e r l i n e  is nominally 3.05 m from t h e  f l o o r .  
Typical i n s t a l l a t i o n s  a r e  shown in  Figure  19 ( a f t  looking forward) and 
Figure 20 (forward looking a t t  1. 

The engine i s  operated from an a c o u s t i c a l l y  i s ~ l a t e d  c o n t r o l  room 
located immediately adjacen: t o  the  t e s t  c e l l  and on the  l e f t  s i d e ,  a f t  look- 
ing forward. The exhaust gas  a n a l y s i s  equipment is  loca ted  i n  a  mezzanine 
room adjacent  t o  the  o t h e r  s i d e  of t h e  t e s t  cel l .  and approximately i n  l i n e  
with the  exhaust nozzle.  Gas sample l i n e s  a r e  only  about 8 meters long. 

Per farmance Instrument a t  ion  

The engine and t e s t  c e l l  were equipped with a l l  of t h e  normal develop- 
ment t e s t  ins t rumenta t ion needed t o  s a f e i y  o p e r a t e  the  engine and d e t e r n i n e  
the  o v e r a l l  s t eady-s ta te  and t r a n s i e u t  opera t ing  c h a r a c t e r i s t i c s .  In addi- 
t i o n ,  t h e  Double Annular Combustor and i t s  f u e l  supply/control  system were 
ex tens ive ly  instrumented t o  c h a r a c t e r i z e  the  performance of these  new com- 
ponents. A summary of key measured and ca lcu la ted  parameters is shown i n  
Table 11. A more d e t a i l e d  d e s c r i p t i o n  of the  types  and l o c a t i o n s  of engine 
combustor ins t rumenta t ion i s  presented i n  Appendix A. 

4. Exhaust Gas Sampling Apparatus 

One of the o b j e c t i v e s  of the  demonstrator engine t e s t s  was t o  compare ex- 
haust  :as sampling techniques.  A new exhaust gas  sampling rake and t r a v e r s -  
ing system, shown schemat ica l ly  i n  Figure  21, was designed and b u i l t  f o r  these  
t e s t s .  The assembly i n s t a l l e d  i n  t h e  t e s t  c e l l  i s  shown i n  Figure  22.  Eight 
sampling arms a r e  mounted r a d i a l l y  inward from a  t r a v e r s e  r i n g  which is  
s ized t o  c l e a r  the  CF6-50 engine fan j e t .  Each arm h a s  t h r e e  sampling p o r t s  
which a r e  l o c ~ t e d  on c e n t e r s  of  equal  a r e a  of the  core  engine exhaust nozzle .  
Al te rna te  a r m  a r e  manifolded toge the r  t o  c o l l e c t  12-point mixed samples. 
' h c  e n t i r e  r i n g  can be r o t a t e d  f o r  t r a v e r s e  sampling. The two sample l i n e s  
and t r a v e r s e  motor c o n t r o l s  a r e  routed t o  the  gas  a n a l y s i s  room, where rake  
pos i t ion  and sample processing a r e  c o n t r o l l e d  dur ing t e s t .  

With t h i s  rake system, four  d i f f e r e n t  sampling techniques  were u t i l i z e d .  

12-point f ixed s ingle-cruci form rake wi th  the arms o r i en ted  v e r t i -  
c a l l y  and h o r i z o n t a l l y  and manifolded toge the r  t o  c o l l e c t  and ana- 
lyze m e  mixed sample. This simple technique meets the  F e d e r ~ l  
Register  s p e c i f i c a t i o n s  (Reference 1 ) .  





i r e  1 .  CFR E l l ~ i n c  Liounte(l in heve lopmcnt  E n g i n e  T c s l  Cell, A f t  hookinp 
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Figure 21. Exhaust Gas Sampling and Traverse Rake Diagram. 
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Figure 22. Exhaust Gas Sampling and Traversing System Installation. 



12-point f ixed s ingle-cruci form rake a s  desc r ibed  above, except  f o r  
the  arms o r i e n t e d  45' from t h e  v e r t i c a l  and h o r i z o n t a l .  This  tech- 
nique a l s o  meets t h e  Federal  Reg i s t e r  s p e c i f i c a t i o n s .  

24-point f ixed double-cruci  form rake obtained by manifolding t h e  
two s i n g l e  cruciform rakes  t o g e t h e r .  This was the  primary technique 
fo r  these  t e s t s .  

216-point t r a v e r s e .  This technique cons i s t ed  of r o t a t i n g  t h e  24- 
point  double-cruciform rake and recording d a t a  a t  5' i n t e r v a l s  
ac ross  the  e n t i r e  exhaust nozzle  a r e a .  

In  a d d i t i o n ,  t h e  low pressure  t u r b i n e  e x i t  t o t a l  p r e s s u r e  rakes  shown i n  
Figure 23 were i n s t a l l e d  and manifold a s  shown i n  Figure  24 t o  provide a f ixed  
20-point, p lane  5 emission sampling system. Addit ional  d e t a i l s  of t h e  sam- 
p l ing  equipment a r e  presented i n  Appendix n, toge the r  wi th  d e s c r i p t i o n s  of t h e  
gas a n a l y s i s  equipment. 

TEST CONDITIONS AND PROCEDURES - 

1. CF6-50C Production Eneine S t a t u s  Cvcle Parameters 

Both the  component and engine t e s t s  were based on c u r r e n t  CF6-50C produc- 
t i o n  engine opera t ing  c o n d i t i o n s ,  which a r e  shown i n  Table 12.  These s t a t u s  
cyc le  parameters a r e  based on ana lyses  of  acceptance t e s t  d a t a  f o r  product ion 
engine s e r i a l  numbers between -209 and -258. Power s e t t i n g s  except f o r  s tan-  
dard i d l e  (3.31%) a r e  based or. percentages  of t h e  FAA.-rated cor rec ted  t h r u s t  
f o r  CF6-50C engine,  which i s  224.2 kN (50,400 l b )  and does not  include scrub- 
bing drag.  Standard i d l e  is  based on a cor rec ted  high p ressure  r o t o r  speed 
of 6249 rpm. 

2 .  Component Test  Condit ions and Procedures 

Combustor component t e s t s  were conducted i n  the  same f u l l  annular  t e s t  
r i g  and f a c i l i t y ,  and us ing t h e  same d a t a  a c q u i s i t i o n  systems,  a s  were u t i -  
l i z e d  i n  the  Phase I and I1 Programs. Deta i led  d e s c r i p t i o n s  a r e  presented i n  
References 1 and 13. The t e s t  r i g  e x a c t l y  d u p l i c a t e s  the  aerodynamic flowpath 
and envelope dimensions of the  CF6-50 engine .  A new inner  flowpath was used 
with the  double annular demonstrator combustor i n  the  Phase 111 t e s t s  t o  
d u p l i c a t e  the  engine flow-path modi f i ca t ions .  The t e s t s  were conducted i n  
Test  Ce l l  A3, which i s  equipped wi th  an i n d i r e c t - f i r e d  a i r  h e a t e r  and exhaust  
duct  ing systems f o r  high pressure  on vacuum opera t  ion .  Flow c a p a b i l i t i e s  a r e  
such t h a t  the  CF6-50 engine combustor opera t ing  cond i t ions  can be  e x a c t l y  
dup l i ca ted  a t  a l l  r e l i g h t  requirement and ground i d l e  cond i t ions .  For higher-  
power s imula t ion ,  temperature ,  v e l o c i t y  and f u e l - a i r  r a t i o  a r e  d u p l i c a t e d ,  but  
combustor i n l e t  pressure  i s  l imi ted  t o  about 0.97 MPa. As ind ica ted  i n  Table 
9 ,  four types of combustor r i g  t e s t s  were conducted i n  the  Phase 111 Program. 

I These were: 



Front 

34.0 cm 
Radius  

Figure 23. Turbine Exit  (Plane 5)  Total  Pressure Rakes (Used f o r  Exhaust 
Emission Sampling). 



Plane 5-20 Point 
Rake Sample 

Aft Looking Forward 

Figure 24. Turbine Exit Pressure Rake Sampling Array. 
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a)  High Pressure  Performance/Emission Tes t s .  These t e s t s  were con- 
ducted a t  a c t u a l  i d l e  and simulated h igher  power opera t ing  condi- 
t ions t o  determine exhaust emiesion l e v e l s  ,- l i n e r  temperature,  
pressure  drop,  c r o s s f i r e ,  and combustor resonance c h a r a c t e r i s t i c s .  
A t  each se lec ted  engine opera t ing  cond i t ion ,  d a t a  were obta ined 
a t  a  l imi ted  range of fue l -a i r  r a t i o s  and/or a span of  p i lo t - to -  
t o t a l  f u e l  flow s p l i t s .  Exhaust gases  were sampled wi th  a  25-point 
t r a v e r s i n g  rake assembly con ta in ing  f i v e  rakes ,  each having f i v e  
sampling elements.  The 25 sample l i n e s  were steam heated and lzd  
out ind iv idua l ly  t o  a  s e l e c t o r  valve  panel ,  and then t o  t h e  emis- 
s i o n  ana lyze rs .  By manipulation of the  va lves ,  any d e s i r e d  ind iv i -  
dual  element o r  combination of  elements could be analyzed.  

b) Ground S t a r t  T e s t s .  S t a r t  t e s t s  were run a t  a  range of a c t u s l  
engine ground s t a r t i n g  cond i t ions .  For these  t e s t s ,  t h e  combustor 
was exhausted t o  t h e  atmosphere, al lowing v i s u a l  observa+.ion of 
the  i g n i t i o n  a t t empts .  L i g h t o f f ,  propagation,  and l ean  b!.owout 
were dete.  nined over a  range of  ambient temperature a i r f l o a  r a t e s  
corresponding t o  normal engine s t a r t i n g  speeds.  

c )  P a t t e r n  Factor T e s t s .  Combustor e x i t  temperature p r o f i l e  charac- 
t e r i s t i c s  were determined i n  atmospheric p ressure  t e s t s .  In  these  
t e s t s ,  very  d e t a i l e d  temperature surveys were obta ined by t r a v e r s i n g  
an a r r a y  of four thermocouple r a k e s ,  each having seven probe e le -  
ments and recording temperatures  a t  1.5' i n t e r v a l s .  From t h e s e  t e s t s  
r e s u l t s ,  t h e  combustor a i r f l o w  d i s t r i b u t i o n s  were adjus ted  a s  needed 
t o  meet the  engine i n s t a l l a t i o n  requirements.  

d) I d l e  Emissions Diagnostic Tes t s .  A new d i a g n o s t i c  t e s t  technique 
was devised and u t i l i z e d  i n  some of the  i d l e  emission t e s t s .  For 
conf igura t ions  E3 through E6, f i v e  d i f f e r e n t  modi f i ca t ions  were made 
i n  s e c t o r s  of the  combustor which were a l igned wi th  the  a rea  swept 
by each e x i t  gas  sample t r a v e r s e  rake .  By t r a v e r s i n g  2nd sampling 
each rake i n d i v i d u a l l y ,  t ive  conf igura t ions  were e f f e c t i v e l y  
evaluated wi thin  the  same t e s t  se tup .  The most promising modifica- 
t i o n s  found i n  t h i s  s e r i e s  (E6A) were then uniformly i l~corpora ted  
i n t o  conf igura t ions  E7  and 8 f o r  more d e t a i l e d  e v a l u ~ r i o n s .  For 
conf igura t ions  E9 and 10, the  technique was again  u : . l i z e d ,  except 
t h a t  th ree  ins tead of f i v e  modi f i ca t ions  were made i n  o rde r  t o  b e t t e r  
a s sess  c i rcumferen t i a l  v a r i a t i o n s  wi th in  each conf igura t ion .  From 
these t e s t s ,  s e c t o r  conf igura t ion  E9C was i d e n t i f i e d  a s  most prom- 
i s ing  and incorporated uniformly i n t o  E l l  and 12. Thus, o v e r a l l ,  
26 combustor s e c t o r  conf igura t ions  were screened i n  only  s i x  t e s t  
buildups using t h i s  sec to r / annu la r  t e s t  technique.  



3. Engine T e s t  Cond i t i ons  and Procedures  

a )  S teady-Sta te  Pe r fo rmance /Emis s~ons  T e s t s  

The f i r s t  s e r i e s  o f  engine  t e s t s  were condu: i LO de t e rmine  
t h e  s t e a d y - s t a t e  performance and exhaus t  emissioi ia  c h a r a c t e r i s t i c s  
accord ing  t o  t h e  t e s t  p o i n t  s chedu le  shown i n  Table  13.  T e s t  
p o i n t s  ( 1  through 1 0 )  were in tended  t o  p rov ide  t h e  b a s i c  p e r f o r -  
mance/emissions measurements ,  and t o  de t e rmine  t h e  e f f e c t  o f  f u e l  
flow s p l i t  on performance and emis s ions  a t  t h e  EPA-specified 
o p e r a t i n g  c o n d i t i o n s  ( i d l e ,  app rcach ,  c l i m b o u t ,  and t a k e o f f )  
u s ing  t h e  24-point doub le  c ruc i fo rm sampl ing  t echn ique .  T e s t  
p o i n t s  ( 1 1  through 14 )  were in tended  t o  p rov ide  f u r t h e r  d a t a  a t  
t h e  EPA o p e r a t i n g  c o n d i t i o n s  u s ing  t h e  p r e f e r r e d  f u e l  s p l i r  ; and 
the  t r a v e r s e  sampling t e c h n i q u e .  Tes t  p o i n t s  (12  through 15 )  
were in tended  t o  p rov ide  d a t a  a t  a d d i t i o n a l  o p e r a t i n g  c o n d i t i o n s  
u s ing  t h e  p r e f e r r e d  f u e l  s p l i t s  and t h e  doub le  c ruc i fo rm sampling 
technique .  Tes t  p o i n t s  (21  through 24) were in tended  t o  p rov ide  
a d d i t i o n a l  measurements a t  t h e  EPA o p e r a t i n g  c o r i l i t  i o n s  u s i n g  
the  p r e f e r r e d  f u e l  s p l i t s  and t h e  12-point  c ruc i fo rm s a m p l i  q 
t echnique .  

A s  i s  usua l  i n  development engine  t e s t s ,  t h e  eng ine  was run  t o  
p re sc r ibed  speeds  co r r e spond ing  t o  t h e  d e s i r e d  t h r u s t  l e v e l s .  I n  
Table 13 ,  t h e  c o r r e c t e d  f an  speed vh ich  was a c t u a l l y  used t o  Pe t  
each t e s t  po iq t  ( excep t  s t a n d a r d  i d l e )  i s  shown. These speec were 
s e l e c t e d  from p r e t e s t  eng ine  performance p r l d i c t i o n s  t o  p rov lae  t h e  
spec i f  ied c o r r e c t e d  t h r u s t  l e v e l s .  S tandard  i d l e  ( 3 . 3  pe rcen t  
t h r u s t )  was s e t  by p l a c i n g  t h e  r h r o t t l e  i n  t h e  ground i d l e  f l a t ,  
where t h e  engine  c o n t r o l  m a i c t a i n s  c o r r e c t e d  c o r e  speed .  

A l l  of t h e  t e s t  p o i n t s  shown i n  Table  13 were run a t  l e a s t  
once ,  and a  t o t a l  o f  f i f t y - e i g h t  r e a d i n g s  were o b t a i n e d .  Most of  
t h e  t e s t  p o i n t s  were run  a t  l e s s t  tw ice .  T e s t s  were run  i n  o r d e r  o f  
both i n c r e a s i n g  and d e c r e a s i n g  pover  l e v e l .  A t  each test  p o i n t ,  t h e  
engine  was s t a b i l i z e d  about  f i v e  minutes  b e f o r e  r e a d i n g .  Each read-  
ing c o n s i s t e d  of r e c o r d i n g  a l l  of t h e  engine/combustor  performance 
parameters  w i th  t h e  au toma t i c  d a t a  management system (DMS r e a d i n g ) ,  
and r eco rd ing  t h e  smoke and gaseous emis s ions  d a t a .  Usua l ly ,  a t  
each t e s t  p o i n t ,  e m i s s i o n s  d a t a  were ob ta ined  wi th  a t  l e a s t  two and 
somet imes t h r e e  d i f f e r e n t  sampling t echn iques  f o r  d i r e c t  c m p a r i s o n .  

A second and ve ry  impor tan t  p o r t i o n  o f  t h e  d e m o n s ~ r a t o r  eng ine  
t e s t s  was t o  de te rmine  t h e  t r a n s i e n t  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  
CF6-50 engine  when equipped wi th  a  s t a g e d  combustion sys tem.  I n  par-  
t i c u l a r ,  t h e r e  has  been c o n s i d e r a b l e  s p e c u l a t i o n  on t h e  a b i l i t y  t o  
meet t h e  r equ i r emen t s  s p e c i f i e d  i n  Reference  15 f o r  power o r  t h r u ~ t  
response  when o i l y  t h e  p i l o t - s t a g e  i s  f u e l e d  a t  i d l e  and approach 
power l e v e l s .  



Table 13. Derhionstrator Engine Steady-State Performance 
and Emissions Test  Schedule. 

Based on CFl.,-50C r a t e d  t h r u s t  (724.4 kN) 
do customer a i r  bleed o r  power e x t r a c t i o n .  
JP-5 Fuel 

(1)  Stan*rd i d l e  i s  con t ro l l ed  t o  cor rec ted  corespt.ed 
N 2 / / e 2  = 106.7 r p s .  

Test  
lJoint 
110. 

1,11,21 
15 
16 
1 

2,12,22 
3 
4 

18 
19 

5 
6,13,23 

7 
3 0 

8 
9 

10,14,24 
r 

(2) Approximately rninimu~ fuel  s p l i t t e r  s e t t i n g .  
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The test point schedule for this series of acceleration/deceleration 
tests is shown in Table 14. As shown, throttle bursts to and chops from 
takeoff power were specified, while systematically varying the initial/ 
final power level and the two fuel splitter control parameters (flow split 
at approach and flow spli: at full power). The tests were conducted in 
general accordance with Reference 15 and standard General Electric practice. 
No emission measurements were made during these tests, but the engine 
exhaust plus; was visually monitored for the presence of unburned fuel 
or smoke. For each test point, a full DNS engine performance reading was 
taken at the initial and final steady-state power level for correlation 
with the important parameters recorded transiently on high-speed multi- 
channel strip chart recorders. 

c) Ground Start Tests 

A ground start test series was conducted according to the test 
point schedule shown in Table 15. Included are variations in fuel 
control specific gravity setting, compressor stator vane setting, 
and starter air pressure to determine the starting times and stall 
characteristic of the engine when equipped with the Double Annular 
ccmbustor . 

F. DATA ANALYSIS PROCEDURES 

1. Engine/Combustor Performance Data 

All key engine and combustor performance data were recorded by digital 
data acquisition systems, and processed tbr-ough standard test data reduction 
programs for L -nverting dzta signals to engineering units, then calculating 
prescribed avelages, flow rates, and performance parameters. Under normal 
conditions, computer printouts of these results were available for preliminary 
data analyses within about ten minutes after the test point was recorded. 
The engine data were also stored on magcetic tape for additional processing 
after the test was completed. This latter feature was used in these tests 
for compiling data obtained in different runs, and converting the data to SI 
units. The key engine and combustor performance parameters which were com- 
putcad nrv l i s r e d  in Table  1 1 .  Most of the parameters are p elf-explanatory. 
However, by General Electric convention, combustor reference velocity is 
based on cc~mpressor discharge total airflow (W3), total density, and casing 
cross-sectional area at the combustor dcme exit (Ar). Additional details 
of the performalice data calculation anti analysis procedures are presented in 
Appendix A .  

2. Emission Data Reduct ion Procedure --- 

In the contbustor rig te.cp. :e emission data acquisition, reduction, and 
calculation procedures were vritaally identical to those utilized in Phases I 
and TI, which are described in References 1 and 3. The same procedures were 
employed in the engine test except that fuel-air ratio corrections were also 
required. 

5 6 



Table 14. Demonstrator Engine Acceleration/ 
Deceleration Test Schedule. 

JP-5 Fuel. 
Fast Acceleration to Takeoff Power and Fast 
Deceleration from Takeoff at Each Test Point. 

Initiai/Final 
Power Level 

Fuel Splitter 
Control Setting, 
Pilot-to-Total 

+ 

Test 
Point 
Number 

5 7 
58 
59 
60 
5 1 
62 
63 
64 
6 5 
66 
6 7 
68 
69 
70 
7 1 
72 
73 
74 

Flight 
Idle 

x 

x 

x 

x 

x 

x 

x 

x 

x 

Approach 
30% FN 

x 

Y 

x 

x 

x 

x 

x 

x 

x 

Fuel Split at : 

Approach 

1 .OO 
1.00 
1-00 
1 .OO 
1.00 
1 .OO 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 

Takeoff 

0.23 
0.23 
0.18 
0.18 
0.13 
0.13 
0.23 
0.23 
0.18 
0.18 
0.13 
0.13 
C. 23 
0.23 
0.18 
0.18 
0.13 
0.13 



Table 15. Demonstrator Engine Ground 
Start Test Schedule. 

JP-5 Fuel 
Normal Engine Automatic Start Sequence 

t 

Test 
Point 
Number 

75 
76 
77 
78 
79 
80 
81 
82 
8 3 
84 
85 
86 
87 
88 
89 
90 
9 1 
92 
93 
94 

Compressor 
Stator Angle 
Setting Degrees 
Open from Normal 

0 
0 
0 
0 
0 

- 0 
0 
0 
0 
0 
0 
0 
-4 
+4 
+4 
0 
-4 
-4 
0 

+4 

Fuel Specific 
Gravity Setting 
on Main Engine 
Control 

0.82 
0.82 
0.82 
0.82 
0.82 
0.82 
0.82 
0.82 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.82 
0.82 
0.82 
Max 
Max 
Max 

Starter Air 
Pressure, kPa 
(absolute) 

380 
380 
310 
310 
275 
275 
240 
240 
380 
310 
240 
380 
380 
380 
380 
380 
380 
380 
380 
389 



A d e s c r i p t i o n  of t h e  emission d a t a  a c q u i s i t i o n  system used i n  t h e  engine  
t e s t s  is presented i n  Appendix A. The gaseous emission a n a l y s i s  ins t ruments  
were c a l i b r a t e d  be fo re  and a f t e r  each t e s t  run with c a l i b r a t i o n  gases  which 
had been checked a g a i n s t  Nat ional  Bureau of Standards SRM gas  s t andards .  The 
c a l i b r a t i o n  d a t a  and emission t e s t  d a t a  were manually logged dur ing  t h e  t e s t ,  
and subsequently inpu t  t o  a  computer d a t a  r educ t ion  program where emiss ion 
index,  f u e l - a i r  r a t i o  and combust ion e f f i c i e n c y  were c a l c u l a t e d .  The equa- 
t i o n s  used f o r  these  c a l c u l a t i o n s  were b a s i c a l l y  those  contained i n  SAE ARP 
1256 ( ~ e f e r e n c e  141, with t h e  CO and C02 concen t ra t ions  c o r r e c t e d  f o r  removal 
of water from t h e  samples be fo re  ana lyses .  Hydrocarbon emission l e v e l s  were 
assumed t o  have the  same molecular weight a s  the  parent  f u e l  i n  t h e s e  emis- 
s i o n  index - a l c u l a t i o n s .  For use i n  the  EPAP c a l c u l a t i o n s ,  t h e s e  hydrocar- 
bon emission l e v e l s  were converted t o  methane molecular weight a s  s p e c i f i e d  
i n  t h e  Federal  Reg i s t e r  (Reference 1 ) .  

Smoke samples were c o l l e c t e d  a t  four  d i f f e r e n t  s o i l i n g  r a t e s  b racke t ing  
t h e  quoted s o i l i n g  r a t e ,  f o r  subsequent r e f l e c t a n c e  measurement and d a t a  
curve f i t t i n g  i n  accordance wi th  Reference 1. 

3 .  Emission Data Correct  ion  Fac to r s  - 

Emission d a t a  a r e  presented two ways: 

(a) a s  measured, e i t h e r  from t h e  combustor r i g  on t h e  demonstrator 
engine,  o r  

(b )  a s  co r rec ted  t o  standard-day product ion CF6-50C engine  opera t ing  
cond i t ions .  

I n  t h e  r i g  t e s t s ,  t h e  needed c o r r e c t i o n s  u s u a l l y  involve only  humidity,  which 
i s  uncon t ro l l ed ,  and combustor i n l e t  p ressure ,  which, except  f o r  i d l e ,  i s  
reduced from a c t u a l  engine l e v e l s  t o  be w i t h i n  the  f a c i l i t y  c a p a b i l i t i e s .  In  
these  development engine t e s t s ,  t h e  engine i n l e t  p ressure ,  temperdture ,  and 
humidity a r e  a l l  uncontrol led  and t h e  engine performance i s  d e t e r i o r a t e d  from 
production engine s t a t u s ,  s o ,  i n  g e n e r a l ,  engine  d a t a  must be c o r r e c t e d  f o r  
p ressure ,  temperature,  humidity,  v e l o c i t y ,  and f u e l - a i r  r a t i o .  Correct ion 
f a c t o r s  used i n  t h i s  r e p o r t  a r e  presented i n  Table 10. Gene. ?y,  t h e s e  
f a c t o r s  a r e  based on c o r r e l a t i o n s  of r i g  t e s t  d a t a  where eac! t h e  opera t ing  
parameters was independently v a r i e d .  The v a l i d i t y  of  t h e s e  co. ~ c t i o n  f a c t o r s  
was sabsequently e s t a b l i s h e d  by c o r r e l a t i o n s  of  engine d a t a ,  a s  desc r ibed  i n  
t h e  following chap te r .  

4. EPA Parameter Ca lcu la t ion  Procedure 

a)  Current  Standard Procedure 

The gaseous exhaust  emission s t andards  i n  Reference 1 a r e  expressed i n  
terms of  maximum al lowable  q u a n t i t y  of  emission per 1000 t h r u s t  hours ,  f o r  
a  prescr ibed takeoff- landing c y c l e :  



EPAP i = 
1 

where 
E I  = Emission index ( lb /1000 i b  f u e l )  

EPAP = Emission parameter ( lb /1000 l b  th rus t -h r )  

RN = N e t  t h r u s t  ( l b )  

t = Prescr ibed t ime (minutes)  

Wf = Fuel f low r a t e  (pph) 

and t h e  s u b s c r i p t s  a r e  : 

i = Type of emission ( C Q ,  HC, NO,) 

j = Prescr ibed power l e v e l  ( i d l e ,  approach, c l imbout ,  
and t a k e o f f )  

For a p a r t i c u l a r  engine cyc le ,  Equation 1 can be reduced t o :  

For Class  T2 engine (Rated Thyust > 8000 l b ) ,  such as  the  CF6-50, t h e  pre- 
sc r ibed  t imes a r e  26.0, 4 .0 ,  2 . 2  a<d 0.7 minutes a t  i d l e ,  approach, climbout 
and takeoff  power. The o t h e r  parameters needed t o  eva lua te  the  c o e f f i c i e n t s  
( C j )  f o r  t h e  CF6-50C engine cyc le  a r e  shown i n  Table 12. The r e s u l t i n g  EPAP 
equat ions  f o r  va r ious  assumed i d l e  t h r u s t  s e t t i n g s  a r e  : 

i)  Standard ( 3 . 3 % )  i d l e  t h r u s t  



i i )  Increased ( 5 . 0 % )  i d l e  t h r u s t  

i i i )  Further  increased ( 7  .Or) i d l e  t h r u s t  

For C lass  T2 engines ,  t h e  a l lowable  EPAP l e v e l s  f o r  CO, HC, and NO, a r e  4.3, 
0.8, and 0.3 lb/1000 l b  t h r u s t - h r ,  r e s p e c t i v e l y ,  i n  these  s t andards .  

b) Draf t  Revised Standard Procedure 

The d r a f t  r ev i sed  gaseous emission s t andards  i n  Reference 2 a r e  ex- 
pressed i n  terms of maximum al lowable  q u a n t i t y  of  emission f o r  t h e  same pre- 
sc r ibed  takeoff-landing c y c l e  normalized by r a t e d  t h r u s t  ( i n s t e a d  of c y c l e  
summed thrus t -hours) .  Also, t h e  s t andards  a r e  expressed i n  S I  u n i t s ,  s o  t h e  
EPA parameter c a l c u l a t i o n  becomes: 

where: 
EI = Emission index (g lkg  f u e l )  

EPAP = Emission Parameter,  (g/kN) 

Fr = Rated t h r u s t  (kN) 

t = Prescr ibed time minutes)  

Wf = Fuel flow r a t e ,  (kg / s )  

and t h e  s u b s c r i p t s  a r e  t h e  same a s  be fo re .  A s  be fo re ,  equat ion 7 can be 
reduced f o r  a p a r t i c u l a r  engine c y c l e  t o  t h e  form of equat ion 2 ,  where now 

The r e s u l t i n g  LPAP equat ions  f o r  the  CF6-50C engine c y c l e  a r e :  

i )  Standard (3.3%) i d l e  t h r u s t  



i i )  Increased (5 .0%) i d l e  t h r u s t  

i i i )  Fur ther  increased (7 .0)  i d l e  t h r u s t  

For the  CF6-50C engine ,  t h e  a l lowable  EPAP l e v e l s  f o r  CO, HC, and NOx a r e  
36.1, 6.7,  and 39.3 g/kN, r e s p e c t i v e l y ,  which include a  19 percent  c r e d i t  
i n  the  NO, s tandard f o r  t h e  high p ressure  r a t i o  (29.44:l) and assoc ia ted  high 
combustor-inlet temperature (826.3 K) a t  r a t e d  cond i t ions .  



CHAPTER I11 

RESULTS AND DISCUSSION 

A. INTRODUCTION 

The Phase I11 Program consisted of both component rig tests and CF6-50 
engine tests of a new demonstrator Double Annular Combustor ilnd its associ- 
ated fuel supply/control system. Phase I11 rig tests were conducted to check 
the operating and performance characteristics with respect to engine instal- 
lat ion requirement s. The combustor and fuel supply/control system were then 
assembled into a CF6-50 development engine. The engine and a new exhaust gas 
sampling and traversing system were installed in an engine development tast 
cell, and a series of emissions and performance tests were conducted. Results 
of these tests are summarized in the following sections of this chapter. De- 
tailed results are continued in Appendix B. 

B. COMPONENT TEST RESULTS 

1. Combustor Rig Test Summary 

'he Phase IT1 Program Plan was to conduct approximately six component rig 
tests of the new demonstrator Double Annular Combustor, prior to its assembly 
in the CF6-50 engine, to determine its operating and emission characteristics 
and to verify that all installation and performance requirements were satis- 
fied. Initial component checkout tests of the combustor showed performance 
and operating characteristics to be, for the most part, satisfactory and vir- 
tually the same as those of the Phase 11 prototype configuration. However, 
the t3 and HC emission levels vere substantially higher. 

After this finding, an extensive series of diagnostic and development 
tests of the combustor was conducted in an effort to reduce CO and HC emis- 
sion levels at idle. Several pilot-stage modifications were defined and 
evaluated. Fuel spray characteristics, swirl cup geometry, and outer liner 
dilution airflow distribution were systematically varied to correct the 
deficiencies and to more precisely duplicate the pilot-stage design of the 
Phase I1 prototype combustor. Details of these modifications are contained 
in Appendix A, and test results are contained in Appendix B. Some CO and HC 
emission reductions were realized from these efforts, but levels equivalent 
to those of the Phase TI prototype combustor were not attained. It appears 
that higher CO and HC emission levels at idle must be associated with some 
slight differences in the pilot-stage liner and centerbody cooling airflows 
and/or in the penetration and mixing characteristics of the swirl cup and 
dilution airflows. The exact causes of these higher CO and HC levels can 
probably be identified with additional test ing and subsequently corrected. 
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However, t h e  requ i red  c o r r e c t i o n s  w i l l  involve  some s i g n i f i c a n t  reworking of 
t h e  p i lo t - s t age  dome assembly and i t s  coo l ing  l i n e r  assembly. Therefore ,  i t  
was decided t o  proceed wi th  the  demonstrator engine  t e s t s  t o  determine t h e  
o v e r a l l  performance and opera t ing  c h a r a c t e r i s t i c s  c f  the  advanced combustor 
r a t h e r  than f u r t h e r  de lay  t h e  program. 

2. Emission Test  Resu l t s  

The f i n a l  s e r i e s  of combustor r i g  checkout t e s t s  included a  high p r e s s u r e  
t e s t  t o  determine the  perfonnance/emission c h a r a c t e r i s t i c s  of  t h e  exact  com- 
bus to r  conf igura t ion  t o  be ased i n  t h e  engine demonstrat ion t e s t s .  Tes t  con- 
d i t i o n s  were s e l e c t e d  t o  show t h e  e f f e c t s  of  engine power s e t t i n g ,  f u e l  flow 
s p l i t ,  and ambient temperature on emissions l e v e l s .  Resu l t s ,  l i s t e d  i n  Table 
B-6, were analyzed t o  e s t a b l i s h  the  c o r r e l a t i o n s  o f  emissions i n d i c e s  with 
combustor opera t ing  p a r m e t e r s  which a r e  shown i n  Figures  25 through 30. I n  
these  f i g u r e s ,  measured emission l e v e l s  a r e  p l o t t e d  a g a i n s t  t h e  combustor 
opera t ing parameters t h a t  a r e  t h e  bases  f o r  the  emission c o r r e c t i o n  f a c t o r s  
shown i n  Table 16 and discussed i n  Chapter 111, Sec t ion  F3. The p l o t t e d  sym- 
b o l s  a r e  t h e  measured d a t a ,  t h e  l i n e s  a r e  r e g r e s s i o n  curve  f i t s  of  t h e  d a t a ,  
and, f o r  r e fe rence ,  v a l u e s  of t h e  opera t ing  parameters f o r  t h e  CF6-50 produc- 
t i o n  engine on a  s tandard day a r e  ind ica ted .  

CO, HC, and NO, emission l e v e l s  with only  t h e  p i l o t  s t a g e  fueled a t  
s imulated low-power engine opera t ing  cond i t ions  a r e  shown i n  Figures  25, 26, 
and 27, r e s p e c t i v e l y .  Each of these  p l o t s  c o r r e l a t e s  the  d a t a  q u i t e  we l l  
over the  range of simulated i d l e  t o  approach power l e v e l  engine opera t ing  
condi t ions .  

Emission l e v e l s  of  CO, HC, and NOx with both s t a g e s  fueled a t  s imulated 
high-power engine 2 e r a t i n g  cond i t ions  a r e  shown i n  Figures  28, 29, and 30, 
r e s p e c t i v e l y .  The NO, d a t a ,  Figure  30,  c o r r e l a t e  q u i t e  we l l  over the  range 
of simulated 45 percent  t h r u s t  t o  t akeof f  power l e v e l  engine opera t ing  condi- 
t i o n s .  The CO and HC d a t a ,  shown i n  Figures  28 and 29, a r e  more d i f f i c u l t  t o  
c o r r e l a t e ,  a s  was found i n  Phase I1 (Reference 6 ) .  

Predic ted  engine emission i n d i c e s  and EPA parameters,  based on the  f i n a l  
s e r i e s  of combustor r i g  t e s t s ,  a r e  l i s t e d  i n  Table 1 7 .  A s  i n  previous  Phase 11 
t e s t s ,  i t  was found t h a t  the b e s t  combined EPA parameter r e s u l t s  a r e  obta ined 
by fuel ing only t h e  p i l o t  s t a g e  a t  i d l e  and approach power l e v e l s  and supply- 
ing a high percentage of the  f u e l  (80 t o  90 pe rcen t )  t o  t h e  main s t a g e  a t  
climbout and takeoff  power l e v e l s .  Using these  f u e l  s p l i t  schedules ,  t h e  EPA 
parameters fo r  GO, HC, and NO, a r e :  

Each about 160 percent  of the  c u r r e n t  s tandard when the  normal 
engine i d l e  power s e t t i n g  (3 .3  percent  of t akeof f  t h r u s t )  i s  
assumed . 
Reduced t o  about 103, 45, and 143 pe rcen t ,  r e s p e c t i v e l y ,  of  the 
cur ren t  standard when 7.0 percent  i d l e  t h r u s t  s e t t i n g  i s  assumed. 



* Parameter Number 2 from Table 16. 

Figure 25. E f f e c t  of  Combustor Operating Conditions on CO Emissions with  Only 
P i l o t  Stage Fueled - Fina l  Rig T e s t ,  Configuration E l l .  
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(MPa, m / s ,  g/kg, K) 

*Parameter Number 3 from Table 16. 

Figure 26. Effect of Combustor 0peratir.g Conditions on HC Emissions with O l ~ l y  
Pilot Stage Fueled - Final Rig Test, Configuration Ell. 



(ma, m / s ,  g /kg,  K, g/kg) 

* Parameter Number 1 from Table 16. 

Figure 27. Ef fec t  of Combustor Operating h n d i t i o n s  on NO, Emissions with Only 
Pi:ot  Stage Fueled - Final Rig T e s t ,  Configuration E l l .  



"Paremeter No. 6 from Table  16 .  
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Figu re  28. Ef fec t  o f  Combustor Ope ra t ing  Cond i t i ons  on CO Emiss ions ,  
Both S t a g e s  Fueled - F i n a l  R i g  T e s t ,  C o n f i g u r a t i o n  E l l .  

? 
1 
/ 

1 
- 

- 

Standard  Day 
Produc t ion  Engine 

-L-(k Approach 
Climb 

Takeoff 

1 1  1 1  



Figure 29. Variation of HC Emissions with CO Emissions, 
Both S t z g e s  Fue led  - F i n a l  9ig Test, Con- 
f i g u r a t i o n  E l l .  
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*Parameter No. 5 from Table 16. 

Figure 50. Effect oE Combustor Operating Conditions on NOx Emissions, 
Both Stages Fueled, Final Rig Test, Configuration Ell. 
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Table 17. EPA Parameter Reru l t r ,  Final  Carburtor 
Rig Ter t  , Configuration B11. 

CF6-SOC Engine Cycle 

* ~ i ~  date  a r e  shown corrected t o  the  standard-d.sy production engine 
operating conditions l i s t e d  i n  Table 12,  using t h e  cor rec t ion  f ac to r s  
shown i n  Table 16. 

Ass  med 
Id le  Thrust 

per l en t  

3.3 

5.0 

7 .O 

EPA Staadard 

Power 
Level, 

X of 
50,410 l b  
- 

3.3 

5.0 

7.0 

30 .O 

85 .O 

100 .O 

Fue 1 
S p l i t  

"k 
W f t  

1 .OO 

1 .OO 

1 .OO 

1.00 

0.18 

0.13 

Jhir8ion 1 n d e f  
g/kg h e 1  

CO 

40.4 

28.3 

21.3 

11.2 

1 6  

1.7 

Current Federal Register 
Procedure 

EPA Emission Parameter 
lb/1000 l b  thrust-hr 

CO 

6.79 

5.34 

4.43 

4.3 

Revised Draft  Procedure 
EPA Emission Pa rme te r  

EC 

9.3 

4.6 

-2.3 

0.04 

0 

0 

CO 

53.5 

45.9 

42.1 

36.1 

% 

2.9 

3.3 

3.7 

7.2 

17.8 

21.7 

HC 

1.26 

0.67 

0.36 

0.8 

NO, 

4.87 

4.57 

4.29 

3.0 

HC 

9.9 

5.8 

2.0 

6.7 

No, 

38.3 

39.4 

40.7 
- -  ~ -. 

39.3 



148, 148, and 97 percent,  respec t ive ly ,  of  t he  proposed 
revised standards,  when the  normal engine i d l e  power s e t t i n g  
(3.3 percent) is  assumed. 

3. Performance Test Resul ts  

Atmospheric pressure tests t o  provide de t a i l ed  e x i t  temperature pa t t e rn  
fac tor  and p r o f i l e  c h a r a c t e r i s t i c s  were conducted with six d i f f e r e n t  ccap- 
bustor configurations.  Key r e s u l t s  a r e  shown i n  Figure 31 (average and 
peak r a d i a l  p ro f i l e s  a t  nominal fue l  flow s p l i t )  and Figure 32 (va r i a t i on  
of p ro f i l e  peak and pa t t e rn  f ac to r  with fuel  flow s p l i t ) .  As shown i n  
Figure 31, r a d i a l  temperature p r o f i l e s  general ly  tend t o  be  peaked inboard 
r e l a t i v e  t o  l i m i t s  spec i f ied  f o r  product ion engines. With conventional 
combustors, p ro f i l e s  can usua l ly  be  adjusted t o  the  des i red  shape by manipu- 
l a t i o n  of loca t ion  and q u a n t i t i e s  of  d i l u t i o n  airf lows.  Eiowever, i n  the case 
of t h i s  low-emission lean-dome c a b u s t o r ,  p r o f i l e  trimming is a much mre 
d i f f i c u l t  task because the  q u a n t i t i e s  of a i r f low ava i l ab l e  a r e  g r e a t l y  
reduced. In  t h i s  design,  2 percent of t h e  combustor a i r f low was budgeted f o r  
p r o f i l e  t r i m .  Actual q u a n t i t i e s  used were: 

Conf igura t  ion El - none 

Configuration E2, E7 - 1.3% 

Configuration E8, E l l ,  El2 - 2.7% 

and, a s  shown i n  Figure 31, very l i t t l e  change ill loca t ion  o r  magnitude of 
the  average p ro f i l e  peak was chieved by these combustor modifications.  
However, a s  pi lot- to- total  fue l  s p l i t  was increased, p r o f i l e s  of a l l  con- 
f igura t ions  tended t o  be peaked outboard and more near ly  meet product ion 
engine l im i t s ,  a s  shown in  Figure 32. Production engine p r o f i l e  l i m i t s  were 
mostly near ly  m e t  with Configuration E7, but po l lu tan t  emission l eve l s  were 
lower with Configuration El2 and the  p r o f i l e  c h a r a c t e r i s t i c s  of con£ igura- 
t i o n  El2 were within the l i m i t s  spec i f ied  fo r  short-time demonstrat ion 
engine t e s t s .  Therefore, Configuration El2 was released f o r  engine i n s t a l -  
l a t i o n  ra ther  than fur ther  delay t he  program. However, t he  r i g  p a t t e r n  
fac tor  t e s t  s e r i e s  did point out t h a t  the  Double Annular low-emission can- 
bustor concept does requi re  s i g n i f i c a n t l y  more development e f f o r t  i n  order  
t o  meet the product ion engine temperature p r o f i l e  requirements. 

In a l l  respects  except p r o f i l e  and pa t t e rn  f ac to r ,  t he  combustor per- 
formance was qu i te  good. Ground s t a r t / s t a b i l i t y  c h a r a c t e r i s t i c s ,  shown 
i n  Figure 33, were exce l l en t ,  a s  had been expected from Phase I1 Program 
prototype combustor t e s t s .  Lightoff ,  f u l l  propagation, and lean blowout 
a l l  occurred a t  fuel  flow r a t e s  w e l l  below t h e  engine minimum flow schedule, 
indicat ing tha t  the normal s t a r t i n g  and sub-idle acce le ra t ion  procedures 
could be used in  the demonstration engine t e s t s .  Furthermore, main-stage 
c r o s s f i r e / s t a b i l i t y  characteristics a t  r i g  t e s t  pressure l eve l s  were i n  good 
agreement with Phase I1 r e s u l t s ,  and very low lean fue l -a i r  r a t i o  l i m i t s  were 
predicted a t  e c tua l  engine c r o s s f i r e  pressure operat ing condi t ions ' ~ i g u r e  34). 

. Low c r o s s f i r e  fue l -a i r  r a t i o  l i m i t s  a r e  needed t o  insure  smooth and .:pid 
; engine acce le ra t ion  cha rac t e r i s t i c s .  
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W36, Combustor Airflow, kgfs 

CF6-50 ~n~inel 
Minimum Fuel Flow - -  -------- 

~Configuration E1A 
P3 = 0.103 MPa Full Propagation 

Figure 33. Ground StartIStability Characteristics, Combustor 
Rig Tests. 
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Combustor p ressure  drop c h a r a c t e r i s t i c s ,  shown i n  Figure  35,  were v e r y  
c l o s e  t o  the  des ign i n t e n t  (4 .5  percent  a t  takeoff  c o n d i t i o n s  compared t o  
4.3 percent f o r  t h e  product ion combustor), and a  c o r r e l a t i o n  between p ressure  
drop measured wi th  i n l e t  and e x i t  impact p ressure  rakes  and combustor-mounted 
p ressure  t a p s  was e s t a b l i s h e d  f o r  use  i n  c a l c u l a t i n g  p r e s s u r e  drop i n  the  
engine  t e s t s .  

Combustor dynamic p ressure  was monitored throughout these  r i g  t e s t s ,  
And resonance was never d e t e c t e d .  This was encouraging s i n c e  some prototype 
combustor resonance had been encountered a t  both i d l e  aiid high-power opera- 
t i n g  cond i t ions  i n  Phase 11. 

Combustor metal temperatures  were f o r  the  most p a r t  ve ry  low, e s p e c i a l l y  
a f t e r  small  p r e f e r e n t i a l  cooi ing air modi f i ca t ions  were made f o r  Conf igurat ion 
E2. In t h e  f i n a l  h igh p ressure  test (Conf igurat ion E l l ) ,  key reg ions  were 
instrumented f o r  d i r e c t  comparison t o  engine  t e s t s .  The l i n e r  temperature  
measurements ind ica ted  t h a t  t h e  inner  l i n e r  four th  panel would be t h e  h o t t e s t  
r eg ion  and t h e  peak r l e t a l  temperature  a t  takeoff  cond i t ions  would be about 
1060 K (1450" F). T ~ i s  metal  temperature  l e v e l  is c l o s e  t o  the  des ign i n t e n t  
and t h a t  which is  g e n e r a l l y  needed f o r  long- l i f e  product ion combustors. 

4.  Fuel System Tes t  Resu l t s  

A s e r i e s  of  t e s t s  of  t h e  engine f u e l  con t ro l / supp ly  system was conducted 
t o  determine the  s t eady-s ta te  and tr, ~ s i e n t  opera t ing  c h a r a c t e r i s t i c s  of  t h e  
new components and t o  i n s u r e  t h a t  engine  i n s t a l l a t i o n  requirements were met. 

A s t eady-s ta te  flow c a l i b r a t i o n  of the  f u e l  s p l i t t e r  was made; t h e  
r e s u l t s  a r e  shown i n  Figure  36. The u n i t  functioned a s  in tended.  Both t h e  
main-stage cut - in  po in t  and t h e  flow s p l i t  a f t e r  the  cut - in  po in t  could be 
remotely and a c c u r a t e l y  s e t .  The h y s t e r e s i s  loop,  b u i l t  i n  t o  prevent in- 
s t a b i l i t y  near cu t - in ,  functioned a s  intended.  Adynamic t e s t  of  t h e  f u e l  
con t ro l / supp ly  system was then conducted. 

For t h e  dynamic t e s t s ,  t h e  f u e l  s p l i t t e r  c o n t r o l  toge the r  wi th  f u e l  
nozzle  flow s imula to r  v a l v e s ,  t h e  s t andard  engine  pump and main f u e l  c o n t r o l  
u n i t ,  and assoc ia ted  supp ly /con t ro l  elements were assembled ana instrumented 
i n t o  a  t e s t  loop where engine t h r o t t l e  b u r s t s  and chops were run.  A typical .  
t r a n s i e n t  d a t a  t r a c e  is  presented i n  Figure  37, showing a  f a s t  a c c e l e r a t i o n  
and d e c e l e r a t i o n  from simulated ground i d l e  t o  t akeof f  t o  ground i d l e  engine 
opera t ing  cond i t ions  f o r  a  p r e s e l e c t c  f u e l  s p l i t t e r  s e t t i n g .  In  p a r t i c u l a r ,  
d a t a  t r a c e s  were examined f o r  evidence of o s c i l l a t i o n s  o r  ~ n s t a b i l i t i e s ,  
but  none were found. The system responded a s  expected and s a t i s f a c t o r y  
performance was demonstrated. 



I 0 Rdg 258 Through 274, P i l o t  Only Fu2led ' 
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Figure 35. Pressure  Loss C h a r a c t e r i s t i c s ,  F i n a l  Combustor 
Rig %st Conf,iguration Ell. 
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C. ENGINE TEST SUMMARY 

A summary of t h e  demonstrator engine t e s t  program i s  presented i n  Table 
18. Eighteen r e s t  runs  were made dur ing  t h e  period between J u l y  20, 1977, and 
August 29, 1977, t o  check o u t  t h e  engine/combustor ins t rumenta t  i o n ,  e s t a b l i s h  
opera t iona l  procedures,  and o b t a i n  a l l  of t h e  planned d a t a  f o r  the  b a s i c  Phare 
111 Program and t h e  four program addenda. A8 f u r t h e r  shown i n  Table 18,  over  
200 s t eady-s ta te  d a t a  p o i n t s  were ob ta ined ,  67 s t a r t s  were made, and over 55 
hours  of  engine opera t ion  were accumulated. The t e s ~  s e r i e s  g e n e r a l l y  went 
oe ry  smoothly, and no s i g n i f i c a n t  o p e r a t i o n a l  o r  ins t rumenta t iona l  problemr 
were encountered. 

The t e s t s  were conducted i n  Development Engine Tes t  C e l l  7 ,  which, a s  
descr ibed i n  Chapter 11, is loca ted  i n  the  General E l e c t r i c  p lan t  i n  Evendale, 
Ohio. The engine i n l e t  ambient condi t io i is  a r e  not  c o n t r o l l e d  i n  t h i s  t e s t  
c e l l ,  and dur ing t h i s  t e s t  program, t h e  weather was g e n e r a l l y  h o t  and h m i d .  
Engine i n l e t  cond i t ions  va r i ed  a s  ind ica ted  below: 

Ambient Temperature 295 t o  306 K 

Ambient P ressure  89 t o  100 kPa 

Ambient Humidity 6.4 t o  14.3 g/kg 

In some c a s e s ,  t h e  emissions d a t h  c o r r e c t i o n  f a c t o r s  were q u i t e  l a r g e ,  
due t o  the  combined e f f e c t s  of the  hot  day ambient cond i t ions  and t h e  d e t e r l -  
o ra ted  engine performance. M u l t i p l i e r s  f o r  c o r r e c t i n g  t h e  measured m i s s i o n  
l e v e l s  t o  standard-day production engine combustor opera t ing  cond i t ions  were 
approximately of the  following magnitudes: 

Emission Minimum !4ul t i p l  i e r  - Maximum I1u1 t i p l  i e r  . - 
0.58 ( a t  i d l e )  1.02 ( a t  climb and t a k e o f f )  

1.00 ( a t  cl imb and t a k e o f f )  1.46 ( a t  i d l e )  

NO, 0.90 ( a t  cl imb and t a k e o f f )  1.14 ( a t  i d l e )  
Smoke Number 0.16 ( a t  approach, with 0.93 ( a t  i d l e )  

p i l o t  only  fue led)  

JP-5 f u e l  with p r o p e r t i e s  shown in  Table 19 was used i n  a l l  t e s t s  except 
t h e  one on August 2 ,  1977,  which was run wi th  Diesel  No. 2 f u e l  t o  f u l f i l l  
rhe requirements of a program addendum descr ibed i n  Reference 12. h is  q u i t e  
o f t e n  found, t h i s  l o t  of  JP-5 f u e l  a l s o  met a l l  of t h e  ASTM spec Lf ica t ions  
f o r  Jet-A f u e l .  

D. ENGINE EMISSIONS TEST RESULTS 

S ix ty  engine emission d a t a  p o i n t s  were obtained and s r e  l i . s t ed  i n  
Appendix B. Most of the  planned power- level / fuel -spl i t  combinations were 
repeated severa l  t imes.  Fur the r ,  two or  more sampling techniques  were 
usua l ly  employed on each t e s t  p o i n t ,  so  t h ? t  overa l l  more than 123 power 
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Table 19. Engine Test Fuel (JP-5) Analysis. 

JP-5 Fuel, 
Engine Test 

15.4 
1.3 
1.6 

83.3 
14 .O 
0.08 
2.5 

453 
469 
475 
489 
516 
533 
25.5 
1.2 
0.8 
330 

0.8104 

1.53 

43.178 
24.5 

Fuel Propert) 

Composition: 

Aramatics, Vol. % 
Olef ins ,m Vol. % 
Napthalenes, Vol. X 
Sa'urates, Vol. X 
.3 ?rogen , Wt . X 
Sulfur, Wt. % 
Nitrogen, Wt . ppm 

Volatility : 

Distillation Temperature, K 
I.B.P. 
10% 
20% 
50% 
90% 
F.B.P. 
X at 478 K 

Residue, X 
Loss, % 
Flashpoint, K 
Gravity, Specific (288.71288.7 K) 

Fluidity: 

Viscosity at 310.9 K, m2/s 

Combust ions : 

Net Heat of Combustion, MJIkg 
Smoke Point, 

Test 
He thod 

ASTMDl3 19 
~ ~ ~ ~ 1 3 1 9  
AS'fUD1840 
ASTHD1319 
ASTHD1018 
ASTMD1266 
ASTnD3431 

ASR(D86 

AS-6 
ASTW)86 

ASRID93 
ASRID1298 

ASTMD445 

ASTMD2382 
ASTMD1322 



l e v e l /  f u e l - s p l i t  sampling technique readings  e r e  obta ined.  The emission 
r e s u l t s  of these  t e s t s  a r e  summarized i n  Figures  38 through 46 and Tables  
20 and 21 . 

1. Corrected ??mission Index and Smoke Number R e s u l t s  

As descr ibed i n  Chapter 11, t h e  gaseous emiss ion c o r r e c t i o n  f a c t o r s  were 
deduced from Phase I1 and Phase I11 r i g  test d a t a  and v e r i f i e d  by t h e  corre-  
l a t i o n s  shown i n  Figures  25 through 30. I d e n t i c a l  p l o t s  of  t h e  engine  gaseous 
emission d a t a  a r e  shown i n  Figures  38 through 43. The following t r e n d s  a r e  
ind ica ted :  

CO emissions a t  low power opera t ing  c o n d i t i o n s  ( ~ i g u r e  38) 
c o r r e l a t e  we l l  wi th  t h e  rig-test-deduced parameter,  but  a r e  
about 10 percent  lower. 

HC emissions (F igure  39) a t  s tandard i d l e  cond i t ions  (x-1) 
were much lower i n  the  engine than i n  t h e  r i g  test. 

NOx emissions a t  low power (F igure  40) c o r r e l a t e  w e l l  wi th  
the  component-deduced parameter,  bu t  a r e  about 40 percent  
h igher  i n  the  engine  than i n  the  r i g  t e s t .  

CO emissions at high power (F igure  41) ag ree  v e r y  w e l l  wi th  
the  r i g  p r e d i c t i o n s ,  but  a s  i n  t h e  r i g  t e s t s ,  t h e  c o r r e l a t i o n  
d e t e r i o r a t e s  at in te rmedia te  ywers (X>3). 

HC emissions (F igure  42) a t  high power agree  q u i t e  well wi th  
component p r e d i c t  ions .  

NOx emissions a t  high power (F igure  43) c o r r e l a t e  very  we l l  
with the  rig-deduced parameter,  bu t  l e v e l s  were about LO per- 
cent  h igher  i n  t h e  engine than i n  the  r i g  t e s t .  

Thus, the  engine d a t a  g e n e r a l l y  followed t h e  t r e n d s  expected,  wi th  
changes i n  opera t ing  parameters i n d i c a t i n g  t h a t  t h e  planned emission d a t a  
c o r r e c t i o n  procedures were v a l i d .  However, t h i s  a n a l y s i s  ind ica ted  t h a t  
i n  some cases  t h e r e  were s i g n i f i c a n t  d i f f e r e n c e s  i n  r i g  and engine emission 
l e v e l s ,  p a r t i c u l a r l y  l o r p o w e r  NO, . - 1  HC. The most probable exp lana t ion  
f o r  these  d i f f e r e n c e s  i n  emission 1, :ls is t h e  lower combustor p ressure  
drop i n  the  demonstrator engine ,  a t  low-power opera t ing  c o n d i t i o n s ,  r e l a t i v e  
t o  the  r i g  t e s t s .  Combustor p r e s s u r e  drop d a t a  is presented i n  t h e  Com- 
bus to r  Performance C h a r a c t e r i s t i c s  s e c t  ion  which follows.  

Rig t e s t  smoke l e v e l s  were g e n e r a l l y  ext remely low, so  i n  the  f i n a l  r i g  
t e s t s  no measurements were made. However, a s  shown i n  Figure  44, engine  
smoke l e v e l s  incteased r a p i d l y  when a threshold  f u e l - a i r  r a t i o  i n  e i t h e r  the  
p i l o t  o r  main s t a g e  was exceeded. As shorn in  Figure  44a,  t h e  threshold  main- 
s t a g e  fue l -a i r  r a t i o  was 16.7 g/kg,  and t h e  EPA smoke requirement was exceeded 
a t  19.5 g/kg. As shown i n  Figure  44b, t h e  th resho ld  p i l o t - s t a g e  fue l -a i r  
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Figure 39. Effect of Combustor Operating Parameters on HC Emissions, Engine 
Tests with Only Pilot Stage Fueled. 
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Figure 40. Effect of Combustor Operating Parameters on NO Emissions, Engine 
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Figure 41. E f f e c t  o f  Combustor Operating Parameters on CO Emissions,  Engine 
Tes t s  with Both Stages Fueled. 



1 10 100 

CO Emission Index, g/kg 

Figure 42. Variat ion of HC Emissions with  CO Emissions,  Engine 
and Component T e s t s  w i th  Both Stages Fueled. 
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F igure  43 .  E f f e c t  o f  Combustor Operating Parameters on NO, Emissions,  Engine 
T e s t s  w i t h  Both S tages  Fueled.  
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FigTlre 44. Effect of Combustor Operating Parameters on Smoke 
Emission Levels, Engine Tests. 



Note: The NOx emission index and the SAE smoke number are corrected 
to standard day and production engine conditions. 
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Figure 45. Effect of Fuel Split on High Power Smoke and NO Emission 
Levels, Engine Tests. X 
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Figure 46. Effect of Fuel Split on Emission Levels at Approach Power Operating 
Conditions, Engine Tests. 
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r a t i o  was 15.7 g/kg and the EPA make requirement was exceeded a t  17.0 %kg. 
These fuel-air  r a t i o s  uould seldoa be exceeded with a production engine on 
a standard day, but they were frequent ly  exceeded i n  the  demonstrator engine 
tests because of  the hot-day condi t ions and the de te r iora ted  eqgine perfor- 
maw e . 

A s  shown i n  Figure 44, t h e  engine smoke d a t a  c o r r e l a t e  simply v i t h  
p i l o t -  o r  main-stage fuel-air  r a t i o  each of  rrhich depends on both power l eve l  
and fuel flow s p l i t .  Signif icant  va r i a t i ons  i n  combustor i n l e t  temperature 
and pressure a r e  included i n  these da t a ,  but they d o  not appear tc inf lueace 
the smoke leve ls .  Therefore, t he  smoke n u b e r  cor rec t ion  f ac to r s  shown i n  
Table l h r e  based only on the slope of the  smoke nmberf fue l -a i r  r a t i o  l i n e s  
i n  Figure 44. 

In Table B-12, emissions da t a  for  each point i n  the engine test series 
are  presented two ways : 

a) a s  measured (and plo t ted  i n  Figures 38 through 64). 

b) as  corrected t o  standard-day production CF6-50C engine operat ing 
:onditians a t  the specif ied nominal power l eve l  and actual test 
fuel  flow s p l i t .  

In  Table 20, the average corrected emission l e v e l s  a t  each power l eve l f fue l  
flow s p l i t  combination a r e  l i s t e d ,  and the number of engine test points  
obtained and included i n  the averages is indicated.  For example, omissions 
at standard i d l e  operating condi t ions (3.3 percent t h rus t )  uere measured 
nine times, and the average corrected CO, E1C and N4, emission indices  were 
35.3, 1.7 and 4.1 glkg, respect ively.  

The e f f e c t s  of fuel s p l i t  on emission l e v e l s  are shown i n  Figure 45 
(high power) and Figure 46 (approach power). As shown i n  Figure 45, smoke 
number was very s ens i t i ve  t o  fuel flow s p l i t  while Q emission index was 
v i r t u a l l y  independent of fue l  flow s p l i t .  Therefore, t he  preferred fue l  
s p l i t  a t  takeoff power is basod on meeting the  smoke nrnber requirement 
(Wfp /~ fe  > 0.19). A s  shown i n  Figure 46, t he  bes t  all-around emission 
leve ls  a t app roach  power were obtained uhen only  t he  p i l o t  s tage  was fueled,  
based primarily on the high CO emission l e v e l s  with two-stage burning through- 
out the fuel s p l i t  range t e s t ed .  The da t a  do suggest t ha t  perhaps a p i lo t -  
to- total  fuel s p l i t  o f  about 0.25 might provide a s ign i f i can t  reduction i n  
NO, l eve ls  and a l so  produce acceptable CO l e v e l s  i f  t h e  i d l e  CO emission 
level could be reduced. 

2. EPAP Results - 
EPAP ca lcu la t ions  for  the engine t e s t  da t a  corrected t o  standard day 

CF6-50 product ion engine operating condi t ions a r e  presented i n  Table 21. 
Included are  ca lcu la t ions  t o  show the  e f f e c t  of i d l e  power, fue l  flow s p l i t  
schedule and current  versus proposed d r a f t  procedure. These ca lcu la t ions  



a r e  brsed on the emission ind ices  l i s t e d  i n  Table 20. EPA p a r e t e r  values  
of 6.0, 0.3, and 5.8 lb11000 l b  thrust-hr were obtained f o r  CO, EC, and 
NO,, respect ively,  using the  nominal CF6-50 engine i d l e  power s e t t i n g  of 
3.3 percent,  t he  preferred fue l  s p l i t s  a t  high poucr, and t h e  current  KPA 
parameter ca lcu la t ion  procedure. Ihe approximate reductions i n  CO, RC, a d  
NOx were respec t ive ly  55, 95, and 30 percent ,  r e l a t i v e  to the  cur ren t  
production engine leve ls .  A t  higher i d l e  power s e t t i n g s ,  s u b s t a n t i a l l y  lower 
EPAP's were obtained. Ihe HC standard is  l e t  with an i d l e  power s e t t i n g  o f  
3.3 percent,  and the  CO standard is met with an i d l e  power s e t t i n g  of 7.0 
percent. Ihe current  NOx standard was not m e t ,  but the  l e v e l s  e r e  only 
about 10 percent above the proposed revised standard8 fo r  t he  high cyc le  
pressure r a t i o  of the  CP6-50 engine. 

3. Gas Sampling Technique Comparisons 

Five d i f f e r e n t  gas sampling techniques were a p l o y e d  i n  these engine 
exhaust emission tests using t h e  apparatus and techniques described i n  
Chapter XI. One other  sampling technique (FAA diamond rake) was invest i -  
gated i n  a program addendum e f f o r t  uhich is described i n  Reference 13. 

Detailed r e s u l t s  of these basic  program sampling technique coaparisons 
a r e  presented i n  Appendix B. Fif ty-f ive engine test points  were included 
i n  these da ta ,  and general ly  two o r  more sampling techniques were u t i l i z e d  
on a test point t o  measure smoke and each gaseous emission, s o  tha t  a l a rge  
rider of c a p a r i s o n s  can be made. Key t rends a r e  i l l u s t r a t e d  i n  Figures 
4? through 54. Generally, these  tests showed very cons is ten t  and c lo se  
agreement between each of the  sampling techniques. 

The Federal Register spec i f  ies tha t  in  order t o  e s t a h l  i sh  v a l i d i t y  
of the  sampling technique, t h e  fuel-air  r a t i o  calculated from t h e  gas  
sample ana lys i s  must agree with t h e  fue l -a i r  r a t i o  ca lcu la ted  Era engine 
fue l  and a i r  flow measurements t o  within +15%. Figure 47 i l l u s t r a t e s  t h a t  
for  a l l  123 samples, t h e  r a t i o  of sample-to-metered fuel-air  r a t i o  is  w e l l  
within t h i s  l i m i t ,  with a range of 0.89 t o  1.04, an3 a mean o f  0.951. 
The best agreement was obtained with the  t raverse  sampling technique (0.982 
mean), which is not surpr i s ing  s ince  t h i s  technique e f f ec t i ve ly  samples 
the  exhaust nozzle i n  216 pos i t ions  (72 circumferent ia l  loca t ions  X 3 
r ad i a l  imer s ions )  and thus should average out any r i c h  o r  lean regions. 
The t raverses  did reveal circumferential  va r i a t i ons  i n  fue l -a i r  r a t i o  
which shi iced with engine power s e t t i n g  a s  shown i n  Figure 48. 

In Figures 49 through 54 sampling technique comparison p l o t s  for  each 
of t k 2  emissions parameters a r e  presented, with the parameter from the  
double cruciform rake taken as the independent var iab le .  Generally very 
c lose  agreement between a l l  tect-niques is indicated. V i r tua l ly  perfect  
agreement i n  both NO and NOx emission indices  is shown. Sooke number and 
CO emission index show the  g rea t e s t  v a r i a b i l i t y  (about +a%), but t h i s  
v a r i a b i l i t y  seems t o  be more test point dependent than sampling technique 
dependent. Saatple fuel-air  r a t i o  and HC emission inde:. agreement is gener- 
a l l y  v i t h in  about +4%, with the 12A sampling technique (+ oriented s i n g l e  
cruciform rake) c o ~ s i s t e n t l y  ind ica t ing  s l i g h t l y  higher leve ls .  
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I I I 

Takeoff 

Double Cruciform Rake Position, Degrees Clockwise from 
Normal Fixed Reading Position 

Figure 48. Circumferential Fuel/Air Ratio Variations, Double 
Cruciform Rake Traverse Tests. 



0 12 B (i 45' Cruciform) 

Emission Index o f  Sample Drawn from Double C r u c i f o r n  Rake 
Array,  g /kg  

' igure 49. Comparison o f  Exhaust Sampling Techniques ,  N i t r i c  Oxide 
Emiss ion  Index .  



0 1 2  A (0'- 90° Cruciform) 

- 0  1 2  E (f 45O Cruciform) 

A 216 T (Double Cruciform Traverse)  

NOx Emission Indcx o f  Sample Drawn from Double Cruciform Rake 
Array, g/kg 

Figure  50. Comparison o f  Exhaust Sampling Techniques,  T o t a l  Oxides 
of Ni trogen Emission Index. 



CO Emission Icder of Sample Drawn from Eouble Cruciforn Rake Array, g/kg 

Figure 51. Comparison of Exhaust Sampling ~ e c h n i q u e s ,  Carbon Monoxide Emission 
Index. 
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SAE Smoke Number of Sample Drawn from Double Cruciform Rake Array 

Figure 52. Comparison of Exhaust Sampling Techniques, SAE Smoke Number. 



HC Emission Index of Sample Drawn from Double f'.-aciform Rake 
Array, g/kg 

Figure 53. Comparison of Emission Sampling Techniques, Hydrocarbon Emission 
Index. 



Fuel/Air R:t+;io of Sample Drawn from Double Cruciform Rake Array, g/kg 

Figure 54.  Comparison of Exhaust Sampling Techniques, Sample Fuel/Air Ratio. 



These comparisons i n d i c a t e  t h a t  any o f  t h e  g a s  sampling techniques  
used a r e  about e q u a l l y  v a l i d  provided t h a t  t h e  exhaust  composit ion  i s  n e a r l y  
uniform. I f  t h i s  uniformity  i s  known t o  e x i s t ,  t h e n  the  s i n g l e  cruci form 
f ixed  i n  e i t h e r  o r i e n t a t i o n  (+ o r  X) i s  p r e f e r r e d  because o f  i t s  s i m p l i c i t y .  
However, t h e s e  t e s t s  do i n d i c a t e  t h a t  b iased r e s u l t s  might be obta ined 
with these  simple rakes  i f  s p a t i a l  nonuniformit i e s  i n  exhaust composit ion  do 
e x i s t .  

In these  engine emission t e s t s ,  n i t r i c  oxidr  (NO) a s  we l l  a s  t o t a l  
oxides  o f  n i t r o g e n  (N4,) were measurled. In the  course  o f  d a t a  cons i s t ency  
ana lyses ,  i t  was found t h a t  t h e  r a t i o  of NO t o  NOx emissions was v e r y  
n e a r l y  a  funct ion of  combustion e f f i c i e n c y  o n l y  (Figure  55)  and independent 
of  sampling technique o r  engine opera t ing  parameters.  In  p a r t i c u l a r ,  a t  
approach power l e v e l  combustion e f f i c i e n c y  v a r i e d  £ram about 97.2 t o  99.6 
percent ( a t  about cons tan t  NOx, temperature  and p ressure  l e v e l s )  a s  f u e l  
f low s p l i t  v a r i e d .  The NOINO, r a t i o  followed t h e  same t rend  a s  when t h e  
power l e v e l  was increased from 3.3 t o  20.0 percent  power (same range o f  
combustion e f f i c i e n c y  with varying N%, temperature  and p ressure  l e v e l s ) .  
This  t rend i s  presented because it h a s  no t  previously  been noted and may 
b e  o f  some use f o r  k i n e t i c  s t u d i e s .  

E. ENGINE PERFORMANCE TEST RESULTS 

1. Ennine Steadv-State Performance 

Detailed s teady-s ta te  performance d a t a  of  the  demonstrator engine  equip- 
ped with the Double Annular Combustor a r e  conta ined i n  Appendix B, and key 
t r e n d s  a r e  i l l u s t r a t e d  i n  Figures  56 through 59. For comparison, a l s o  shown 
i n  these  f i g u r e s  a r e  ( 1 )  performance d a t a  of the  same development engine from 
t e s t s  j u s t  p r i o r  t o  the  ECCP when i t  was equipped with a  production combustor, 
and ( 2 )  t y p i c a l  performance d a t a  fo r  a  new production engine ,  £ran Table 12. 
As shown i n  Figure 56, t h r u s t  c h a r a c t e r i s t i c s  o f  a l l  t h r e e  engines  a r e  n e a r l y  
i d e n t i c a l ,  i n d i c a t i n g  no fan d e t e r i o r a t i o n .  However, f u e l  f low r a t e s ,  shown 
i n  Figure 57, were h igher  f o r  the  development engine ,  i n d i c a t i n g  some core  
engine d e t e r i o r a t i o n .  Fuel f low r a t e s  of  the  d e t e r i o r a t e d  development engine 
were about 25 percent h igh a t  i d l e  and about 10 percent  h igh a t  t a k e o f f ,  
r e l a t i v e  t o  the f u e l  flow r a t e s  o f  a  new production engine .  Spec i f i c  f u e l  
consumption, shown i n  Figure 58, i n d i c a t e s  about the  same degree  o f  develop- 
ment engine periormance d e t e r i o r a t i o n .  However n e i t h e r  Figure 57 nor Figure 
58 shows any e f f e c t  o f  combustor type on the development engine f u e l  consump- 
t i o n .  Combustor a i r f l o w  r a t e s  o f  t h e  development engine were about 7  percent 
low r e l a t i v e  t o  those o f  a  new product ion engine .  This ,  i n  combination with 
the h igher  f u e l  flow r a t e s ,  r e s u l t e d  i n  s i g n i f i c a n t l y  h igher  combustor f w l -  
a i r  r a t i o s  f o r  the development engine .  A s  shown i n  Figure 59, combustor fuel -  
a i r  r a t i o s  i n  the  d e t e r i o r a t e d  development engine  were about 20 percent  h igh 
a t  i d l e  and about 15 percent  h igh a t  t a k e o f f ,  r e l a t i v e  t o  those  o f  a  new 
production engine,  a t  standard-day c o n d i t i o n s .  
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Figure 56. .Comparison o f  Engine Thrust Charac ter i s t i c s .  
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Figure 57. Comparl :qn of Engine Fuel Flow Characteristics. 
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Figure 59. Comparison of Engine Fuel/Air Ratio Characteristics. 



2. Thrust  Response C h a r a c t e r i s t i c s  

One c f  t h e  g r e a t e s t  concerns p r i o r  t o  t h e s e  demonstrator zngine tests 
was t h e  engine response with t r a n s i t i o n  from one- t o  tvo-stage burning.  A 
s p e c i a l  momentary c r o s s f i r e  f u e l  enrichment f e a t u r e  was added to t h e  c o n t r o l l  
supply system (Figure  60 )  i n  c a s e  speed f a l l o f f  o r  p i lo t - s t age  blowout would 
occur.  This f e a t u r e  was, however, never needed. The engine  c r o s s f i r e d  on t h e  
f i r s t  at tempt wi th  no speed f d l l o f f ,  and no problems were ever  encountered 
wi th  f a s t  o r  slow 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 .  

T h r o t t l e  b u r s t  r e s u l t s  a r e  shorn i n  Figure  61. The times requ i red  to 
reach 95 percent  r a t e d  t h r u s t  s t a r t i n g  from f l i g h t  i d l e  c o n d i t i o n s  ranged 
from 3.7 t o  5.4 seconds,  a s  shown i n  Figure  61a. Eight of  t h e  n i n e  f u e l  
s p l i t t e r  s e t t i n g s  t h a t  were t e s t e d  met t h e  5-second a i rwor th iness  require-  
ment (Reference 151, and,  i n  g e n e r a l ,  were somewhat f a s t e r  than t h e  4.7 
seconds t y p i c a l  of a new CF6 product ion engine. 

3. Ground S t a r t  C h a r a c t e r i s t i c s  

The engine f i r e d  on the  f i r s t  a t t empt ,  and throughout t n e  test program 
67 s t a r t s  were made with no vroblems. I n  t h e  s t a r t l s t a l l  test s e r i e s ,  
c h a r a c t e r i s t i c s  were mapped cnd found t o  compare v e r y  w e l l  with those  o f  
production engines.  Times t o  reach i d l e  (F igure  62)  were v i r t u a l l y  t h e  same 
a s  those  of  t y p i c a l  production engines  and somewhat f a s t e r  than those  of  t h i s  
p a r t i c u l a r  development engine  when equipped wi th  a production combustor. 

4. Combustor Performanct C h a r a c t e r i s t i c s  

Combustor ~ e r f o w a n c e  throughout t h e  demonstrator engine  tests was 
e s s e n t i a l l y  a s  expected,  and except f o r  e x i t  temperature p r o f i l e  cha rac te r -  
ist  i c s  compares very  well  with product ion  engine requirements.  

Combustor p ressure  drop (F igure  63) a t  h igh power was 4.5 percen t ,  
which is very c l o s e  t o  r i g  t e s t  p r e d i c t i o n s  f o r  a product ion-qual i ty  engine.  
I d l e  pressure  drop,  however, was low (about 3 . 3  versus  4.4 percent  p red ic ted  
f o r  a production engine)  because of  t h e  low combustor a i r f l o w  of  t h e  demon- 
s t r a t o r  engine a t  low power. 

Combustor dynamic p r e s s u r e s  were monitored throughout t h e  engine t e s t  
s e r i e s  and recorded f c r  subsequent s p e c t r a l  analyses .  As expected from t h e  
r i g  checkout t e s t s ,  no resonance was ever  d e t e c t e d .  

Peak metal  temperature c h a r a c t e r i s t i c s  of the  o u t e r  l i n e r  centerbody and 
inner  l i n e r  a r e  shown in  Figures  64, 65 and 66. In  each c a s e ,  t h e  d i f f e r e n c e  
between metal temperature and combustor i n l e t  a i r  temperature c o r r e l a t e s  wel l  
with merely p i lo t - s t age  ( o u t e r  l i n e r )  o r  main-stage fue l -a i r  r a t i o  ( c e n t e r -  
body and inner  l i n e r ) .  Both t h e  l e v e l  an3 l o c a t i o n  of  peak temperatures  



High Pressure Turbine Exit Temperature - 

Ratio, T49Locpl/T49Avg, Kelvin 

Figure 60. Engine Turbine Exit Temperature Profile 
Characteristics. 



L o I I - i Requirement ----------- I 
a i c a l  Production CF6-50 EnLne- 
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I 

Fuel Splftter Approach Power Setting, W ;W 
fp tarproach 

(a) Throttle Bursts from Flight Idle to Takeoff Power 

Fuel Splitter Approach Power Setting, W /W 
p ftapproach 

(b) Throttle Bursts from Approach to Takeoff Power 

Figure 61. Engine Power Response Characteristics. 
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Pilot Stage Fuel/Air Ratio, glkg 

Figure 64. Variation of Peak Outer Liner Metal Temperature 
with Engine Operating Conditions. 



Main Stage Fuel /Air Ratio, g/kg 

Figure 65. Variation of Peak Centerbody Metal Temperature with 
Engine Operating Conditions. 



Main Stage  Fuel/Air  Rat io ,  g lkg 

Figure  66. V a r i a t i o n  of Peak Inner  L ine r  Metal Temperature 
w i t h  Engine Opera t ing  Condi t ions .  



agreed very  well  wi.1, r i g  t e s t  d a t a ,  and a r e  sur~marized i n  Table 22 f o r  
standard-day production engine opera t ing  cond i t ions .  The peak temperature was 
1056 K, which i s  lower than t h a t  of  product ion combustors. General ly  1088 K 
(1599' F) is  considered t o  be the  maximum temperature f o r  long- l i f e  des igns .  

P e r i o d i c a l l y  throughout t h e  t e s t  s e r i e s ,  borescope inspec t ions  a t  the  com- 
bustor  were made. No s i g n s  of carbon bui ldup o r  d i s t r e s s  on any of  t h e  p a r t s  
wZre de tec ted .  P o s t t e s t  c o n d i t i o n s  of  t h e  combustor f u e l  nozzles  and high- 
p ressure  tu rb ine  a r e  shown i n  Figures  67 through 70. The combus*or was i n  
e x c e l l e n t  cond i t ion ,  wi th  only  some very  l i g h t  carbon s t a i n s  on t h e  dome splash- 
p l a t e s .  There was no carbon on the  fue l  nozz les ,  and spray q u a l i t y / f l o w  c a l i -  
b r a t i o n s  revealed no s i g n i f i c a n t  changes. However, f o r  long-time s e r v i c e  
plugging o r  gumming of t h e  main-atage nozzles  i s  s t i l l  a concern. The nozz les  
a r e  not fueled a t  zpproach power wi th  the  p re fe r red  f u e l  schedule ,  and t h i s  
problem may not appear u n t i l  a f t e r  severa l  hundred hours of opera t ion .  Turbine 
d i s t r e s s  was found, Figures 69 and 70, p a r t i c u l a r l y  i n  the  a r e a  of t h e  f i r s t -  
s t a g e  r o t o r  b lades .  This was probably aggravated by (1 )  t h e  high f u e l  con- 
sumption of the  engine ,  ( 2 )  t h e  high ambient temperatures which increased both 
combustor i n l e t  temperature and combustor f u e l - a i r  r a t i o ,  and ( 3 )  cons ide rab le  
high-power run time with very  low p i l o t - t o - t o t a l  f u e l  s p l i t s .  Nonetheless,  
t h e  need f o r  improved temperature p r o f i l e  c h a r a c t e r i s t i c s  was c l e a r l y  ind ica ted  
t o  be the  most s i g n i f i c a n t  performance problem assoc ia ted  with t h i s  Double 
Annular low-emission combustor des ign concept.  
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Figure 67. Combustor After Engine Test. 
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Figure 69. HLgh Pressure Turbine First Stage Nozzle After Test. 
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Figure 70. High Pressure Turbine First Stags Rotor B l a d e  Platforms After Test, 
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CHAPTER 

DEVELOPMENT STATUS SUMMARY 

An assessment of the  cur ren t  developnent s t  a t u s  of t h e  CF6-50 Double 
Annular Combustor des ign concept, based on the  combined r e s u l t s  of Phases I1 
and 111 of the  program, i s  presented i n  Table 23. A s  is shown, t h e  Double 
Annular Combustor has been found t o  meet o r  c l o s e l y  approach most of t h e  key 
emission,  perfomance,  and opera t ing  requirements of  t h e  CF6-50 engine.  Con- 
s i d e r i n g  t h e  r e l a t i v e l y  e a r l y  s t a t e  of the  development of t h i s  advanced com- 
bus to r  des ign concept, t h i s  s t a t u s  is considered t o  be genera l ly  good. How- 
ever ,  i n  i ts  cur ren t  form, t h e  Phase 1 x 1  demonstrator engine combustor is  
s t i l l  d e f i c i e n t  i n  s e v e r a l  key performance aspec t s .  These a r e  d iscussed 
be low. 

F i r s t ,  some a d d i t i o n a l  improvement is needed t o  meet the  a p p l i c a b l e  CO 
emission standard with the  Phase 111 demonstrator engine combustor configura- 
t i o n  a t  the  nominal engine i d l e  power s e t t i n g  of 3.3 percent of takeoff  power. 
However, t h i s  emission standard was c o n s i s t e n t l y  met with the  Phase X I  proto- 
type combustar con£ igura t  ion and it is f u l l y  bel ieved,  t h e r e f o r e ,  t h a t  t h i s  
standard can a1:o be met with the  Phase 111 demonstrator engine combustor 
conf igura t ion ,  with a d d i t i o n a l  development e f f o r t .  

To meet the  app l i cab le  CO s tandard a t  the  d e s i r e d  i d l e  power s e t t i n g ,  
f u r t h e r  reduct ions  i n  the CO l e v e l s  of the  e x i s t i n g  Phase 111 demonstrator 
engine combustor a r e  p a r t i c u l a r l y  needed a t  the  i d l e  opera t ing  cond i t ions .  
I n  add i t ion ,  these  needed development e f f o r t s  must a l s o  be expanded t o  o b t a i n  
lower CO emission l e v e l s  a t  the approach opera t ing  mode, when both the  p i l o t  
and main s t a g e s  of the  combustor a r e  being operated.  A t  p resen t ,  o p e r a t i o n  
of both s t a g e s  of the e x i s t i n g  Phase 111 demonstrator engine combustor a t  the  
approach cond i t ion  r e s u l t s  i n  r e l a t i v e l y  high CO emission ind ices  a t  t h i s  
opera t ing mode and thus  i n  high CO EPAP va lues .  From an a i r c r a f t  and engine 
opera t iona l  s t andpo in t ,  s t a g i n g  of the combustion process  a t  any f l i g h t  con- 
d i t i o n  i s  undesi rable .  P re fe rab ly ,  t h e  main s t age  should be i n  opera t ion  a t  
power s e t t i n g s  j u s t  above ground i d l e  and before  the  a i r c r a f t  i s  a i rborne .  
To accommodate t h i s  opera t iona l  need, a d d i t i o n a l  f e a t u r e s  w i l l  be required 
i n  the  Double Annular Combustor des ign concept t o  provide lower CO emiss ion 
l e v e l s  a t  the  approach mode with both the  p i l o t  and main s t a g e s  i n  opera t  ion.  

Secondly, as  i s  shown i n  Table 23, a d d i t i o n a l  reduct ions  i n  i t s  NO * 
emission l e v e l s  a r e  .ieeded t o  meet the  app l i cab le  NOx s t andard ,  a s  o r i g i -  
n a l l y  s p e c i f i e d  i n  Reference 1 by the  EPA. Obtaining these  a d d i t i o n a l  l a rge  
reduct ions  in  NO, emission l e v e l s  i s  n o t ,  however, considered t o  be a l i k e l y  
prospect  with the  e x i s t i n g  Double Annular Combustor des ign concept.  Thus, i n  
t h i s  performance aspec t ,  the  development s t a t u s  i s  shown i n  Table 23 t o  be i n  
the  Major Furthe, Development cs tegory.  While i t  is  bel ieved t h a t  some small  
f u r t h e r  reduct ions  in NOx emissicn l e v e l s  of the Phase 111 demonstrator 
engine combustor can be r e a l i z e d ,  i t  is not expected t h a t  the  c u r r e n t l y  
app l i cab le  NO, emission s t andard ,  a s  s p e c i f i e d  i n  Reference 1, w i l l  be met 
i n  the CF6-50 engine a p p l i c a t i o n  even i f  these  a d d i t i o n a l  reduct ions  i n  NOx 
l e v e l s  a r e  r e a l i z e d .  



Table 23. Assessment of Double Annular Combustor Development Status. 

Further Major Further 
M e t  s Development Development I 

Requirements Needed Needed 

Emission Levels 

CO 

HC 

NO,' 
Smoke 

Ground St art ing 

Altitude Relight 

Main Stage Cross f ir ing 

Pressure Loss 

Combustion Efficiency 

Exit Temperature 
Profile/Pattern Factor 

Metal Temperature 

Acoustic Resonance 

Carbon ing 

Fuel Nozzle Coking 

REPRODUCIBILITY OF THE 
ORIGINAT, PACE IS POOR 



Based on the  combined r e s u l t s  o f  Phases 11 and 111, it  is bel ieved t h e  
NO, EPAP ( a s  def ined i n  Reference 1)  of the  CF6-50 engine  can be reduced by 
up t o  45 pe rcen t ,  r e l a t i v e  t o  t h e  NOx EPAP of t h e  c u r r e n t  productfon CF6-50 
engine,  wi th  t h e  use  of t h e  Double Bypass Combustor des ign  concept a s  is 
discussed i n  t h e  preceding s e c t  ions of t h i s  r e p o r t .  However, t o  meet t h e  ap- 
p l i c a b l e  EPA NO, s tandard ,  a s  prescr ibed i n  Reference 1, a r educ t ion  of more 
than 60 percent is requ i red .  This l a r g e  reduc t ion  is required because o f  t h e  
impacts of the  high (30 t o  1 )  c y c l e  pressure  r a t i o s  o f  t h e  CF6-50 engine  fami- 
l y  on i t s  NO, emission c h a r a c t e r i s t i c s .  I n  genera l ,  i t  appears  t h a t ,  based on 
t h e  parametric d a t a  obta ined i n  Phases 11 and 111, t h e  use  o f  a Double Annular 
Combustor i n  l a r g e  turbofan engines wi th  cyc le  pressure  r a t i o s  g r e a t e r  than 
about 25 cannot be expected t o  r e s u l t  i n  Cull compliance with the a p p l i c a b l e  
NO, s tandard ,  a s  def ined i n  Reference 1. However, i n  t h e  c a s e  of l a r g e  turbo- 
fan  engines  with cyc le  p ressure  r a t i o s  l e s s  than about 25  t o  1, NO, EPAP 
va lues  c l o s e l y  approaching t h e  a p p l i c a b l e  s tandard,  a s  def ined i n  Reference 
1, can genera l ly  be expected with t h e  use of the  Double Annular Combustor 
des ign concept. 

Recently,  t h e  EPA proposed a number of r ev i s io??  t o  t h e  s tandards  pre- 
s c r i b e d  i n  Reference 1. These proposed r sv i sed  s t andards ,  which a r c  presented 
i n  Reference 2, inc lude a modest r t l a x a t  ion of the  previously  def ined NOx s tan-  
dard .  Also included i n  the  rev i sed  NO, s tandard  f o r  e x i s t i n g  engines  is a 
p ressure  r a t i o  adjustment which a l lows p rogress ive ly  h igher  NO, l e v e l s  f o r  en- 
g ines  wi th  cyc le  pressure  r a t i o s  g r e a t e r  than 25. Based on the  combined re-  
s u l t s  obta ined i n  Phases 11 and 111 of  the  program, i t  is bel ieved t h a t  c o w  
p l i ance  with the  revised NO, s t andard  can be a t t a i n e d  by the  CF6-50 with t h e  
use of the  Double Annular Combustor. 

Thirdly ,  a s  i s  shown i n  Table 23,  s u b s t a n t i a l  f u r t h e r  improvements a r e  
needed in  the e x i t  temperature p r o f i l e  c h a r a c t e r i s t i c 9  of t h e  Phase 111 dem- 
o n s t r a t o r  engine combustor. Normally, t h i s  combustor development t a s k  would 
be r e l a t i v e l y  easy,  but  with t h i s  advanced combustor des ign concept,  t h e r e  is 
very  l i t t l e  remaining combustor a i r f l o w  a v a i l a b l e  f o r  e x i t  temperature p r o f i l e  
trianning. Accordingly, the  a t ta inment  of f u l l y  s a t i s f a c t o r y  e x i t  temperature 
d i s t r i b u t i o n  wi th  the  ilouble Annular Combustor is expected t o  be a formidable 
chal lenge,  r e q u i r i c g  major f u r t h e r  development e f f o r t .  

F i n a l l y ,  a s  i s  indicated i n  Table 23, t h e  need is a n t i c i p a t e d  f o r  addi- 
t i o n a l  f e a t u r e s  t o  prevent carbon depos i t ion  and, a s  a r e s u l t ,  plugging with- 
i n  the  main-stagn f u e l  nozzles of the  Double Annular Combustor. This problem 
was not encountered i c  the  Phase 111 engine t e s t s  but is never the less  s t i l l  
of concern. Poss ib le  problems of t h i s  l a t t e r  kind a r e  a n t i c i p a t e d  s i n c e  the  
main-st age f u e l  nozzles  a r e  inoperat  ive  a t  some engine opera t ing  condi t ions .  
Without some added features, such as a n i t rogen  o r  a i r  purge system, i t  is 
poss ib le  t h a t  any r e s i d u a l  f u e l  i n  the  nozzles  might cause plugging problems 
when the  main s t age  i s  shutdown. 

Smoke l e v e l s  a r e  not l i s t e d  a s  a d e f i c i e n c y ,  s i n c e  the  a p p l i c a b l e  s tan-  
dard was met fo r  production engine opera t ing  cond i t ions  when the  pi lo t - to-  
t o t a l  f u e l  flow s p l i t  was 0.18 or  h igher .  However the  smoke l e v e l s  were s t i l l  
h igher  than those  of the  cur ren t  production combustor. It is expected t h a t  
wi th  normal development smoke l e v e l s  of the Double Annular Combustor w i l l  be 

t i  reduced. 
. s  129 



Apart from the combustor performance and operat ional  problems indicated 
in  Table 23, the  fue l  flow s p l i t t e r  represents  s t i l l  another a rea  requir ing 
fur ther  design and development e f f o r t .  As  is  discussed i n  the preceding sec- 
t ions  of t h i s  repor t ,  the  ex i s t i ng  fue l  flow s p l i t t e r  device, which was used 
i n  the demonstrator engine t e s t a ,  was designed for  only eea leve l  operation. 
Considerable added sophis t ica t ion  and complexity w i l l  be needed t o  a l s o  accom- 
modate c ru i se  operat ing conditions.  The design and development of a su i t ab l e  
device t o  handle the necessary fue l  flow s p l i t t i n g  functions a t  a l l  ground 
leve l  and c ru i se  operating conditions of the CF6 engines is expected t o  be a 
major undertaking. 

Following these needed addi t iona l  design and development e f f o r t s  t o  pro- 
vide a f u l l y  developed and demonstrated protctype combustion system fo r  use 
i n  the CF6-50 and other  CF6 engines, e f f o r t s  can then be i n i t i a t e d  t o  evolve 
versions of t h i s  prototype combustion system, including the  necessary fue l  
flow cont ro l  e leuents ,  for  use in  production CF6 engines. The major s teps  
involved in  the  design, development, and demonstrat ion of such combust icn sys- 
tems for use i n  production CF6 engines a re  sumari.zed i n  Table 24. A s  is 
shown, t he  demonstration e f f o r t s  must include f l i g h t  se rv ice  evaluat ion t e s t -  
ing. These l a t t e r  t e s t s ,  which cannot be s t a r t e d  u n t i l  a f t e r  c e r t i f i c a t i o n  
of the engine with the new combustion system i s  completed, a r e  expected t o  be 
qui te  extensive because of the magnitude of the combustor and engine design 
changes associated with the  use of the Double Annxlar Combustor design con- 
cept.  These l a t t e r  demonstration t e s t s  a re ,  therefore ,  ex?ected t o  require  
a minimum of two yeat s t o  complete. Accordingly, t he  t o t a l  time span of the 
tasks  out l ined in Table 24 is  expected t o  require  several  years  t o  complete. 



Table 24. Production Double Annular Combustion System Key Needs. 

~esign/Development/~emonstration Steps 

Component Development Test ing 

Engine Development Test ing 

- Performance 

- Cyclic Endurance 

Engine Flight Testing 

Cert if ication Testing 

Flight Service Evaluation Testing 



APPENDIX A 

EOUIPMENT AND EXPERIMENTAL PROCEDLRES 

1. Combustor Test Configurations 

Modifications to the demonstrator Double Annular Combustor which were 
made during the Phase 111 Program rig tests are defined in Tables A-1 through 
A-4 and Figures A-1 through A-8. A brief description and purpose of each 
modification follows. 

Configuration E1A was the "as-received" combustor which was tested for 
baseline performance and emission levels. There were no aft profile trim 
air dilution holes. All primary dilution and cooling hole patterns were 
circumferent ially uniform. 

Configuration EIB consisted of installing a 0.0127 cm bushing on the 
pilot-stage fuel nozzle tip to reduce the clearance between the fuel nozzle 
and the air swirler into which jt is inserted. The intent was to reduce 
leakage airflow and improve furl spray ~ynrmetry. 

Configuration E2 consisted of general changes to the airflow distri- 
but ion which are shown 'n Figure A-1. Modifications were aimed at reducing - 
idle emission levels, increasing liner cooling in hottest 
regions, adding profile trim dilution air, and maintaining pressure drop. 

Configuration E3 consisted of five sector combinations of pilot-stage 
fuel nozzle and dilution modifications shown in Figure A-2. The intent was 
to identify features which would reduce idle emission levels. 

Configuration E4 consisted of five sector modifications to the pilot- 
stage dilution hole pattern, shown in Figure A-3. The intent again was to 
identify features which would reduce idle emission levels. 

Configuration E5 consisted of five sector modifications to the pilot- 
stage dilution hole pattern and one swirl-cup modification shown in Figure 
A-4, which were again aimed at identifying idle emission reduction features. 

Configuration E6 consisted of five pilot-stage sector modifications 
and two main-stage sector modifications, shown in Table A-4. Again pilot- 
stage modifications were aimed at idle emission level reductions. Main- 
stage modifications were aimed at determining any high power emission1 
stability sensitivity. 

Configuration E7 (uniform all around) incorporated the most promising 
pilot- and main-stage modifications (E6A and E6F) from the previous series 

F for a full performance and emission test series in preparation for engine 
installat ion. 
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Table A-3. Area/Airflow Distribution, Configuration 69 Through 612. 

Elor 

A. % 
cm 

2 

26.2 4.58 

38.8 6.78 

1.5 0.26 

3.4 0.59 

L 

Total  

Inner Swirl Cups 

Primary Swir ler  

Secondary Swir ler  

Purge Holes 

Nozzle Shroud/Loakage 

Tot a1 

Di lut ion 

Outer Lincr,  Panel 1 

E9 

A, X 
cm 

2 
wc 

. 
26.2 4.49 

38.8 6.65 

1.5 0.26 

3.4 0.58 

Configuration 

Outer Swirl Cup8 

Primary Swir ler  

Secondary Swirler 

Purge Holes 

Nozzle Shroudfieakage 

69.9 11.98 

27.1 4.65 

147.0 25.21 

1.8 0.31 

5 . 4  0.93 

181.3 31.10 

I 
0.0 0.00 

ElOA 

Ae % 
2 

cm We 

26.2 4.58 

38.8 6.78 

1.5 0.26 

3.4 0.59 

ElOB 

A, X 
cm 

2 
Wc 

26.2 4.58 

38.8 6.78 

1.5 0.26 

3.4 0.59 

69.9 12.22 

27.1 4.74 

132.3 23.13 

1.8 0.31 

5.4 0.94 

166.6 29.12 

0.0 0.00 

Panel 2 I 

Tnnel 6 

Inner Liner,  Panel 1 

Panel 6 

Total  

Cooling 

Outer Liner 

Outer Dome 

Ccntcrbod y 

Inner Dome 

111ner Liner 

Seal Leakage 

Total  

Combustor Total  

.. 

29.9 5.23 

0.6 0.10 

62.6 10.94 

15.6 2.73 

108.7 19.00 

52.1 9.11 

41.3 7.22 

27.5 4.81 

31.7 5.54 

61.6 10.77 

9.0 1.57 

223.2 39.01 

568.4 99.35 

29.9 5.13 

0.6 0.10 

62.6 10.74 

15.6 2.67 

108.7 18.64 

52.1 8.94 

41.3 7.08 

27.5 4.72 

31.7 5.44 

61.G 10.56 

9.0 1.54 

223.2 38.28 

583.1 10O.GO 

69.9 12.22 1 69.9 12.22 

27.1 4.74 

132.3 23.13 

1.8 0.31 

5.4 0.94 

166.6 29.12 

3*8 0aB6 I 
7.5 1.31 

27.1 4.74 

132.3 23.13 

1.8 0.31 

5.4 0.94 

166.6 29.12 

29.9 5.23 

0.6 0.10 

62.6 10.94 

15.6 2.73 

112.5 19.66 

52.1 9.11 

41.3 7.22 

27.5 4.81 

31.7 5.54 

61.6 10.77 

9.0 1.57 

223.2 39.01 

572.2 100.02 

29.9 5.23 

0.6 0.10 

62.6 10.94 

15.6 2.73 

116.2 20.31 

52.1 9.11 

41.3 7.22 

27.5 4.81 

31.7 5.54 

61.6 10.77 

9.0 1.57 

223.2 39.01 

575.9 100.66 

Overall 572.1 cm7 
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r Panel 2 D i l u t i o n  

72' Typical  

j Sec tors  

Aft  Looking Forward 

Conf i g 

Outer Liner D i l u t i o n  Hole Patterns  * 
Type Outer Hole Diameters, cm: L P i l o t  Liner = 0 . 7 7  D i l u t i o n  
Stage Pane! 
Nozzle Nunber -t 1 

2 2 
3 

Nozzle Type: 1 = Phasc  I 1  Develppment 
2 = Engine Simulator 

-- 

* Patterns Repeattad For 72' (6 Nozzles)  

Figure A-2. Combustor Moti if ications,  Ccnfiguration E3. 



Panel 2 Dilution 

Panel 3 Dilution 

A f t  Looking Forward 

* Patterns Repeated For 72' (6 Nozzles) 

Figure A-3. Combustor Wdifications,  Configuration B.1. 

r 

Config 

E4A 

4B 

E4C 

E4D 

E4E 

REPRODUCIBILIW OF THE 
ORIGINAT, PAGE IS POOR 

Nozzle Type: 2 = Engine Simulator 

1 A 

Type 
Pi lot  
Stage 
Nozzle 

2 

2 

2 

2 

2 

Outer 
Liner 
Panel 
No. 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

Outer Liner Dilution Hole Pattern * 
, Hole Diameters (em) 0 = 0.50 

Nozzle Nozzle - 12O + 
I I 

0 0 0 
0 

0 0 0 
0 0 

0 0 0 0 8 0 

0 0 0 0 0 0  0 

0 0 

Equivalent 
Dilution 
Airflow 

wc 
--- 
2.43 
1.61 

--- 
2.43 
2.43 

--- 
3.23 
3.23 

--- 
4.85 --- 
-..- 
2.43 
4.86 

J 



Panel 1 D i l u t i o n  r , Panel  2  D i l u t i o n  

A f t  Looking Forward 

* P a t t e r n s  Repeated For 72' (6 Nozzles)  
** With P i l o t  S t age  Cup B a r r e l  Extended 1 .40  cm; Otherwise Same A s  E5A. 

Conf ig  

E5A 

F i g u r e  A-4. Combustor Modi f i ca t ions ,  Conf igu ra t ion  E5, 

Type 
P i l o t  
S tage  
Nozzle 

2  

Ou te r  
L i n e r  
Panel  
Number 

1 
2  
3 

1 
E5B 1 2 

Nozzle Type: 2  = Engine S i m ~ l a t o r  
* - 

2 
3  

1 
2  
3  

1 
2  
3 

1 
2 
3 

E 5C 

E 5D 

E5E** 

Outer  L ine r  D i l u t i o n  Hole p a t t e r n s  * 
Hole Diameters ,  cm 0 = 0 .50 ,  0=  0 . 6 4 ,  

E q u i v a l e n t  
. D i l u t i o n  

12O - 
I 

2 

2 

2  

0 0 0 0 0 
0 0 0 0 0 

0 0 0 (3 0 
0 0 0 0 0 

0 
O 8 0  8 8 0  

3 0 0 0 0 

0 0 0 o O o 8 0 0 

4.97 
4.97 
---- 

3.12  
4.97 
---- 
3.12 
3 .12  
---- 
---- 
8 .09  
---- 
4.97 
4.97 
---- 



Configuration E9A 
(Cup 1 - 10) 

Configuration E9B 
(Cup 11 - 20) 

Configuration E9C 
(Cup 21 - 30) 

Figure A-5. Pilot Stage Modifications for Configuration E9 







Cross-Fire S lo t  Trim Holes for 68 
Through E12, 4 Holes, 0.48 cm 
Dia a t  103.5, 106.5, 283.5, 
286.5' CW, ALF 

4'' L p a n E 1  6 Trim Holes 
(None for El) 

* Patterns Repeated for Entire Circumference 

t 

Conf i g .  

E2-E7 

. 
E8, El2 

E9-Ell 

Figure A-8. Trim Hole Patterns, Configuration E l  Through E12. 

Inner Liner Panel 6 Trim Hole Patterns* 
(0.64 cm Diaineter) 

Nozzle Nozzle 

I I I I 

0 0 

0 0 0 0 

0 0 0 0 

Trim 
Airflow 

% wc 

1.3  

2.7 

2.7 

1 



Configurat ion E8 d i f f e r e d  from E7 only i n  the  a f t  t r i m  a i r  d i l u t i o n  
ho le  p a t t e r n  f o r  changes t o  improve the  e x i t  temperature p r o f i l e  a s  shown i n  
Figure A-8. 

Conf igurat ion E9 incorporated t h r e e  s e c t o r  p i lq t - s t age  s w i r l  cup modi- 
f i c a t i o n s  shown i n  Figure A-5. Modifications were again  aimed a t  i d l e  
emission leve  1 reduct ions .  

Conf igurat ion El0 incorporated the  changes shown i n  Figure A-6. The E9C 
s w i r l  cup modif ica t ion a l l  around, a reduct ion in  main-stage s w i r l  cup flow 
t o  balance pressure  drop,  and t h r e e  p i lo t - s t age  d i l u t i o n  ho le  p a t t e r n s  were 
included.  

Conf igurat ion E l l  incorporated the  E l O A  p i l o t - s t a g e  f e a t u r e s  (uniformly 
a1 1 around) toge the r  with increased p i l o t - s t a g e  s w i r l  cup purge a i r £  low, 
and genera l  modif ica t ions  shown i n  Figure  A7 t o  meet engine i n s t a l l a t i o n  
requirements. 

Conf igurat ion El2 ( f i n a l  r i g  and engine t e s t  conf igura t ion)  d i f f e r e d  
from E l l  only i n  loca t ion  of a f t  p r o f i l e  t r i m  d i l u t i o n  h o l e s  which is shown 
i n  Figure A-8. 

2 .  Performance Instrumentat  ion 

The demonstrator Double Annular Combustor was ex tens ive ly  instrumented 
t o  c h a r a c t e r i z e  pressure  and flow d i s t r i b u t i o n ,  metal  temperatures and 
acous t i c  and mechanical v i b r a t i o n s .  i'he types ,  l o c a t  ions,  and q u a n t i t i e s  
of the sensors  which were app l i ea  a r e  shown i n  Figure  A-9 and Table A-5. 

A r e c e n t l y  i n s t a l  led  modernized t e s t  d a t a  system was u t i l i z e d  t o  acquire  
and process the  ecgine and combustor d a t a  dur ing these  t e s t s .  The engine 
was operated from the  c o n t r o l  room console shown i n  Figure A-10 which is t i e d  
i n t o  the  Ins t rumenta t ion Data Room (IDR) shown i n  Figure A-11,  l oca ted  one 
f l o o r  below t h e  t e s t  c e l l .  A schematic diagram of the  d a t a  process ing system 
is shown i n  Figure  A-12. With t h i s  system, f u l l y  reduced and cor rec ted  
s t eady-s ta te  engine/combustor perfortilance d a t a  were usua l ly  a v a i l a b l e  f o r  
a n a l y s i s  i n  about ten  minutes. 

3 .  Exhaust Gas S a m ~ l i n e  and Analvsis  ADDaratus 

A new exhnust gas sampling rake and t r a v e r s e  sys ten;, shown e a r l i e r  i n  
Figures 21 and 22, was designed and b u i l t  fo r  these  t e s t s .  The des ign i n t e n t  
was t o  meet t h r  Federal  Reg i s t e r  s p e c i f i c a t i o n s  and al low comparison of 
d i f f e r e n t  sampl ing techniques.  Some of the  key des ign cons ide ra t ions /  
parameters were: 

The r i n g  on which the  rakes a r e  mounted is 2.44 m 1 . D .  t o  c l e a r  
the fan stream of the  CF6-50 engine.  
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The s t r u c t u r e  is s i zed  f o r  an engine c e n t e r l i n e  of 3.05 m (10 f t ) ,  
but can be va r i ed  between 1.83 and 3.96 m f o r  uss  i n  o t h e r  t e s t  
s i t e s .  

Angular rake p o s i t i o n s  can be s e t  and v a r i e d  t o  xv.25 degree 
by a remote system. 

A l l  sample-wetted p a r t s  a r e  s t a i n l e s s  s t e e l  o r  Teflon.  

A l l  sample l i n e s  a r e  steam heated o u t s i d e  the  core  engine exhaust 
stream. 

The th ree  sampling p o r t s  i n  each rake arm a r e  s i zed  f o r  a f ixed 
con ica l  engine exhaust nozzle 91.34 cm i n  diameter,  cold .  O r i f i c e s  
a r e  a t  r a d i a l  locat iono of 18.64, 32.28, and 41.68 cm, nhich corre-  
spond t o  116, 112, and 516 of the  cold nozzle  a reas .  O r i f i c e s  a r e  
1.63 t o  1.59 mm i n  diameter,  have sharp  edges, and a r e  f r e e  of bu rs 
t o  insure  proper flow weighting.  

Connecting sample l i n e s  between ind iv idua l  arms and t h e  ~ ~ i i f o l d i n g  
point  a r e  9.5 mm O.D. s t a i n l e s s  s t e e l  tubing.  Each flowpath length  
up t o  the  manifolding point  is the same t o  assure  equal  pressure  
drop in  each l i n e .  

Each of the  two manifolded sample l i n e s  a r e  connected t o  a :.4 m 
length  of f l e x i b l e ,  Teflon core ,  e l e c t r i c  l l y  heated t r a n s .  : l i n e  
t o  al low f o r  rake r o t a t i o n .  

The s t r u c t u r e  was located i n  the  t e s t  c e l l  s o  t h a t  i t s  c e n t e r l i n e  was 
wi thin  3.2 mm of the  a x i a l  c e n t e r l i n e  of the  engine and the  rake  arms were 
76.2 mu a f t  of the  engine exhaust nozzles .  

The exhaust gas a n a l y s i s  apparatus i s  shown i n  Figures  A-13 and A-14, 
and a flow diagram f o r  the  system is shown i n  Figure  A-15. The two sample 
l i n e s  from the  rakes  were connected t o  the  sampling apparatus  through a 
double three-way viiive system. By manipulation of these  va lves ,  one l i n e  
could be analyzed f o r  smoke emissions while the  o t h e r  was analyzed f o r  
gaseous emissions,  or  one or  both l i n e s  could be simultaneously analyzed 
fo r  both smoke and gaseous emissions.  In order  t o  avoid f u e l  contamination 
of the system during engine s t a r t i n g ,  the  rakes  were backflushed wi th  pure 
instrument a i r  by opening the  valve labeled "B" i n  Figure A-15. To main- 
t a i n  adequate v e l o c i t y  i n  the  sample l i n e s ,  t h e  dump pump vented a nominal 
20 l i t e r s l m i n u t e s  flow r a t e .  

The gaseous emissions a n a l y s i s  system cons i s t ed  of four  ana lyze rs ,  
each manufactured by Beckman Ins t ruments ,  Inc .  The CO (Model 865) and 
C02 (Model 864) analyzers  were both nondispers ive  in f ra red  (NDIR) i n s t r u -  
ments. To minimize water i n t e r f e r e n c e ,  the  sample was passed through an 
i c e  t r a p  be fo re  e n t e r i l g  the  N D I R  instruments.  The NOx analyzer  was a 
Model 951 heated chemiluminescence analyzer ,  and t h e  HC analyzer  was a 
Model 402 flame i o n i z a t i o n  d e t e c t o r  (FID) instrument.  No t r a p s  were used 
i n  the  NOx and HC l i n e s  ahead of the  instruments.  



Figure A-13, Exhauet Gas A n a l y d l ~  Apparatus. 
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Figure A-14. Smoka Measurement Console. 
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The pumps, the f l e x i b l e  l i n e s  a t  the rakes, and the valve  box were 
e l e c t r i c a l l y  heated. A11 other portions of the sample eystem were steam 
traced. Temperatures throughout the sample system were monitored with four- 
teen Chromel-Alumel thermocouples. 



APPENDIX B 

EMISSIONS .AND PERFORMANCE DATA 

1. Component Test  Resul ts  

Combustor r i g  emissions t e s t  r e s u l t s  a r e  presented i n  Taoles  B-1 through 
B-6. Table 3-6 con ta ins  the  r e s u l t s  f o r  the  f i n a l  r i g  t e s t  of t h e  engine con- 
f i g u r a t i o n  which a r e  c o r r e l a t e d  i n  Figures  25 through 30. Combustor perfor-  
mance t e s t  r e s u l t s  a r e  presented i n  Tables B-7 and B-8 ( I g n i t  i o n l s t a b i l i t y  
Tes t s )  and i n  Tables B-9, 8-10, and B-11 ( P a t t e r n  Fac to r  T e s t s ) .  

Engine Test  Resu l t s  

Engine emission t e s t  r e s u l t s  a r e  summarized i n  Table B-12. The t a b l e  
shows key engine/combustor opera t ing  parameters and emiss ion r e s u l t s  from t h e  
primary sampling techniques on each point .  On near ly  every t e s t  po in t ,  emis- 
s ions  were measured by a t  l e a s t  two techniques,  and t h e  r e s u l t i n g  d e t a i l e d  
body o f  d a t a  is presented i n  TaLle B-13. For each of t h e  sampling techniques  
and readings l i s t e d  i n  Table 33-13, a comparison of sample-to-metered f u e l - a i r  
r a t i o  i s  presented i n  Table B-14. 

Engine/combustor performance d a t a  a r e  l i s t e d  i n  Table B-15 (Steady- 
S t a t e  T e s t s ) ,  Table B-16 ( T h r o t t l e  Burst  ~ e s t s ) ,  and Table B-17 ( S t a r t I S t a l l  
Tes t s ) .  
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Table B-15. Demonstrator Engine Steady State  Performance Results (Continued). 



Table B-15. 'emonstrator Engine Steady State  Performance Results (Continued). 
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Table B-15. Demonstrator Engine Steady State Performance Reeulte (Concluded). 
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Table 8-16. Dzm~>nstrator Engine T h r o t t l e  Burst Test  Resu l t s .  
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Table 8-17. Demonstrator Engine S t a r t i s t a l l  Test  Resu l t s .  
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APPENDIX C 

NOMENCLATURE -. 

Symbol 

Ae Combustor e f f e c t i v e  i low a r e a  
(Geometric a r e a  x flow c o e f f i c i e n t  ) 

A r Combustor r e f e r e n c e  a r e a  

CO Carbon monoxide p o l l u t a n t  emiss ion  

0 2  Carbon d i o x i d e  emiss ion  

EI Emission index 

EPAP Environmental  P r o t e c t i o n  Agency 
emis s ion  parameter  

Current  procedure :  

Proposed procedure :  

T o t a l  combustor metered f u e l - a i r  r a t i o  

Main-stage metereJ  f u e l - a i ?  r a t i o  

P i l o t - s t a g e  metered f u e l - a i r  r a t i o  

Engine e x i t  metered f u e l - a i r  r a t i o  

Fue l - a i r  r a t i o  c a l c u l a t e d  from gas sample 

ing ine lcombustor  i n l e t  a i r  humidi ty  

T o t a l  unburned hydrocarbon p o l l u t a n t  emis s ion  

N i t r i c  ox ide  p o l l u t a n t  emiss ion  

T o t a l  ox ides  of  n i t r o g e n  po!lutant e ~ i s s i o n  

Low p r e s s u r e  ( f a n )  r o t o r  speed 

High p re s su re  ( c o r e  engir,e) r o t o r  speed 

Engine i n l e t  t o t a l  p r e s s u r e  

Pigh p r e s s u r e  r o t o r  i n l e t  t o t a l  t emperdture  

Un i t s  

cm* 

cm2 

g/kg f u e l  

l b  . i s s ion/1000 
t h r u s t - h r s  

g emi ssion/kN 
t h r u s t  



Symbol 

P3s P ~ 3  

T2 

T25 

T3 

NOMENCLATURh iConc luded j 

Compressor discharge  (combustor i n l e t )  p ressure  

Engine i n l e t  t o t a l  temperature 

High pressure  r o t o r  i t r ie t  t o t a l  temperature 

Compressor d ischarge  (combustor i n l e t )  
temperature 

High precsure  t u r b i n e  e x i t  temperature 

Fuel temperature 

Fuel flow r a t e  

Tota l  f u e l  flow r a t e  

P i lo t - s t age  f u e l  flow r a t e  

Main-stage f u e l  flow r a t e  

Engine i n l c t  t o t a l  a i r f l o w  r a t e  

Compressor d ischarge  t o t a l  a i r f l o w  r a t e  

Combustor a i r f l o w  r a t e  

Core engine e x i t  gas  flow r a t e  

Fuel manifold p ressure  drop 

Combustor t o t a l  pressure  drop 

T h r o t t l e  angle 

S t a t o r  angle 

Ambient-to-F tandard pressure  r a t i o  (0°C. 191325! 

Units  - 
MPa 

depre- e 

degrees  
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