
NASA c9-2005 

AIRCRAFT PISTON 
ENGINE EXHAUST 
EMISSIONS SVMPOSIUM 

Lewis Research Center 
Cleveland, Ohio 44135 
September 14-15, 1976 

NATIONAL AERONAUTICS AND SPACE AD~INISTRATION 



NASA Conference Publications (CP Series) 
contain compilations of scientific and technical 
papers or transcripts arising from conferences, 
workshops, symposia, seminars, and other 
professional meetings that NASA elects to 
publish. 



1. Report No. 

NASA CP -2005 

7. Author(s) 

2. Government Accession No. 

9. Performing Organization Name and Address 

Lewis Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio 44135 

Environmental Protection Agency, Federal Aviation Adminis- 
tration, and National Aeronautics and Space Administration 
Washington, D. C. 

2. Sponsoring Agency Name and Address 

15. Supplementary Notes 

17 Key Words (Suggested by Author(s) ) 

Air pollution; Aircraft piston engine; Light 
aircraft  emissions standards; Emission con- 
trol; Measurements and test procedures 

3. Recipient's Catalog No. 

5. Report Date 

18. Distribution Statement 

Unclassified - unlimited 
STAR Category 07 

September 1976 
6. Performing Organization Code 

19. Security Classif. (of this report) 

Unclassified 

8. Performing Organization Report No. 

E -9010 
10. Work Unit No. 

21. No. of Pages 22. Price' 20. Security Classif. (of this page) 
Unclassified 384 A17 

11. Contract or Grant No. 

13. Type of Report and Period Covered 

Conference Publication 
14. Sponsoring Agency Coat 

16. Abstract 

A 2-day symposium on the reduction of exhaust emissions from aircraft  piston engines was held 
on September 14  and 15, 1976, at the Lewis Research Center in Cleveland, Ohio. Papers  were 
presented by both government organizations and the general aviation industry on the status of 
government contracts, emission measurement problems, data reduction procedures, flight 
testing, and emission reduction techniques. The proceedings contains all the papers that were 
presented as well as the discussion following each presentation. A list of attendees is also 
included. 

NASA-C-168 (Rev. 10-75) 





FOREWORD 

The National Aeronautics and Space Administration (NASA) , 
the Federal Aviation Administration (FAA), the Environmental 
Protection Agency (EPA), and the general-aviation industry 
are actively involved in programs directed toward reducing 
exhaust emissions from aircraft piston engines. A two-day 
symposium was held at the NASA Lewis Research Center, Cleve- 
land, Ohio, to provide those actively interested an opportu- 
nity to review and comment on information recently obtained 
on the nature of these emissions and efforts to reduce them. 

This compilation contains all papers presented at that 
symposium. Two papers on the review of measurement problems 
were not presented at the symposium but are included here 
for the record. After each oral presentation, a question- 
and-answer period was allowed. These discussions and the 
presentations were recorded on tape and then edited for pub- 
licat ion. 

organizations. A list of the attendees is included at the 
end of this compilation. 

Attending the symposium were 77 people representing 20 
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1. DEVELOPMENT OF EPA AIRCRAFT PISTON 

ENGINE EMISSION STANDARDS 

W i l l i a m  Houtman 

Of f i ce  of Mobile Source A i r  Po l lu t ion  Control 
U.S. Environmental P ro tec t ion  Agency 

INTRODUCTION 

On J u l y  17,  1973, a f t e r  over 3 years  of development e f f o r t ,  t h e  
Environmental Pro tec t ion  Agency promulgated emission regulat ions f o r  
a i r c r a f t  p i s t o n  engines. The r egu la t ions  f o r  a i r c r a f t  p i s t o n  engines 
are t o  become e f f e c t i v e  f o r  engines manufactured a f t e r  December 31, 
1979. The s tandards spec i f i ed  i n  t h e  regulat ions are based on modest 
emission con t ro l  technology which i s  considered t o  be f e a s i b l e  t o  i m -  
plement wi th in  t h e  s t a t e d  t i m e .  

AIRCRAFT EMISSIONS 

Before discussing c h a r a c t e r i s t i c  p i s ton  engine emission levels and 
EPA Standards i t  i s  necessary t o  de f ine  s p e c i f i c a l l y  what is  being 
measured. A t  p r e sen t ,  t h e  EPA i s  pr imari ly  concerned with emissions i n  
the  v i c i n i t y  of t h e  a i r p o r t ,  and t h e  emission tes t  cycle  r e f l e c t s  t h i s  
philosophy. Carbon monoxide, hydrocarbon,and oxides of ni t rogen e m i s -  
s i o n  rates are measured wi th  t h e  engine operat ing a t  idle- taxi ,  t akeof f ,  
climbout, and approach power modes with no considerat ion t o  c r u i s e  e m i s -  
s ions.  These engine loading condi t ions are obtained with t h e  engine 
operat ing on an engine dynamometer o r  test s tand .  The emission rates a t  
each power s e t t i n g  are mult ipl ied by a spec i f i ed  r ep resen ta t ive  t i m e  f o r  
the  mode, giving t h e  mass emissions f o r  t h e  mode. The emissions f o r  t h e  
modes are summed t o  give t h e  mass emissions f o r  t h e  LTO cycle.  To t ake  
engine s i z e  i n t o  considerat ion i n  e s t ab l i sh ing  standards,  i t  w a s  assumed 
t h a t  t h e  u s e f u l  work performed by t h e  a i r c r a f t  is  general ly  proport ional  
t o  t h e  engine power and one standard w a s  - not set f o r  a l l  s i z e s  of en- 
gines as with passenger cars. Rather, t he  a i r c r a f t  s tandards are based 
on t o t a l  mass emissions p e r  LTO cycle  per  r a t e d  horsepower f o r  the  en- 
gine. The cycle  can be i l l u s t r a t e d  i n  f i g u r e  1-1. Here w e  have the  
power s e t t i n g  and t i m e  i n  mode f o r  each operat ing condi t ion of t h e  tes t  
cycle.  The EPA allows t h e  manufacturer t o  spec i fy  t h e  power s e t t i n g s  
f o r  t h e  t a x i - i d l e  and climbout modes wi th  t h e  provis ion t h a t  climbout 
i s  a t  least 75 percent  power. 
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A s  p a r t  of t h e  development of a i r c r a f t  emission r egu la t ions ,  
measurements w e r e  made on a t o t a l  of 70 engines, represent ing approxi- 
mately nine d i f f e r e n t  b a s i c  models. The measurements were made by 
Teledyne Continental  ( r e f .  1 )  and S c o t t  Research Laboratories ( r e f .  2 ) .  
S t a t i s t i c a l  processing of t he  da t a  w a s  performed by Cornel1 Aeronautical  
Laboratories ( r e f .  3) .  The majori ty  of t h e  da t a  presented i n  t h i s  dis-  
cussion w a s  taken from t h i s  e a r l y  work. 

Figure 1-2 i s  a t abu la t ion  of some of t h e  r e s u l t s  of t h e  t e s t i n g .  
The EPA standards are a l s o  shown f o r  reference.  The boxed numbers indi-  
cate emission levels f a l l i n g  wi th in  t h e  EPA standards.  A comparison of 
t h e  EPA standards and t h e  base l ine  test r e s u l t s  reveals t h a t  t h e  a i r c r a f t  
p i s ton  engine s tandards are pr imari ly  a CO c o n t r o l  with some reduct ions 
f o r  HC and a s u b s t a n t i a l  margin f o r  increases i n  NO . In add i t ion ,  by 
comparing t h e  s tandards of t h e  ind iv idua l  pollutant$,  i t  can b e  seen t h a t  
t h e  CO levels are g ross ly  higher  than t h e  HC o r  NOx levels. 

ton engine a i r c r a f t .  Here w e  have p l o t t e d  t h e  f u e l  s p e c i f i c  emission 
rate as a funct ion of engine a i r - f u e l  mixture r a t i o .  
scales f o r  CO t o  the  l e f t  and HC and NOx t o  t h e  r i g h t  should be noted. 
The base l ine  d a t a  used indicated t h a t  engines t y p i c a l l y  operated w e l l  
on the  f u e l  r i c h  s i d e  of t h e  s toichiometr ic  mixture r a t i o .  The da ta  
a c t u a l l y  revealed engines operat ing r i c h e r  than shown here.  
c r a f t  emissions i n  perspect ive,  a s i g n i f i c a n t  point  can be made from 
t h i s  CO curve. An engine operat ing a t  an a i r - f u e l  r a t i o  of 1 O : l  is  
producing approximately 1300 pounds of CO p o l l u t a n t  f o r  every 1000 
pounds of f u e l  consumed. Leaning t h a t  engine t o  1 3 : l  (approximate b e s t  
power mixture r a t i o )  would reduce CO emissions by b e t t e r  than 50 per- 
cen t .  

Figure 1-3 f u r t h e r  i l l u s t r a t e s  t h e  emission c h a r a c t e r i s t i c s  of p i s -  

The d i f f e r e n t  

To put air-  

INFLUENCE OF PISTON AIRCRAFT EMISSIONS ON A I R  QUALITY 

I n  t h e  s t u d i e s  supporting the  promulgation of t h e  a i r c r a f t  regula- 
t i o n s  ( r e f s .  4 and 5) two a i r p o r t s  w e r e  examined, Van Nuys and T a m i a m i .  
Based on these  s t u d i e s ,  i t  w a s  determined t h a t  t h e  CO emissions from 
p i s ton  engine a i r c r a f t  has a s i g n i f i c a n t  inf luence on t h e  carbon monoxide 
l e v e l s  i n  t h e  ambient a i r  i n  and around t h e  a i r p o r t  property t o  which 
workers and travelers i n  t h e  a i r p o r t  v i c i n i t y  would be exposed. I n  pre- 
paring t h i s  presenta t ion  it  w a s  decided t o  review these  pas t  s t u d i e s  and 
expand t h e  a n a l y s i s  t o  i n v e s t i g a t e  o the r  a i r p o r t s  as w e l l .  The expanded 
study included t h r e e  a d d i t i o n a l  a i r p o r t s  t o  t h e  Van Nuys and T a m i a m i  
a i r p o r t s .  The s e l e c t i o n  w a s  somewhat a r b i t r a r y ,  b u t  i t  w a s ,  i n  general ,  
intended t o  sample a i r p o r t s  having s i g n i f i c a n t  general  a v i a t i o n  p i s t o n  
engine t r a f f i c  as compared t o  l a r g e r  a i r p o r t s  dominated by commercial 
t r a f f i c .  Figure 1-4 presents  t h e  r e s u l t s  of t h e  latest  ana lys i s  f o r  t h e  
f i v e  a i r p o r t s  considered. A s  can be expected, from t h e  previous discus- 
s ion ,  t h e  carbon monoxide emissions are s u b s t a n t i a l  compared t o  the  hy- 
drocarbon and oxides of ni t rogen emissions. 
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Comparing these  emissions wi th  t h e  t o t a l  r eg iona l  CO emissions w i l l  
reveal t h a t  t h e  a i r c r a f t  a i r p o r t  con t r ibu t ion  is  of t h e  order  of 1 per- 
cen t ,  Unfortunately, un l ike  t h e  HC and NOx oxidant problem where disper- 
s i o n  is  involved, CO emissions are cr i t ical  a t  po in t s  of heavy concentra- 
t i o n ,  and t h i s  1 percent  concentrated i n  one loca t ion ,  such as an air- 
por t ,  is  of concern. For example, i n  t h e  v i c i n i t y  of t h e  Van Nuys air- 
po r t ,  which is  a known CO "hot s p o t Y t 1  t h e  p i s t o n  a i r c r a f t  con t r ibu t ion  is 
approximately 10  percent of t h e  t o t a l  CO emission, a f f e c t i n g  a population 
of 67 000 people. A s  you draw your r e fe rence  area c l o s e r  and c l o s e r  t o  
the  a i r p o r t  t h e  con t r ibu t ion  of a i r c r a f t  emissions of course increases .  

Another example i s  t h e  Fairbanks Airport  which is  a l s o  located i n  
a CO t roublespot .  
excluding a i r c r a f t ,  are 6000 tons per year f o r  1985 and t h e  CO concen- 
t r a t i o n s  are s t i l l  expected t o  be w e l l  above a i r  q u a l i t y  l i m i t s .  It is 
estimated t h a t  p i s t o n  engine a i rcraf t  w i l l  c o n t r i b u t e  1400 tons  p e r  
year a t  t h e  Fairbanks a i r p o r t ,  o r  one-third of t h e  t o t a l  allowable CO 
f o r  North Alaska. Granted, I may b e  accused of s e l e c t i n g  only s p e c i a l  
cases t o  make a general  argument, bu t ,  considering t h e  modest level of 
con t ro l  required,  t h e  f u e l  b e n e f i t s  a s soc ia t ed  wi th  t h e  con t ro l s  and 
the  disadvantages of o the r  a l t e r n a t i v e s  t o  reducing emissions, t h e  
standards w e r e  and s t i l l  are considered warranted. The EPA had assumed 
t h a t  modest s tandards would be less detr imental  t o  t h e  industry than 
l i m i t a t i o n  on operat ion a t  a l l  c r i t i c a l  a i r p o r t s .  
problem were t y p i c a l  of a g r e a t e r  number of regions,  t h e  n a t i o n a l  regu- 
l a t i o n  would, of course,  b e  much more s t r i n g e n t .  To conclude t h i s  a i r  
q u a l i t y  discussion I would l i k e  t o  quote from t h e  preamble of t he  f i n a l  
a i r c r a f t  r u l e  making published on J u l y  1 7 ,  1973. 
t he  r egu la t ions  i t  w a s  concluded t h a t  emissions from a i r c r a f t  and air- 
c r a f t  engines should be reduced t o  t h e  extent  p r a c t i c a b l e  wi th  present 
and developing technology." 
1972, i t  w a s  stated t h a t  t h e  p i s t o n  engine s tandards are considered by 
EPA t o  be a t t a i n a b l e  wi th  e x i s t i n g  technology wi th  some improvement i n  
engine cooling concepts and improved f u e l  management. 
w e r e  a c t u a l l y  e s t ab l i shed ,  assuming t h i s  emission con t ro l  concept, i s  
described i n  the"  following sec t ion .  

I n  a l l  of North Alaska t h e  estimated CO emissions, 

I f  t h e  Fairbanks 

"In the  development of 

I n  t h e  Proposed Rule Making of Dec. 12,  

How t h e  s tandards 

SELECTION OF EMISSION STANDARDS 

A s  a l ready s t a t e d ,  t h e  set of p i s t o n  engine s tandards se l ec t ed  were 
based on a technological ly  f e a s i b l e  and economically reasonable con t ro l  
of carbon monoxide. The approach t o  s e l e c t i n g  t h e  standard can be i l l u s -  
t r a t e d  by returning t o  f i g u r e  1-3. The base l ine  s t u d i e s  revealed t h a t  
p i s ton  a i r c r a f t  ope ra t e  over a wide range of fue l - a i r  r a t i o s .  
l i n e  t e s t i n g  found engines were operat ing i n  t h e  range of fue l - a i r  r a t i o s  
of 0.08 t o  0.14 during ground operations.  
p o t e n t i a l  c o n t r o l  systems i t  w a s  concluded s u b s t a n t i a l  CO reductions 
could be realkzed i f  t h i s  range of t y p i c a l  f u e l  a i r  r a t i o s  could be nar- 

The base- 

Af t e r  reviewing a v a r i e t y  of 



4 

rowed. Thus,improvements i n  f u e l  management w e r e  determined as reason- 
ab le  con t ro l s  t o  impose on a source which has minimal impact on n a t i o n a l  
a i r  q u a l i t y  but  c l e a r l y  s i g n i f i c a n t  impacts on c e r t a i n  c r i t i c a l  locat ions.  
The s e l e c t i o n  of t h e  a c t u a l  levels of t he  s tandards w e r e  based on f ig -  
ure  1-3. The fue l - a i r  r a t i o  of 0.077 t o  0.083 w a s  chosen as a reasonable 
mixture r a t i o  f o r  engine operat ion e s p e c i a l l y  s i n c e  some engines a l r eady  
performed i n  t h i s  range. Thus, using t h e s e  values  and o t h e r  base l ine  en- 
gine c h a r a c t e r i s t i c s ,  t h e  EPA standards f o r  COY HC, and NOx w e r e  calcu- 
l a t e d .  Figure 1-5 i l l u s t r a t e s  t h e  standard s e l e c t i o n  more d i r e c t l y  than 
t h e  previous f igu re .  Here w e  have c h a r a c t e r i s t i c  p i s t o n  engine emissions 
i n  terms of t h e  r egu la to ry  parameter and f u e l - a i r  r a t i o .  A s  shown,the 
average mixture r a t i o  t o  achieve t h e  CO s tandard is about 0.082. This 
value i s  r i c h e r  than both b e s t  power and b e s t  economy. The mixture r a t i o  
t o  achieve t h e  HC standard i s  even r i c h e r ,  thus  f u e l  management c o n t r o l  
t o  achieve t h e  CO levels should e a s i l y  c o n t r o l  t h e  HC emissions. Fig- 
ure  1-6 f u r t h e r  i l l u s t r a t e s  how these  c o n t r o l s  w i l l  i n f luence  engine per- 
formance. A s  shown,current engines ope ra t e  over a wide range of f u e l - a i r  
r a t i o s  i n  the  LTO cyc le .  The emission s tandards narrow t h i s  range forcing 
more of t h e  engines toward t h e  b e s t  economy and b e s t  power operat ing 
poin ts .  

Recognizing t h a t  t h e  a i r c r a f t  p i s t o n  engine has varying ope ra t iona l  
requirements, i t  i s  not  reasonable t o  suggest t h a t  an engine should 
operate  a t  t h e  s a m e  f u e l - a i r  r a t i o  over a l l  operat ing condi t ions.  
i d e n t i f y  t h e  modes which are c r i t i c a l  from t h e  s tandpoint  of achieving 
the  EPA standards,  f i g u r e  1-7 w a s  prepared. Again, t h i s  manipulation of 
da t a  w a s  based on t h e  measurements of in-use engines. The major po in t  
t o  b e  made, is t h a t  t h e  climbout, taxi- idle ,  and approach modes are t h e  
s i g n i f i c a n t  operat ing conditions,  with r e spec t  t o  emissions. Thus, rea- 
sonable f u e l  cooling t o  suppress detonat ion can s t i l l  be u t i l i z e d  f o r  
t he  f u l l  power takeoff mode as long as leaning i s  achieved i n  t h e  o the r  
modes. Figure 1-8 is  an o u t l i n e  of a sample c a l c u l a t i o n  of CO emissions 
r e s u l t i n g  from modal f u e l  management. 

To 

What i s  being suggested i s  a s p e c i f i c  f u e l - a i r  mixture f o r  each 
Based on f i g u r e  1-9 taken from an a i r c r a f t  engine maintenance mode. 

manual, t h i s  i s  apparent ly  not a new concept. It i s  present ly  u t i l i z e d  
t o  achieve design goals o the r  than emissions. A t  low power s e t t i n g s  o r  
low a i r  flow, mixtures are maintained r i c h  t o  produce smooth engine ac- 
c e l e r a t i o n  and possibly cooling. A t  midrange o r  c r u i s e ,  mixtures are 
leaned f o r  economy; and a t  high power modes, mixtures are enrichened 
again f o r  detonat ion suppression. 

The following series of f i g u r e s  1-10 t o  1-12 i l l u s t r a t e  f u e l  flow 
schedules t y p i c a l  of in-use a i r c r a f t .  Again, w e  are deal ing with test  
r e s u l t s  from t h e  base l ine  measurements. 
1-10 supports  t h e  f u e l  flow schedule j u s t  descr ibed (i.e., r i c h  i d l e ,  
l e a n  mid-range, and r i c h  f u l l  power). 
use engines, i t  should be r e c a l l e d  t h a t  t h e  f u e l - a i r  r a t i o  f o r  bes t  
power i s  0.076 fue l - a i r  and bes t  economy is 0.064. 

The 0-200 engine da t a  on f i g u r e  

I n  reviewing t h i s  summary of in- 



5 

It may be poss ib l e  t o  u t i l i z e  these same programming mechanisms 
f o r  emission c o n t r o l s  by improved c a l i b r a t i o n  o r  modified scheduling. 
For ' instance,  a t  t h e  t ax i - id l e  conditions where r i c h  mixtures have 
been used t o  supplement cooling a i r  and provide smooth low power oper- 
a t ion ,  emissions should a l s o  be considered i n  t h e  f u e l  management sys- 
t e m  design. Under approach conditions,  mixtures are general ly  enriched 
t o  provide smooth engine operat ion which w i l l  a s su re  response t o  sudden 
full-power needs. Methods o the r  than r i c h  mixtures such as accelera- 
t i o n  pumps should be sought t o  s a t i s f y  these  design requirements. 

THE FUTURE OF THE STANDARDS 

The s t anda rds . in  e f f e c t  f o r  engines produced after December 31, 
1979, are based on technology which i s  considered f e a s i b l e  f o r  t h e  pis-  
ton engine powered a i rcraf t ;  namely, f u e l  management. The EPA w i l l  con- 
t i nue  t o  monitor progress  of t h e  industry and supporting government 
agencies i n  t h e i r  attempt t o  develop engines capable of complying t o  t h e  
EPA standards.  A s  s t a t e d  i n  t h e  preamble of t h e  f i n a l  r u l e  making, "If 
i t  should become evident t h a t  t h e  standards as promulgated cannot be 
achieved a t  t h a t  t i m e  which are s a f e  and i n  o t h e r  resFects air-worthy, 
add i t iona l  r u l e  making a c t i o n  w i l l  be considered t o  ensure t h a t  t h e  
bes t  technology i s  r e f l e c t e d  i n  t h e  standards." 
p a r t  of t h e  EPA should n o t  be mistaken. W e  continue t o  f e e l  t h e  stand- 
a rds  are achievable with reasonable con t ro l  methods. It w i l l  take sound 
technical  arguments with supporting da ta  t o  modify t h i s  pos i t i on .  The 
f a c t  t h a t  e x i s t i n g  engines cannot be tuned t o  achieve these standards i s  
not  s u f f i c i e n t  reason t o  consider new r u l e  making. It is expected, a t  
least i n  some engine models, t h a t  hardware changes w i l l  be required t o  
achieve t h e  standards.  

This  pos i t i on  on the  

I f  t h e  EPA determined t h a t  a change may be j u s t i f i e d ,  possibly 
st imulated by an industry p e t i t i o n ,  t he  r u l e  making process would be 
i n i t i a t e d  with a Notice of Proposed Rule Making (NPRM). A t  t h a t  t i m e  
information would be s o l i c i t e d  from i n t e r e s t e d  p a r t i e s  which normally 
includes t h e  a f f e c t e d  manufacturers, t h e i r  t r a d e  organizat ions,  environ- 
mental groups and p r i v a t e  c i t i z e n s .  After evaluat ing the  pro and con 
arguments presented i n  response t o  t h e  proposed a c t i o n  and performing in- 
depent t echn ica l  a n a l y s i s  a revised r u l e  making package would be prepared. 
Forums such as w e  are engaged i n  here  are not p a r t  of t he  r u l e  making 
process bu t  do perform a use fu l  means f o r  exchange of t echn ica l  informa- 
t ion. 

A s  some of you may be aware, t h e  EPA recen t ly  held publ ic  hearings 
concerning t h e  a i r c r a f t  t u rb ine  engine standards.  A s  a r e s u l t  of t h a t  
hearing, t h e r e  is  i n  process a thorough assessment of t h e  need / jus t i f i ca -  
t i o n  f o r  a NPRM f o r  modifications of t h e  a i r c r a f t  t u rb ine  engine regula- 
t i ons .  The changes present ly  under considerat ion relate t o  t h e  tu rb ine  
engines; however, t h e r e  i s  one a spec t  of the  p i s ton  standards which may 
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be addressed i n  t h i s  NPRM. A s  is hopefully apparent ,  a f t e r  hearing my 
earlier comments, t he  p i s ton  engine regula t ions  are pr imari ly  d i r ec t ed  
t o  CO cont ro l .  The HC and NO, s tandards were set a t  l e v e l s  an t i c ipa t ed  
as a r e s u l t  of t h e  CO con t ro l s .  A t  t he  t i m e  t h e  s tandards were estab- 
l i shed ,  t h e  general  approach w a s  t o  set con t ro l s  f o r  each of t h e  regu- 
l a t e d  po l lu t an t s ,  p r imar i ly  t o  prevent t rade-offs  t h a t  might unnecessar i ly  
increase  one po l lu t an t  while reducing another.  However, r ecen t ly ,  when 
emission s tandards w e r e  developed f o r  motorcycles , i t  w a s  decided not t o  
set a NOx s tandard because t h e  e f f o r t  t o  c o n t r o l  t h a t  po l lu t an t  from 
motorcycles could not  be j u s t i f i e d  by the  a i r  q u a l i t y  impact ana lys i s  
which had been made. This same argument can be considered r e l a t i v e  t o  
the  p i s ton  a i r c r a f t  regula t ions .  CO is  the  po l lu t an t  of concern. 
Standards f o r  HC and NOx w e r e  set  t o  e s t a b l i s h  "trade-off boundaries." 
Removing these  s tandards a l toge the r  would al low g rea t e r  f l e x i l i b i t y  f o r  
t h e  s e l e c t i o n  of emission con t ro l  systems. 

I f  t h i s  a c t i o n  w e r e  taken, i t  would avoid t h e  discarding by de- 
s igners ,  of good CO con t ro l  systems, which may be marginal i n  compliance 
with the  HC and NO, s tandards.  Also, during f u t u r e  compliance t e s t ing ,  
t he  c o s t s  assoc ia ted  with the  r e j e c t i o n  of an engine f a i l i n g  the  HC o r  
NO, l i m i t s  would be d i f f i c u l t  t o  j u s t i f y  when considering the  b e n e f i t s  
received from s l i g h t  reduct ion i n  HC o r  NO, emissions which may be 
r ea l i zed .  

Whether o r  not EPA as an  organizat ion w i l l  consider removing the  
e x i s t i n g  l i m i t a t i o n s  on HC and NO, emissions from p i s ton  a i r c r a f t  en- 
gines  is  something t h a t  I a m  not  i n  a pos i t i on  t o  say. 
shar ing with you candidly t h e  considerat ions t h a t  I and my col leagues 
are wres t l ing  with a t  the  technica l  s t a f f  level a t  which w e  work. W e  
w i l l  d ig  deeply i n t o  t h e  p o t e n t i a l  a i r  q u a l i t y  impact of any such change 
before  even proposing i t  to  t h e  executive levels of the  EPA, f o r  w e  
know as w e l l  as you t h a t  t he  removal of t h e  HC and NO, s tandards would 
be a complicated process involving inputs  from marry l e v e l s  and organiza- 
t i ons  of t h e  government. 

Rather, I a m  

CONCLUSIONS 

P i s ton  engine l i g h t  a i r c r a f t  axe s i g n i f i c a n t  sources of carbon 
monoxide i n  the  v i c i n i t y  of high a c t i v i t y  general  av ia t ion  a i r p o r t s .  

Subs tan t i a l  reduct ions i n  carbon monoxide can be achieved by f u e l  
mixture leaning using improved f u e l  management systems. 

The air  q u a l i t y  impact of t h e  hydrocarbon and oxides of n i t rogen  
emissions from p i s ton  engine l i g h t  a i r c r a f t  appear t o  be i n s u f f i c i e n t  
t o  j u s t i f y  the  design cons t r a in t s  being confronted i n  present  con t ro l  
system developments. 
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DISCUSSION 

Q - B. Rezy: When you mentioned an average fue l -a i r  r a t i o  of 0.077 t o  
0.083, how w a s  t h a t  average defined? 

A - W. Houtman: 
The da ta  were p lo t t ed  a t  a given power s e t t i n g  and fue l -a i r  r a t i o  
but no t  on a modal basis .  

It w a s  not weighted as i n  t h e  way TCM does t h e i r  work. 

Q - B. Rezy: You are assuming a constant  fue l - a i r  r a t i o  f o r  a l l  modes? 
A - W. Houtman: That would be an e f f e c t i v e  average, yes. 

COMMENT - B. Rezy: 
an equivalence r a t i o  of 1.23, and we w i l l  show later that none of t h e  
emissions were m e t  a t  t h a t  equivalence r a t i o .  

The fue l -a i r  r a t i o  you've mentioned corresponds t o  

Q - K.. Stuckas. You r e fe r r ed  t o  carbon monoxide concentrat ions a t  t h e  
f i v e  a i r p o r t  sites. Were CO emissions a c t u a l l y  measured a t  t hese  
si tes? If  so,  how were you a b l e  t o  determine what proport ions of 
t he  CO levels were due t o  p i s ton  engine a i r c r a f t ?  

A - W. Houtman: No, t h e  CO levels were not  measured f o r  t h i s  study o r  
ana lys i s ;  they were based on FAA s ta t i s t ics  f o r  t he  t r a f f i c  a t  t h e  
f i v e  a i r p o r t s .  W e  looked a t  t h e  types of a i r c r a f t  f l y ing ,  the  d is -  
t r i b u t i o n  of a i r  t r a f f i c ,  and t h e  number of engines on each-a i r -  
c r a f t ;  w e  then broke these  down by engine type, ca lcu la ted  the  
t o t a l s ,  and compared them t o  t o t a l  reg iona l  CO emissionsi There 
are some CO measuring sites near t h e  Van Nuys Airpor t ,  which is one 
of t h e  problem areas. 

Q - K. Stuckas: Were you a b l e  t o  determine what por t ion  of t h e  CO 
levels w a s  due t o  p i s ton  engine a i r c r a f t  as opposed t o  passing 
t r a f f i c ?  

A - W. Houtman: We did  make an  ana lys i s ,  but  i t  w a s  not based on mea- 
surments of 'CO. 
assumptions would be involved. W e  can break i t  up t o  some exten t ,  
and t h a t ' s  what t h e  1 0  percent p i s ton  engine cont r ibu t ion  r e f e r s  to.  

We could c a l c u l a t e  t he  CO, but  again a l o t  of 

COMMENT - M. Steele: The GAMA environmental subcommittee has  reviewed 
t h e  a v a i l a b l e  da t a  f o r  t he  pre-1973 time frame on which i t  is  believed 
t h e  s tandards f o r  a i r c r a f t  p i s ton  engines w e r e  made i n  1973. The re- 
viewer revealed t o  us  t h a t  t h e  dec is ions  were made on very incomplete 
da ta  and a t  a t i m e  when instrumentation and measurement' techniques were 
f a r  from f u l l y  es tab l i shed .  
in t h e  subject .  It is  hoped t h a t  t h e  th ree  agencies w i l l  g ive  c a r e f u l  
considerat ion not  only t o  t h i s  expanded technica l  da t a  base but  a l s o  t o  
t h e  broader aspects of s a fe ty ,  schedules, c o s t s ,  and f a c i l i t y  and man- 
power l imi t a t ions .  
afforded a t  t h i s  meeting and hope t h a t  t h e  information provided w i l l  
assist i n  realist ic dec is ions  on t h e  subjec t  of such na t iona l  concern. 
It is  hoped t h a t  t h e  proceedings w i l l  recognize t h e  f a c t  t h a t  general  
av ia t ion  is  only a s m a l l  p a r t  of t h e  na t iona l  t r anspor t a t ion  system amd 
t h a t  a i r c r a f t  p i s ton  engine po l lu t ion  l e v e l s  should be placed i n  t r u e  

Today the re  is  a g r e a t l y  expanded knowledge 

The member companies of GAMA welcome t h e  opportuni ty  



9 

perspect ive with r e spec t  t o  t h e  rest of t h e  t r anspor t a t ion  system and 
the  respected emission improvements be der ived therefrom. 

Q - D. Powell: Was t h e  1 percent  CO i n  t h e  v i c i n i t y  of the a i r p o r t s  
based o n " t h e  ca l cu la t ed  emissions from t h e  a i r c r a f t  and then divided 
by some area, and what w a s  t h e  area of t h e  a i r p o r t  i n  square miles? 

The 1 percent value is based on t h e  a i r  q u a l i t y  region 
where t h e  a i r p o r t  i s  located. 
located i n  t h e  Los Angeles a i r  q u a l i t y  region and t h e  CO emissions 
are of that order.  These are estimated projected emissions f o r  
1985. One EPA estimate of t h e  CO emissions i n  1985 f o r  a given 
model is about 1 000 000 tons a year compared t o  less than 10 000 
tons f o r  Van Nuys alone. 
and not  a r eg iona l  problem. 
s idered t o  be cr i t ical .  

A - W. Houtman: 
For in s t ance ,  t h e  Van Nuys Airport  is 

The concentrat ion of CO is  a l o c a l  problem 
This is  why t h e  HC and NOx are not con- 

Q - D. Powell: T w a s  t r y i n g  t o  g e t  some idea  of how l a r g e  an area t h e  

A - W. Houtman. Possibly 100 square m i l e s ,  I ' m  not  s u r e  what t he  Los 
CO w a s  spread over. 

Angeles region is. 
i n  the  Los Angeles a i r  q u a l i t y  con t ro l  region, but j u s t  a t  one of t he  
a i r p o r t s .  There are o the r  general  a v i a t i o n  a i r p o r t s  i n  t h a t  a i r  
q u a l i t y  region and i f  w e  summed these i t  would s t i l l  be of t h e  o rde r  
of 1 t o  3 percent. 

We d idn ' t  take a l l  t h e  general  a v i a t i o n  t r a f f i c  

Q - L. Duke: 

A - W. Houtman: Even by 1985 t h e r e  w f l l  be  very l i t t l e  impact of t h e  

Were these  p ro jec t ions  f o r  1985 based on having a i r c r a f t  
c o n t r o l s  o r  standard a i r c r a f t  compared aga ins t  automotive controls?  

a i r c r a f t  s tandards because f i r s t  they don't become e f f e c t i v e  u n t i l  
e s s e n t i a l l y  1980 and then 5 years  of production compared t o  t h e  
t o t a l  a i r c r a f t  population would not be very much. 

Q - R. Tucker: I ' d  l i k e  t o  make A general  comment concerning t h e  in fo r -  
mation you have on f i g u r e  2 on the  CO level f o r  t he  10-520. You 
state t h a t  i t  i s  a l ean  climb and I assume t h a t  i t  i s  b a s i c a l l y  a 
base l ine  mode cyc le  with t h e  climb mode leaned out .  

c e r t a i n l y  a base l ine  engine. 
A - W. Houtman: I don't recall a c t u a l l y  but I suspect t h a t ' s  i t .  It's 

Q - R. Tucker: Comparing these  da t a  t o  our 10-520 da ta ,  w e  have a value 
i n  the  same u n i t s  of 0.079 €or  basel ine.  I f  a l l  t h e  modes w e r e  
leaned out t o  t h e  point  of Imposing a s a f e t y  problem t h e  CO va lue  
would be 0.035 and t h e  l ean  l i m i t  o f . o u r  model spec gave us  a 60 
level of 0.053. All t h r w  nf those are considerably larger than 
t h e  0.028 t h a t  you quoted there .  

A - W. Houtman: It 's $from t h e  da t a  taken a t  the  t i m e .  I t ' s  e i t h e r  from 
t h e  Cornel1 r e p o r t  o r  possibly from the  Continental  data. 

Q - R. Tucker: I would l i k e  t o  know what t h e  information i n  f i g u r e  3 is  
based on. 
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A - W. Houtman: This w a s  taken from t h e  Sco t t  r epor t  i n  which a l l  t h e  
da t a  w e r e  p lo t ted .  
corner p l o t s  q u i t e  w e l l .  
and NOx, but  t h e r e  is another  curve f o r  carbureted engines and in- 
j e c t e d  engines. 
engine curve you ' l l  see t h a t  they a l l  f a l l  on each other .  
CO curve is p r e t t y  good. 
engines p l o t  q u i t e  w e l l  as a s t r a i g h t  l i n e .  

You can see t h e  CO da ta  up i n  t h e  upper l e f t  
You might g ive  some argument on the HC 

I f  you overlay t h e  in j ec t ed  on t h e  carbureted 
So t h e  

The da ta  f o r  t h e  i n j e c t e d  and carbureted 
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Van Nuys 

Tamiami  

A i r  P o l l u t i o n  Contr ibut ion of P i s ton  Engine 
A i r c r a f t  a t  Five Selected Ai rpor t s  

HC 
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- Year - Rank - 

31 1974 35 
1980 55 
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(2 a i r p o r t s )  1980 84 

1985 94 
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Figure 1-4 
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2. APPLICATION OF AUTOMOBILE EMISSION CONTROL TECHNOLOGY 

TO LIGHT PISTON AIRCRAFT ENGINES 

David Tripp and George Kittredge 

Office of Mobile Source Air Pollution Control 
U.S. Environmental Protection Agency 

INTRODUCTION 

The interest of the Federal Government in the subject of pollutant 
emissions from aircraft powerplants was stimulated by the Air Quality 
Act of 1967, which required the (then) National Air Pollution Control 
Administration of the Department of Health, Education, and Welfare to 
carry out a study and prepare a report describing the environmental ef- 
fects of emissions from aircraft and suggesting methods for reducing 
aircraft emissions. 

In this study (ref. l), some attention was given to horizontally 
opposed piston engines powering light aircraft, although there were no 
experimental data available to support this discussion. Consequently, 
it was simply estimated that the rich air-fuel mixtures which are char- 
acteristic of all known light aircraft powerplants would cause them to 
have relatively high carbon monoxide and hydrocarbon emissions, but low 
nitrogen oxide emissions, compared to automobiles of that period (1968). 
In this report, it was assumed that to reduce these emissions it would 
be necessary to employ exhaust system reactors of some type, because the 
basic design and operating characteristics of the engines could not 
safely be altered. 

To respond to the need for emissions data on this type of power- 
plant, a flight test program was initiated in 1969 through a contract to 
Scott Research Laboratories of Plumsteadville, Pennsylvania. In this 
project, nine light aircraft representing various configurations and 
powerplant types were operated through a standard landing/takeoff cycle 
during which samples were taken from the exhaust stream for pollutant 
analysis. The report describing this work (ref. 2) verified that the 
carbon monoxide emissions over the LTO cycle were quite high compared to 
automobiles, hydrocarbon'emissions were about the same and nitrogen oxide 
emissions were very low. 
some attention was paid to the potential of "leaning" the engine air-fuel 

In considering potential control technology, 
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ratio at nonpeak power engine operating modes, particularly at idle 
and taxi, but most attention was paid to the possibilities offered by 
exhaust system reactors of either catalytic or thermal types. 

During the study carried out in 1971 in response to the varied 
aircraft requirements of the Clean Air Act of 1970, further attention 
was given to documenting both the basic emissions characteristics of 
existing light aircraft power plants (described in another paper) and 
to methods for their reduction upon which emissions standards could be 
based. At the same time, a project was initiated under contract to 
Bendix Research Laboratories, Southfield, Michigan, to investigate ex- 
perimentally the levels of emissions achievable by modifying light air- 
craft engines to permit the installation of emissions control devices 
such as air pumps and thermal and catalytic reactors. The influence on 
emissions of variations in engine adjustments such as air-fuel ratio and 
ignition timing was also studied. The results of this work showed 
(ref. 3) that various combinations of air-fuel ratio settings and operat- 
ing modes existed with the two engines tested which successfully reduced 
the emissions to values at or below the levels subsequently promulgated 
as federal standards. The exhaust treatment approaches also were suc- 
cessful in reducing emissions, to varying degrees, but not with suffi- 
ciently greater effectiveness to offset their added expense, weight, 
and bulk. The study concluded that "further investigation of piston en- 
gine emissions should initially emphasize fuel and air management over 
exhaust treatment as the most promising approach to the control of emis- 
sions from light piston engine aircraft." It was pointed out that if 
engine overheating or other considerations interferred with satisfactory 
lean mixture operations, additional measures short of "add-on" exhaust 
treatment devices would be to "improve air-fuel preparation and distribu- 
tion for more precise control of the mixture in individual cylinders. 
This would allow increased average leanness with minimum increases in in- 
dividual cylinder and exhaust port temperatures." 

Therefore, the approaches considered by EPA as potentially useful 
for reducing emissions from light aircraft powerplants ranged from an 
early emphasis on exhaust treatment only to an ultimate preference for 
mixture enleanment coupled with whatever ancillary improvements in air- 
fuel mixture preparation, distribution, and engine cooling as were needed 
to permit such enleanment. The control of hydrocarbon emissions through 
retarded ignition timing, in contrast, has never been of particular in- 
terest to the EPA as applied to aircraft engines, because of its predicted 
ineffectiveness with the very rich mixtures characteristic of aircraft 
engines and because of the need to minimize degradation of engine power 
and fuel consumption performance. 

Since the time of publication of these earlier reports, intensive 
engineering studies have been carried out by all of the auto makers to 
develop technology capable of achieving the extremely low emissions re- 
quirements for such vehicles required by the Clean Air Act. 
perspective of having studied and evaluated the approaches being taken 

From the 
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by the  automakers, it is now poss ib le  t o  take  another look a t  the  par- 
t i c u l a r  problems posed by reduct ion of emissions from l i g h t  a i r c r a f t  
powerplants. 

CHARACTERISTICS OF AIRCRAFT ENGINES WHICH INFLUENCE THE 

DESIGN OF EMISSIONS CONTROLS 

This s e c t i o n  w i l l  review some of t h e  bas i c  considerat ions which 
s t rongly  inf luence  t h e  types of emissions con t ro l  approaches which can 
be considered f o r  l i g h t  a i r c r a f t  p i s ton  engines. 

The f i r s t  of t hese  is  t h a t  a i r c r a f t  engines,  i n  con t r a s t  t o  t h e i r  
automobile counterpar ts ,  must be designed t o  opera te  a t  maximum power 
condi t ions p a r t  of t h e  t i m e  during every s i n g l e  f l i g h t ,  while t h e r e  are 
probably automobile engines i n  se rv i ce  which never experience maximum 
power operat ion.  To ensure s a f e  and r e l i a b l e  operat ion under these  con- 
d i t i o n s ,  r i c h  a i r - f u e l  r a t i o s  are employed t o  help maintain s a f e  cy l inder  
temperatures and t o  prevent detonat ion,  keeping i n  mind t h a t  a l l  modern 
a i r c r a f t  p i s ton  engines employ a i r  cooling. These r i c h  mixtures cause 
high carbon monoxide and hydrocarbon emissions. The p o t e n t i a l  f o r  re- 
duced emissions through operat ion a t  leaner  mixtures a t  maximum power 
conditions,  i s  l imi t ed  by the  ex ten t  t o  which cy l inder  cooling can be 
improved by o ther  measures. ( I n  con t r a s t ,  t h e r e  i s  much more l a t i t u d e  
f o r  con t ro l l i ng  these  two po l lu t an t s  by employing leaner  mixtures a t  a l l  
o ther  power condi t ions,  where cooling is not so c r i t i c a l  a problem.) 

To maximize t h e  power ava i l ab le  t o  m e e t  takeoff requirements, va lve  
timing is  usua l ly  optimized f o r  h ighes t  s p e c i f i c  output a t  high perform- 
ance condi t ions,  which leads  t o  high carbon monoxide and hydrocarbon 
l e v e l s  (but low ni t rogen oxide l e v e l s )  a t  low power condi t ions.  A com- 
promise i n  valve timing t o  improve emissions would r equ i r e  s a c r i f i c e s  i n  
peak power performance which are probably unacceptable. 

Minimization of powerplant weight and bulk is  a key cons t r a in t  i n  a l l  
aeronaut ica l  propulsion appl ica t ions ;  t h i s  cons t r a in t  l i m i t s  t h e  use of 
emissions con t ro l  devices which represent  new addi t ions  t o  the  bas i c  en- 
gine (as opposed t o  redesign of e x i s t i n g  engine components). Examples 
of such emissions con t ro l  devices include thermal r eac to r s ,  c a t a l y s t s ,  
and a i r  i n j e c t i o n  systems. 
excluded from considerat ion,  they should be c a r e f u l l y  screened f o r  t h e i r  
a b i l i t y  t o  do t h e  job  wi th  the  least adverse impact on weight and space. 

While such devices should not be absolu te ly  

The wide range of environmental condi t ions which may be encountered 
by a i r c r a f t  powerplants must be considered when developing the  emissions 
con t ro l  system. 
3000 f e e t ,  i t  must be compatible i n  a l l  r e spec t s  with t h e  t o t a l  a i r c r a f t  
operat ing environment. 

Even though it need only func t ion  a t  a l t i t u d e s  under 
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On the  p lus  s i d e ,  t h e r e  are c e r t a i n  c h a r a c t e r i s t i c s  of l i g h t  air- 
c r a f t  powerplants which tend t o  work i n  favor  of achieving and main- 
t a in ing  low emissions, which do not e x i s t  wi th  automobile powerplants. 
These include t h e  following: 

(1) Careful ly  cont ro l led  preventa t ive  maintenance programs are 
required of a l l  a i r c r a f t  components f o r  s a f e t y  and r e l i a b i l i t y .  
should help t o  ensure t h a t  any i n i t i a l  level of emissions cont ro l  
achieved with new engines w i l l  be maintained i n  se rv i ce  t o  a much 
g rea t e r  degree than i s  c h a r a c t e r i s t i c ,  unfortunately,  of automobiles. 

This  

(2) The normal p r a c t i c e  of u t i l i z i n g  dual ,  independent i g n i t i o n  
systems wi th  two spark plugs per  cy l inder  a l s o  should con t r ibu te  t o  
maintenance of low emissions l e v e l s  i n  se rv i ce ,  as w e l l  as helping t o  
minimize a quenching of hydrocarbon oxidat ion r eac t ions  i n  t h e  combus- 
t i o n  chamber. 

(3) The lesser degree of engine operat ion under t r a n s i e n t  speed/ 
load condi t ions compared t o  automobiles should minimize some of t h e  
problems i n  t h e  area of "dr iveabi l i ty"  o r  engine responsiveness which 
have required much a t t e n t i o n  i n  the  engineering of in tegra ted  emissions 
con t ro l  systems f o r  automobiles. I n  terms of t h e  EPA Standards, t he  
absence of a requirement t o  minimize emissions from l i g h t  a i rcraf t  en- 
gines  under cold start condi t ions e l imina tes  one major and d i f f i c u l t  
requirement which the  auto makers have had t o  respond to .  

DISCUSSION OF POTENTIALLY APPLICABLE EMISSION CONTROL TECHNOLOGY 

This s e c t i o n  w i l l  address  t h e  a l t e r n a t i v e  emission con t ro l  ap- 
proaches a v a i l a b l e  f o r  l i g h t  p i s ton  a i r c r a f t  usage. 

Air-Fuel Rat io  Enleanment 

Air-fuel enleanment w i l l  be the f i r s t  emission con t ro l  approach 
This i s  appropr ia te  because a i r - fue l  r a t i o  enlean- t o  be discussed. 

ment is  both an important con t ro l  technique by i t s e l f  and is  in t imate ly  
r e l a t e d  t o  o the r  con t ro l  approaches. The general  r e l a t ionsh ips  between 
a i r - f u e l  r a t i o  and t h e  important parameters of brake s p e c i f i c  emissions 
and f u e l  economy are shown i n  f i g u r e  2-1 ( r e f .  3 ) .  

The technique of running t h e  engine with less excess f u e l  has o ther  
bene f i t s  besides  j u s t  emission cont ro l .  Figure 2-1 shows t h e  same trend 
t h a t  is w e l l  known f o r  most conventional engines - l eaner  operat ion 
toward s to ich iometr ic  from t h e  r i c h  s i d e  improves f u e l  economy. 
f u e l  consumption b e n e f i t s  ob ta inable  from leaner  engine operat ion may 
warrant cons idera t ion  f o r  implementation from a f u e l  conservation stand- 

The 
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po in t  alone, even i f  t he re  were no concern f o r  emission cont ro l .  

During t h e  Landing Take-Off (LTO) cyc le ,cur ren t  l i g h t  p i s ton  air- 
c r a f t  (LFA) genera l ly  opera te  with a i r - fue l  r a t i o s  i n  t h e  range of 
1 O : l  t o  1 2 : l  ( r e f .  4). Based on t h i s  knowledge and the  previous f igu re ,  
one draws the  immediate conclusion t h a t  a i r - f u e l  r a t i o  enleanment is a 
f e r t i l e  area of p o t e n t i a l  cont ro l .  
knowledged by a l l ,  controversy exis ts  regarding t h e  degree t o  which 
enleanment can be s a f e l y  and e f f e c t i v e l y  u t i l i z e d .  
r a the r  complex s i t u a t i o n ,  one must f i r s t  have a good understanding of 
why cu r ren t  LPA opera te  a t  such a r i c h  a i r - fue l  r a t i o  during t h e  LTO. 
The answer t o  t h i s  i s  t h a t  enrichment is a cheap and e f f e c t i v e  means of 
overcoming f u e l  metering and overheating problems. 

While t h i s  f a c t  appears t o  be ac- 

To comprehend t h i s  

Fuel metering problems. - The p r inc ipa l  f u e l  metering problems as- 
soc ia ted  with carbureted LPA are poor d i s t r i b u t i o n  and t ranspor t  l a g .  
Both arise from t h e  f a c t  t h a t  carbure tors  are not  t o t a l l y  e f f e c t i v e  i n  
vaporizing f u e l  and as a r e s u l t  t he  carburetor  de l ive r s  t o  the  in take  
manifolding a nonhomogeneous mixture of a i r  along with f u e l  i n  t h e  va- 
por, l i q u i d  and drople t  forms. For e f f i c i e n t  engine performance, t h e  
manifolding must d e l i v e r  under both s teady-state  and t r ans i en t  condi- 
t i ons  an accurate ,  equal por t ion  of t h i s  mixture t o  each cyl inder .  Un- 
f o r t u n a t e l y , t h i s  nonhomogeneous mixture does not behave w e l l  i n  terms 
of flowing over t h e  long d is tances  typ ica l  of LPA in t ake  manifolds 
and ad jus t ing  t o  t r a n s i e n t  operat ion and d i f f e r i n g  flow rates. The in- 
take manifold runners of LPA engines are s i g n i f i c a n t l y  longer than auto- 
motive type runners a s  a consequence of the  bas i c  engine configurat ion.  
Automotive engines are general ly  of an in- l ine  o r  Vee construct ion with 
the  in take  manifold on t h e  s i d e  i n  the  case of t h e  in- l ine  o r  nes t led  
between the  cy l inder  banks of t h e  Vee. I n  c o n t r a s t  modern LPA engines 
a r e  exclusively of t he  opposed cyl inder  design. Feeding the  cy l inders  
of an opposed engine with a s i n g l e  carburetor  requi res  t h a t  t he  in take  
manifold passages span the  d is tance  from t h e  cen te r l ine  of the  crackshaft  
t o  t h e  cyl inder  hesds , in  addi t ion  t o  t h e  f u l l  lengthwise dimension of 
the engine. Automotive manifolds general ly  only have t o  cover t h e  
lengthwise dimension. The r e s u l t  is unequal cy l inder  t o  cy l inder  air- 
f u e l  r a t i o  d i s t r i b u t i o n  and poor t r ans i en t  performance (e.g., momentary 
enleanment under rap id  t h r o t t l e  opening). 

To o f f s e t  t hese  problems, LPA engine manufacturers have ca l ib ra t ed  
t h e i r  carbureted engines with very r i c h  mixtures so t ha t  even under t h e  
worst combination of t h e  condi t ions LPA engines would not s u f f e r  from 
poor responsiveness under t h e  f luc tua t ing  t h r o t t l e  requirements of 
landing and takeoff operat ions.  
do not  s u f f e r  as much from t h e  mald is t r ibu t ion  and t ranspor t  l a g  of 
carbureted engines. They do, however, have problems associated with 
condi t ions of low f u e l  flow. To e f f e c t i v e l y  atomize the  f u e l ,  t h e  f u e l  
i n j e c t o r  nozzle must e m i t  t h e  f u e l  i n  a f i n e  spray. 
r en t  systems a t  low flow condi t ions f requent ly  e m i t  t h e  f u e l  as a weak 

Fuel i n j ec t ed  engines f o r  LPA probably 

Unfortunately, cur- 
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stream o r  d r ibb le .  Curing t h i s  problem is considered t o  be a s t r a i g h t -  
forward matter of improving nozzle design and i n j e c t i o n  pressure r a t i o s  
( r e f .  5). 

Another f a c t o r  t h a t  comes i n t o  play i n  LPA f u e l  metering i s  t h e  
e f f e c t s  of varying a i r  and f u e l  densi ty .  
provide enough margin of r i chness  t o  overcome a l l  t h e  combined condi- 
t i o n s  of high and low a l t i t u d e ,  w a r m  and cold a i r ,  and warm and cold 
f u e l .  This problem i s  g r e a t l y  reduced by automatic mixture con t ro l ,  
which automatical ly  compensates f o r  changes i n  barometric pressure and 
f u e l  temperature. 
and carburet ion systems. 

LPA engine manufacturers must 

This  concept can be appl ied t o  both f u e l  i n j e c t i o n  

I f  i t  is  presumed t h a t  t h e  LPA industry and t h e i r  normal s u p p l i e r s  
can so lve  t h e  temperature and pressure compensation and f u e l  i n j e c t i o n  
d r i b b l e  problems, then t h e  remaining problems r e l a t e d  t o  LPA engine 
responsiveness under enleaned conditions are 
t r anspor t  l a g  problems. 

Techniques t o  he lp  solve these  problems 
automotive technology. These techniques f i t  
go r i e s  of (1) improved f u e l  metering and (2) 
management and d i s t r i b u t i o n  

f u e l  rnaldistribution and 

can be ex t r ac t ed  from 
i n t o  t h e  general  cate- 
improved f u e l  a i r  mixture 

(1) Improved f u e l  metering: A s  previously discussed, f u e l  in- 
j e c t i o n  has important inherent  advantages over carburet ion i n  LPA 
appl icat ions.  Thus one l o g i c a l  approach t o  improve LPA f u e l  meter- 
ing  would be t o  expand t h e  usage of f u e l  i n j e c t i o n  systems. I f  
LPA manufacturers elect t o  r e t a i n  carburet ion,  a t t e n t i o n  should 
be devoted t o  improvement i n  the  areas of a c c e l e r a t i o n  enrichment 
and power enrichment. 

To understand t h e  need f o r  and r o l e  of acce le ra t ion  enrich- 
ment one must f i r s t  understand t h a t  the a i r - f u e l  mixture moves 
through t h e  i n t a k e  manifolding as a combination of vapor, l i qu id ,  
and d rop le t s .  Due t o  t h e  dynamics of t h e  s i t u a t i o n ,  t h e  l i q u i d s  
and d r o p l e t s  travel a t  a slower rate than t h e  a i r .  A s  t h e  t h r o t t l e  
i s  opened t o  provide increased power t h e  manifold absolute  pres- 
su re  increases .  This causes some of t h e  vapor and d rop le t s  t o  
condense and merge i n t o  t h e  f i l m  t h a t  i s  moving along t h e  manifold 
w a l l s .  Since t h i s  f i l m  is t r a v e l i n g  much slower than t h e  a i r ,  
t he re  occurs a f u e l  t r anspor t  l a g .  
s t a l l a t i o n s  i n  a s i m i l a r  manner and i t  is  counteracted by accel- 
e r a t i o n  enrichment. Generally taking t h e  form of an  acce le ra to r  
pump, a c c e l e r a t i o n  enrichment meters i n t o  t h e  in t ake  a i r  stream a 
spray of f u e l  proport ionate  t o  t h e  rate of t h r o t t l e  opening. This  
spray of f u e l  helps  make up f o r  t he  f u e l  t h a t  condensed i n t o  t h e  
w a l l  f i lm.  

This  occurs i n  automotive in- 
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Power enrichment is  intended t o  t a i l o r  t h e  a i r - fue l  mixture 
t o  t h e  power demands of the engine. A t  low power, t h e  a i r - f u e l  
r a t i o  can b e  i n  a r e l a t i v e l y  l e a n  regime; when t h e  operator  de- 
mands f u l l  power, the f u e l  metering system can be designed t o  
automatical ly  enrichen t h e  mixture. This  is usual ly  accomplished 
by having a n  enrichment c i r c u i t  ac t iva t ed  by l a r g e  t h r o t t l e  open- 
ings.  

Fuel i n j e c t e d  engines a l s o  need power enrichment and it  is 
understood t h a t  some LPA f u e l  i n j e c t i o n  systems have t h i s  f e a t u r e  
a t  present.  It would appear t o  be d e s i r a b l e  f o r  a l l  LPA f u e l  in- 
j e c t i o n  systems t o  have t h i s  f ea tu re .  

A r ecen t  inovat ion i n  f u e l  metering is  a carburetor  t h a t  
makes use  of a s tanding son ic  wave i n  t h e  carburetor  t h r o a t  t o  
improve f u e l  atomization. Figure 2-2 shows t h e  operat ing prin- 
c i p l e  behind a sonic  carburetor  developed by Dresser Indus t r i e s .  

The Dresser concept is  t o  achieve f i n e  f u e l  atomization over 
a wide range of operat ing conditions by maintaining a choked flow 
condi t ion i n  the  carburetor  t h roa t  and metering f u e l  upstream of 
t h e  th roa t .  The f u e l  must pass  through t h e  shock wave t h a t  occurs 
when t h e  flow goes subsonic i n  t h e  d i f f u s e r  which i s  located down- 
stream of t h e  th roa t .  The extremely f i n e  d rop le t  s i z e s  reportedly 
created by the  Dresserator (10-u diam) allow uniform a i r - f u e l  r a t i o s  
t o  be achieved during warmup and t r a n s i e n t  conditions t h a t  cause 
v a r i a b i l i t y  problems with conventional carburetors .  

Another recent  development i n  f u e l  metering i s  a hybrid be- 
tween carburet ion and f u e l  i n j ec t ion .  Commonly known as s i n g l e  
point  i n j e c t i o n ,  i t  u t i l i z e s  f u e l  i n j e c t i o n  techniques f o r  deter-  
mining t h e  f u e l  flow rate and i t  uses a pressurized nozzle f o r  in- 
troducing f u e l  i n t o  t h e  a i r  stream. It departs  from f u e l  injec-  
t i on ,  however, by i n j e c t i n g  t h e  f u e l  a t  a c e n t r a l  l oca t ion  i n  t h e  
in t ake  manifold. An example of t h i s  type system i s  i l l u s t r a t e d  i n  
f i g u r e  2-3. 

(2) Improved f u e l  mixture management and d i s t r i b u t i o n :  The 
opposed cy l inde r  layout  of LPA engines makes r a t h e r  long in t ake  
manifold runners unavoidable. A s  explained before ,  t hese  runners 
con t r ibu te  t o  ma ld i s t r ibu t ion  and t r anspor t  l a g  problems. Fuel 
i n j e c t i o n  helps  t o  circumvent t h e  problem since it  injects t h e  
f u e l  a t  t h e  in t ake  po r t .  The problems can be minimized with car- 
bureted systems by mounting t h e  carburetor  c e n t r a l l y  over t h e  en- 
gine.  This w i l l  al low t h e  manifold runners t o  be made as equiva- 
l e n t  i n  l eng th  as possible .  Manifold heat ing would a l s o  assist 
i n  improving vaporizat ion and reducing t h e  w a l l  f i l m  e f f e c t .  

Another approach t o  c o r r e c t  t h e  vaporizat ion and d i s t r i b u t i o n  
problems is to  improve t h e  mixing of the air-fuel mixture i n  t h e  in- 
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take manifold and thereby produce a b e t t e r  atomized, more homogeneous 
mixture. 
t o  accomplish t h i s .  
t u r e s  of t h e  TFS: 
change of flow d i r e c t i o n  i n  t h e  mixing box, and t h e  secondary v e n t u r i  
bypass. The long mixing tube allows t h e  a i r - f u e l  mixture downstream of 
t h e  t h r o t t l e  t o  become more uniform. Changing t h e  flow d i r e c t i o n  in- 
creases turbulence which improves t h e  mixture q u a l i t y  and causes l a r g e  
f u e l  d r o p l e t s  t o  f a l l  onto t h e  mixing box f l o o r  
before  r een te r ing  t h e  stream. The secondary flow bypasses t h e  mixing 
box t o  minimize pumping lo s ses ,  thus minimizing l o s s e s  i n  volumetric ef- 
f i c i ency  . 

Ethyl  Corporation has  developed a tu rbu len t  flow system (TFS) 
Shown i n  f i g u r e s  2-4 and 2-5 are t h e  e s s e n t i a l  fea- 

t h e  long mixing tube below t h e  primary ven tu r i ,  t he  

where they are vaporized 

Overheating problems. - A s  s t a t e d  earlier, LPA engines u t i l i z e  r i c h  
a i r - f u e l  r a t i o s  t o  overcome overheating problems i n  add i t ion  to  f u e l  
metering problems. 

It i s  w e l l  known t h a t  r i c h e r  mixtures burn a t  lower temperatures. 
The explanation f o r  t h i s  i s  t h a t  t h e  su rp lus  f u e l  consumes thermal en- 
ergy during i t s  vaporizat ion and heat ing i n  t h e  combustion chamber. 
LPA engine i n s t a l l a t i o n s  have t r a d i t i o n a l l y  used enrichment t o  overcome 
t h e  high cooling requirements of t h e  takeoff and climbout modes. 
ment t o  reduce emissions w i l l  i nc rease  t h e  cool ing requirements and i n  
some i n s t a l l a t i o n s  overtemperature condi t ions may be experienced. 
l u t i o n  t o  t h i s  problem would be t o  improve the  engine's  a b i l i t y  t o  cool  
i t s e l f  and/or t o  improve t h e  engines tolerance t o  high temperatures. 
One approach t o  improving t h e  engine's  a b i l i t y  t o  cool  i t s e l f  would be 
t o  b e t t e r  optimize t h e  cooling f i n  configurat ions.  Improvements may be 
poss ib l e  i n  t h i s  area. 
vers ion of t h e i r  541 series engine which f e a t u r e s  increased spacing be- 
tween t h e  cooling f i n s .  Similar ly ,  Teledyne's new Tiara series engine 
has increased f i n  spacing. The theory behind t h e s e  new f i n  designs i s  
t h a t  t he  g r e a t e r  f i n  spacing w i l l  present less r e s i s t a n c e  t o  t h e  cooling 
a i r  flow and w i l l  thereby increase t h e  flow and improve cooling. A fun- 
damental l i m i t i n g  condi t ion i n  t h e  a b i l i t y  of LPA engines t o  cool  satis- 
f a c t o r i l y  i s  t h e i r  s o l e  r e l i a n c e  upon r a m  a i r  flow from t h e  p rope l l e r .  
A very s i g n i f i c a n t  improvement i n  cooling would r e s u l t  from t h e  adoption 
of an  engine powered cooling f an .  This change may r e s u l t  i n  weight, 
cos t ,  and r e l i a b i l i t y  pena l t i e s ,bu t  t hese  might be more than o f f s e t  by 
the  improved cooling and r e s u l t a n t  fmproved power and f u e l  economy dur- 
ing  LTO operations.  
powered by LPA engines. 

Enlean- 

A so- 

Avco has r ecen t ly  developed a "low drag head" 

Cooling f ans  are p resen t ly  used i n  h e l i c o p t e r s  

Another approach t o  improving cooling would be t o  improve the  hea t  
t r a n s f e r  from t h e  cyl inder  b a r r e l .  Currently a l l  cyl inder  b a r r e l s  ex- 
cept those on t h e  Teledyne Continental  Motors Tiara engines are of a 
one piece s teel  construct ion.  
is a r e l a t i v e l y  poor heat  conductor. 
approach used by Porsche on t h e i r  air-cooled Carrera engines. 
uses a n  aluminum cyl inder  b a r r e l  which has  exce l l en t  heat- t ransfer  char- 

S t e e l  has t h e  needed w e a r  r e s i s t a n c e  but  
A b e t t e r  arrangement might be t h e  

Porsche 
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acteristics and a p p l i e s  a hard n i c k e l  a l l o y  coat ing t o  t h e  surfaces  
exposed t o  wear. While i t  i s  recognized t h a t  t he  most c r i t i ca l  over- 
heat ing problems are experienced i n  t h e  cy l inde r  head area, no t  i n  t h e  
cyl inder  b a r r e l ,  t h e  aluminum cy l inde r  b a r r e l  could help a l leviate  t h e  
s i t u a t i o n  by conducting hea t  away from t h e  head area. A s i g n i f i c a n t  
c o s t  reduct ion might r e s u l t  from t h e  changeover from t h e  very expensive 
process of machining t h e  steel cy l inde r s  from s o l i d  s tock  t o  c a s t i n g  
them i n  aluminum. 

Another approach i s  one t h a t  has been adopted by t h e  U.S. Army on 
t h e i r  air-cooled d i e s e l  tank engines. The technique i s  t o  cast a 
hemispherically shaped a l l o y  steel cap i n t o  t h e  combustion chamber. 
This cap i s  welded t o  t h e  steel cyl inder  l i n e r  and i s  temperature and 
w e a r  r e s i s t a n t .  
by Teledyne Continental  Motors. 

It is c a l l e d  t h e  Unisteel  Cylinder and is  manufactured 

Another technique which w i l l  lower t h e  cooling requirements of t h e  
c r i t i c a l l y  important exhaust p o r t  area is  t h e  use  of exhaust po r t  l i n e r s .  
Figure 2-6 shows a r e l a t i v e l y  simple, example of one. Exhaust p o r t  l i n e r s  
can be double walled wi th  an  a i r  gap o r  they may use an i n s u l a t i v e  ma- 
t e r ia l  such as Kaowool. Conceived o r i g i n a l l y  as a means of conserving 
exhaust gas heat  t o  promote a f t e r  r eac t ion  of po l lu t an t s ,  exhaust po r t  
l i n e r s  e f f e c t i v e l y  reduce t h e  hea t  t r a n s f e r  t o  the  exhaust passage area. 
Of course, aconcurrent  b e n e f i t  of exhaust p o r t  l i n e r s  i s  t h a t  by con- 
serving t h e  exhaust gas hea t  t h e  e f f ec t iveness  of a f t e r r e a c t i o n  tech- 
niques f o r  HC and 60 reduction can be dramatically improved. This  i s  
f u r t h e r  discussed i n  t h e  following sect ion.  

A i r  I n j e c t i o n  

Secondary a i r  i n j e c t i o n  has been used as an  e f f e c t i v e  HC and CO 
c o n t r o l  device s i n c e  t h e  l a t e  1960's. 
int roduct ion of a i r  i n t o  t h e  exhaust stream i n  t h e  v i c i n i t y  of t h e  ex- 
haust por t .  This  s e rves  t o  promote t h e  a f t e r r e a c t i o n  of HC and CO. 
The a i r  is  supplied by a n  engine dr iven pump. This technique appears t o  
p a r t i c u l a r l y  appropr i a t e  t o  LPA because of t h e i r  very r i c h  operat ion and 
r e s u l t a n t  l ack  of oxygen i n  t h e  exhaust. 

The fundamental technique i s  t h e  

When operated a t  t h e  r i c h  a i r - f u e l  r a t i o s  t y p i c a l  of current  LPA 
engines during LTO cyc les ,  t he  exhaust gas temperatures may be too low 
during low power modes t o  achieve s i g n i f i c a n t  a f t e r r e a c t i o n .  This may 
be counteracted, in  p a r t  a t  l e a s t y b y  enleanment which w i l l  raise t h e  ex- 
haust  gas temperature. Another means of r a i s i n g  exhaust gas tempera- 
t u r e  i s  through t h e  use  of exhaust po r t  l i n e r s .  

Discussed i n  the  previous s e c t i o n  as means of a l l e v i a t i n g  overheat- 
ing problems, exhaust po r t  l i n e r s  have demonstrated t h e  c a p a b i l i t y  t o  
increase exhaust gas temperatures by as much as 100' F ( r e f .  6 ) .  To 
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maximize 
they can 
( r e f .  7). 

t h e  e f f ec t iveness  of 
be  in t eg ra t ed  i n t o  a 

a i r  i n j e c t i o n  and exhaust po r t  l i n e r s ,  
combined u n i t  as.shown i n f i g u r e  2-7 

A f u r t h e r  opt imizat ion of a i r  i n j e c t i o n  and heat  conservat ion 
w i l l  r e s u l t  i f  t h e  exhaust p ip ing  between t h e  exhaust p o r t s  and t h e  
muff lers  are made of a double w a l l  cons t ruc t ion .  One automobile maker 
(Subaru) uses t h i s  technique and i n s u l a t e s  t he  area between t h e  inner  
and ou te r  p i p e s  wi th  Kaowool. 

Some i n s t a l l a t i o n  d i f f i c u l t i e s  may need t o  be overcome t o  accom- 
modate an a i r  i n j e c t i o n  system i n  LPA's. One of t hese  is the  i n s t a l l a -  
t i o n  and d r i v e  system f o r  t h e  a i r  pump. Current a i r c r a f t  commonly 
have d i f f e r i n g  combinations of engine dr iven accessor ies .  These in- 
c lude a l t e r n a t o r s ,  hydraul ic  pumps, air condi t ioning compressors, and 
vacuum pumps f o r  de ic ing  equipment. It appears  reasonable t o  consider 
t h a t  an a i r  pump could a l s o  be accommodated. 

The power absorbed by t h e  a i r  pump is  propor t iona l  t o  t h e  a i r  flow 
rate. The optimum flow rate appears  t o  be t h a t  amount t h a t  w i l l  b r ing  
exhaust up t o  s toichiometry ( r e f .  3 ) .  Thus, whatever is done i n  t h e  
way of enleanment w i l l  reduce t h e  a i r  flow requirement. 

Horsepower consumption da ta  f o r  automotive a i r  pumps i s  r a t h e r  
sparse, but f i g u r e  2-8 provides da ta  f o r  a t y p i c a l  i n s t a l l a t i o n  
( r e f .  8 ) .  Automotive pumps are posit ive-displacement,  carbon vane 
u n i t s .  The flow output is  propor t iona l  t o  pump speed and t h e  pressure  
is  only the  few p s i  necessary t o  overcome t h e  exhaust overpressure.  

An a l t e r n a t i v e  means of introducing a i r  i n t o  t h e  exhaust makes 
use of t h e  negat ive pressure  pulsa t ions  a t  the  exhaust por t  t o  a s p i r a t e  
air  i n t o  t h e  exhaust stream. Used by General Motors ( r e f .  9) and Su- 
baru,  t he  system has t h e  advantage of r equ i r ing  no a i r  pump. GM calls  
t h e i r  system P u l s a i r  and Subaru uses the  t e r m  a i r  suc t ion  va lve ,  Fig- 
ure  2-9 shows t h e  Subaru i n s t a l l a t i o n  ( r e f .  10). There are many var ia-  
t i o n s  of t h i s  type of system including arrangements t h a t  have a separate 
a s p i r a t o r  va lve  f o r  each cy l inder .  Successful  app l i ca t ion  of a s p i r a t o r  
systems r equ i r e s  a c e r t a i n  amount of tuning of t h e  a s p i r a t o r  piping. I n  
addi t ion ,  t h e  air  flow capac i ty  is bel ieved t o  be more l imi t ed  than wi th  
an a i r  pump system. 

A p o t e n t i a l  problem assoc ia ted  with a i r  i n j e c t i o n  systems i s  t h e  

Another means 
increased temperature of t he  exhaust piping.  A s  previously discussed,  
t h i s  can be a l l e v i a t e d  by adopting double w a l l  piping. 
of resolving t h i s  would be t o  modify t h e  cooling a i r  shrouding t o  d i r e c t  
more a i r  over t h e  exhaust piping. 
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Valve Timing 

An important con t r ibu t ing  f a c t o r  i n  LPA HO emissions i s  t h e  l a r g e  
amount of valve overlap customarily used. 
maximize horsepower output wi th in  the  c o n s t r a i n t  of maximum allowable 
engine speed. 
s p e c i f i c  power i s  t o  inc rease  i t s  speed. LPA manufacturers, however, 
apparently t o  some degree work under t h e  self-imposed l i m i t a t i o n  of re- 
s t r i c t i n g  t h e  maximum engine rpm t o  a speed t h a t  w i l l  not cause a di-  
r e c t l y  coupled two bladed p rope l l e r  t o  exceed Mach 1 a t  t h e  t i p .  This 
t y p i c a l l y  works out  t o  be i n  t h e  neighborhood of 2700 t o  2900 rpm. To 
ob ta in  high s p e c i f i c  power outputs  a t  t h i s  r a t h e r  low maximum speed, LPA 
engines employ a l a r g e  amount of valve overlap. Automotive experience 
te l l s  us  t h a t  as overlap inc reases ,  HC emissions tend t o  increase as 
w e l l .  This  r e s u l t s  from s h o r t  c i r c u i t i n g  of t h e  in t ake  charge t o  t h e  
exhaust and m i s f i r e  caused by d i l u t i o n  of t h e  in t ake  charge by t h e  ex- 
haust. .One way t o  circumvent t h i s  maximum speed l i m i t a t i o n  is  t o  use 
speed reduct ion gearing between the  engines and t h e  propel ler .  
cu r ren t ly  used on some i n s t a l l a t i o n s .  
explored i s  t h e  use of t h r e e  o r  fou r  bladed p rope l l e r s  having smaller 
t i p  diameters. This  would allow increased maximum engine speed. In- 
creased allowable speed w i l l  make poss ib l e  a reduct ion i n  valve overlap.  
This increased speed can a l s o  be u t i l i z e d  t o  make up i n  power output 
f o r  any lo s ses  r e s u l t i n g  from emission con t ro l  r e l a t e d  changes. 

Large overlap is  employed t o  

A more conventional approach f o r  increasing an engine 's  

This i s  
Another approach which should be 

Thermal Reactors and C a t a l y t i c  Converters 

Thermal r e a c t o r s  and c a t a l y t i c  converters  have demonstrated good 
c a p a b i l i t y  f o r  reducing LPA emissions. 
u t i l i z a t i o n  of t hese  approaches on LPA are contained i n  t h e  previously 
referenced r e p o r t  prepared by Bendix Corp. ( r e f .  3 ) .  

Effec t ive  techniques f o r  t h e  

This  paper gives  a thorough accounting of t h e  merits and demerits 
of t hese  approaches and i t  would be r e p e t i t i o u s  t o  present  t h e  material 
i n  t h i s  r epor t .  Moreover, t he  appropriateness  o r  need f o r  these tech- 
niques is questionable i n  l i g h t  of t h e  reduction levels called f o r  i n  
the  LPA emission standards.  

In t eg ra t ing  Available Emission Control Technology with LPA Requirements 

Before discussing t h e  e f f e c t u a l  bringing together  of a v a i l a b l e  
technology, i t  should be pointed out  t h a t  several important elements of 
proven emission c o n t r o l  technology have not  been discussed. 
are exhaust gas r e c i r c u l a t i o n  (EGR), high energy i g n i t i o n  (HEI), and 
spark advance t a i l o r i n g .  
t h e  added bene f i t  of suppressing detonation. 

Among these  

EGR i s  e f f e c t i v e  a t  c o n t r o l l i n g  NO and has 
X 
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Figure 2-10 i l l u s t r a t e s  t he  r e l a t i v e  e f fec t iveness  and t h e  approx- 
imate degree of improvement obtainable  using seve ra l  of t h e  con t ro l  
measures discussed i n  t h i s  paper .  
ing w a s  a 350 cubic inch Chevrolet, 
l a t e d  using test  r e s u l t s  from t h e  heavy duty Federal  T e s t  Procedure. 
Given t h e  v a r i e t y  of con t ro l  approaches ava i l ab le ,  t h e  quest ion appears 
t o  be - How can these  approaches be bes t  in tegra ted  o r  combined t o  
achieve t h e  des i red  emission reduct ions with t h e  minimum adverse e f f e c t s  
upon a i r c r a f t  c o s t ,  complexity, performance and sa fe ty?  

The heavy duty engine i n  t h i s  test- 
The emission f i g u r e s  w e r e  calcu- 

While every engine i n s t a l l a t i o n  has its own p e c u l i a r i t i e s  and 
emission reduct ion needs, i t  appears t h a t  a good general  gu ide l ine  t o  
follow i s  t o  take  advantage of t h e  syne rg i s t i c  r e l a t ionsh ips  between 
t h e  d i f f e r e n t  con t ro l  approaches. For example, enleanment reduces HC 
and CO d i r e c t l y ,  but  i t  a l s o  raises t h e  exhaust temperature which in-  
creases  the  e f f ec t iveness  of a f t e r  treatment techniques,  such as a i r  
in j ec t ion .  Likewise, exhaust p o r t  l i n e r s  a l l e v i a t e  t h e  engine temper- 
a t u r e  problems due t o  enleanment by in su la t ing  the  exhaust po r t  area and 
a t  t h e  s a m e  t i m e  conserve the  exhaust gas hea t ,  thereby f u r t h e r  improv- 
ing the  e f fec t iveness  of a f t e r r e a c t i o n  techniques. Thus, i t  can be seen 
t h a t  used d s e l y ,  d i f f e r e n t  emission con t ro l  measures can combine syn- 
e r g i s t i c a l l y  t o  r e in fo rce  t h e i r  e f fec t iveness  while  a t  t h e  same t i m e  
diminishing t h e i r  adverse e f f e c t s .  

T 

It a l s o  appears t h a t  t h e  relative need t o  reduce HC and CO e m i s -  
s i ons  a t  t h e  expense of a rise i n  NO 
count i n  the  s e l e c t i o n  of t he  a p p r o a k e s  t o  be used. 

emissions must be taken i n t o  ac- 

CONCLUSIONS 

There are exce l len t  p o s s i b i l i t y  f o r  achieving the  EPA Standards 
f o r  HC and CO emissions through t h e  use of a i r - f u e l  r a t i o  enleanment a t  
se lec ted  power modes combined with improved a i r - fue l  mixture preparat ion,  
and i n  some cases  improved cooling. 

A i r  i n j e c t i o n  is a l s o  an e f f e c t i v e  approach f o r  t he  reduct ion of HC 
and C O Y  p a r t i c u l a r l y  when combined with exhaust hea t  conservation tech- 
niques such as exhaust por t  l i n e r s .  
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3 6 .  

DISCUSSION 

Q - B. Rezy: T h a t  w a s  a very i n t e r e s t i n g  t a l k  you gave on t h e  d i f f e r e n t  
concepts. Most of our comments t o  t h i s  s ec t ion  w i l l  be incorporated 
tomorrow i n  our presenta t ion  of t he  d i f f e r e n t  concepts t h a t  we've 
s tudied  under t h e  NASA program. Under t h i s  program w e  evaluated t h e  
concepts yo,u presented not  only as t o  t h e i r  f e a s i b i l i t y  t o  reduce 
emissions but  t h e i r  impact  on 14 o ther  design c r i t e r i a  such as per- 
formance, cool ing,  cos t ,  r e l i a b i l i t y ,  e t c .  

A - D. Tripp: EPA r e a l i z e s  t h a t  t h e  indus t ry  has  looked a t  these  tech- 
niques. W e  were asked t o  prepare a paper, and T th ink  it  has va lue  
because i t  g ives  you i n  pr in ted  form what we f e e l  are t h e  most val- 
uable  techniques. 1 would comment t h a t  exhaust por t  l i n e r s  are 
p r e t t y  exc i t i ng  because they have t h e  combined b e n e f i t s  of not only 
reducing the  cool ing load but a l s o  improving the  a f t e r  react ion.  I n  
previous meetings t h e r e  wasn't much d iscuss ion  of t h e  exhaust por t  
l i n e r s  . 

Q - S. Jedrziewski:  You s t a t e d  t h a t  most of t h e  engines now produced 
are in j ec t ed  r a t h e r  than carbureted.  This i s n ' t  q u i t e  t rue .  Ap- 
proximately ha l f  of the  Lycoming engines are carbureted.  

A - I). Tripp: 1 be l i eve  80 percent of t h e  Teledyne's engines are f u e l  
i n j ec t ed .  When 1 sa id  most, 1 w a s  thinking of both manufacturers. 
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3. MEASUREMENT AND TESTING PROBLEMS EXPERIENCED DURING FAA's 

EMISSIONS TESTING OF GENERAL AVIATION PISTON ENGINES 

Robert F. Salmon and Steven Imbrogno 

Federal Aviation Administration 
Department of Transportation 

Washington, D.C. 

INTRODUCTION 

One of the objectives of the FAA program was to establish an ac- 
curate, reliable method of determining exhaust emissions from piston 
engines. The words accurate and reliable are inexact and should be 
defined. In writing the 
standards, the EPA requires that the exhaust pollutants be measured 
with sufficient precision so that a carbon balance can be determined 
within an accuracy of 55 percent. Thus, there are two areas of in- 
vestigation which require precision to meet this standard. The engine 
performance or input side of the equation and the emission measurements 
or output side of the equation. This paper will emphasize the impor- 
tance of measuring accurate air and fuel flows as well as the importance 
of obtaining accurate exhaust pollutant measurements. During the past 
2 years of testing general aviation piston engines at NAFEC and at 
Avco Lycoming, Teledyne Continental Motors, and the University of Michi- 
gan,numerous problems have been identified in the emissions measuring 
equipment. 
rective actions taken to incorporate fixes and/or modifications. 

The EPA has touched upon this requirement. 

This paper will identify some of the problems and the cor- 

DESCRIPTION OF NAFEC'S AIR AND FUEL FLOW MEASURING SYSTEMS 

Air Flow 

The first area to be discussed is the airflow measuring method(s). 
There is a great deal of information available on airflow measuring 
techniques. These techniques go back many years and the precision of 
the methods can be reliably estimated. The major points to be dis- 
cussed are: (1) type of instrumentation, (2) sizing, (3) calibration 
and accuracy, and (4) redundancy. 

45 
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Type of instrumentation. - In assessing the requirements of the 
program, it was determined to use two types of instruments to measure 
the airflow, sharp-edged orifices, and flow transducers. There are 
advantages to be realized in using either of these devices. The ori- 
fice is reliable and not subject to wear and deterioration. A perma- 
nent record of a test is assured by a photographic record of the 
manometry to which the instrumentation is connected. The flow trans- 
ducer is very convenient since it can display information digitally 
and data handling can be expedited by connecting instrument input to a 
computer. Each measurement method operates independently of the other 
and therefore can be used as either a primary or a backup measuring 
system. Figure 3-1 is a schematic of the NAFEC airflow measuring sys- 
tem. 

Sizing. - It is very important that the range of airflows to be 
measured is in the upper half of the maximum range of the measuring de- 
vice. For instance, the piston engines have an idle airflow as low as 
40 pounds per hour and a takeoff airflow as high as 2000 (or more) 
pounds per hour. This is a range of 50 to 1. If only one size device 
is used across this range, the error at the low end can be very large 
as shown in figure 3-2. To illustrate this point with both an orifice 
and a flow transducer, the following example is shown: 

Orif ice 

If it is assumed that the AP observed can be read accurately to 
within k0.05 inch of H20, the error at takeoff is +lo pph or k0.5 per- 
cent. At idle, however, an error of 0.05 inch is +45 pph and results 
in an airflow tolerance of +39 percent. 
ing flow transducers. 
strated when referring to an Autoronics 750s transducer calibrated by 
the manufacturer. 
Seven calibration points were made from 100 to 600 CFM. In addition, 
seven calibration points were made from 0 to 100 CFM (the low end of 
the instruments range). A calibration curve from 0 to 600 CFM was 
drawn by the factory and all the points fell very close to the straight 
line calibration. However, when reading the tabulated calibration 
data (fig. 3-3) for the low end of the instrument range, it shows the 
following : 

The same problem arises us- 
This particular point is most graphically demon- 

This device has an upper flow limit of 600 CFM. 
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CPS Measured, Cal ibrated Percent 
CFM curve, d i f f e r -  

CFM ence 

20 10 15 +50 
25 25 25 0 
57 40 44 +10 

The previous discussion i n d i c a t e s  t h e  necess i ty  of proper s i z i n g  f o r  
the  a i r f l o w  measuring system. This i s  t r u e  whether using o r i f i c e s ,  
laminar flow meters, o r  flow transducers.  

Cal ibrat ion.  - The two types of instruments used a t  NAFEC f o r  
a i r f low measurements were o r i f i c e s  and flow transducers.  The o r i -  
f i c e s  were f ab r i ca t ed  a t  NAFEC i n  accordance wi th  ASME standards.  No 
c a l i b r a t i o n s  were made of t h i s  equipment u n t i l  about 6 months a f t e r  it 
w a s  i n  use. This sounds very imprecise; however, t h e r e  w a s  such an  
abundance of information on flow c o e f f i c i e n t s ,  s i z i n g ,  pressure meas- 
urement l oca t ion ,  and accuracies  t h a t  i t  w a s  not  c r i t i ca l .  I n  addi- 
t i o n ,  i t  w a s  possible ,  with t h e  a i r f low system used, f o r  a cross-check 
of t h e  flow t o  be made by comparing o r i f i c e  r e s u l t s  with a c a l i b r a t e d  
flow transducer,  and s m a l l  o r i f i c e s  operat ing simultaneously. Thus, 
confidence i n  t h e  system w a s  high. Later, an o r i f i c e  and a t t endan t  
hardware were b u i l t ,  used a t  NAFEC, and then shipped t o  each of t h e  
other  f ac i l i t i e s  t o  compare r e s u l t s  and t o  develop a c o r r e l a t i o n  be- 
tween t h e  var ious a i r  measuring systems i n  t h e  program. Conservatively, 
i t  i s  estimated t h a t  a i r f low a t  the  t akeof f ,  climb, and approach powers 
is  measured accu ra t e ly  t o  wi th in  22 percent.  A t  t a x i  and i d l e ,  t h e  ac- 
curacy is  within +3 percent.  The flow transducers w e r e  c a l i b r a t e d  a t  
t h e  t i m e  of procurement and r e c a l i b r a t e d  1 year later.  The l a r g e  
transducer (750s) showed a s h i f t  i n  c a l i b r a t i o n  of approximately 7 per- 
cen t ;  t h e  low flow u n i t  showed no change. The s h i f t  i n  t h e  l a r g e  u n i t  
did not  e f f e c t  t h e  program da ta  because a t  t h e  t i m e  of t h e  s h i f t  (it 
appeared t o  be a s t e p  change) i t  w a s  detected from data taken with t h e  
o r i f i c e .  Inspect ion of t h e  o r i f i c e  showed no damage and t h e  l a r g e  
transducer w a s  removed and s e n t  out  f o r  c a l i b r a t i o n .  Inspect ion a t  t h e  
f ac to ry  showed t h a t  t h e  bearing l u b r i c a n t  had changed due t o  cycling 
from ho t  t o  cold and t h i s  temperature cycl ing had a f f ec t ed  the  ca l ib ra -  
t ion .  The l u b r i c a n t  temperature s e n s i t i v i t y  i s  no longer a problem 
with t h i s  equipment. 

Redundancy. - I n  t h e  earlier paragraphs i t  has been implied several 
t i m e s  t h a t  t he re  is  a redundancy t o  t h e  a i r f l o w  measuring system used 
a t  NAFEC. It w a s  planned t o  have t h i s  redundancy i n  the  system t o  ob- 
t a i n  a continuing check on the  information obtained during the  tests. 
It is  much easier t o  d e t e c t  bad da ta  and run again while t h e  engine i s  
ava i l ab le  than t o  come back months la ter ,  r e i n s t a l l  an engine and rerun 
the  tests. A reference t o  t h e  a i r f l o w  schematic shows t h e  redundancy 



(and, i nc iden ta l ly ,  t h e  instrument s i z i n g  technique) which w a s  employed 
from t h e  beginning i n  t h e  NAFEC tests. 
saving i n  t i m e  and money obtained by pinpoint ing t h e  moment when in- 
strument e r r o r s  arise. A l l  t h e  engine performance da ta  co l l ec t ed  a t  
NAFEC have been manually recorded. 
ev i t ab le ,  b u t  i n  almost a l l  cases, they can b e  overcome by comparison 
of t h e  va r ious  systems used during a test and r e f e r r i n g  t o  the photo- 
graphed manometry d a t a  used a t  NAFEC as a backup and a double check of 
t h e  manual readings. It is  f e l t  t h a t  t h e  use  of independent s y s t e m  
f o r  measuring a i r f l o w  has been of g r e a t  va lue  t o  NAFEC i n  a l l  i t s  
tests. 

The value of redundancy is t h e  

Due t o  human e r r o r  mistakes are i n  

The emphasis placed on a i r f l o w  measurement accuracy a t  NAFEC might 
be considered t o  be overdone, but t h e r e  i s  no quest ion t h a t  an  e f f o r t  
of t h i s  type must be made i f  s a t i s f a c t o r y  r e s u l t s  are t o  be obtained 
from t h e  tests. 

Engine Cooling A i r  

The cool ing a i r  system used i n  a l l  tests i n  t h e  laboratory con- 
s i s t e d  of a high volume blower, ducting, a i r f l o w  measuring s t a t i o n ,  
and engine cooling hood. The quant i ty  of cooling a i r  supplied t o  t h e  
engine during t h e  t h r e e  power runs ( t akeof f ,  climb, and approach) w a s  
usual ly  set by measuring a nominal pressure drop ac ross  the  engine of 
3 inches of water. A t  i d l e  and taxi ,  no cooling a i r  w a s  supplied t o  
the  engine. It w a s  f e l t  t h a t  t h e  quan t i ty  of engine cooling a i r  would 
be of considerable importance t o  t h e  program when determining the  ef-  
f e c t  of f u e l  leanout mixture on emissions and t h e  poss ib l e  in t roduc t ion  
of engine overtemperature problems. For t h i s  reason, a series of tests 
were run with each engine wherein t h e  AP ac ross  t h e  engine w a s  
r e l a t e d  t o  t h e  quan t i ty  of cool ing a i r  f o r  t h a t  condi t ion.  Detai led 
information on t h e  cooling a i r  quan t i ty  w a s  obtained f o r  each engine by 
holding a constant  power and varying t h e  cooling a i r  
7 inches of water. There is a unique r e l a t i o n s h i p  between AP and 
pounds per  hour of cooling a i r  f o r  each engine t e s t e d  i n  t h e  laboratory.  
This  information could prove use fu l  i n  r e l a t i n g  t h e  a i r c r a f t  i n s t a l l a -  
t i o n  cooling a i r f lows  t o  those obtained on t h e  test stand. The test  
s tand cool ing hood i s  not  i d e n t i c a l  t o  t h e  a i r c r a f t  i n s t a l l a t i o n ,  but  
a r e l a t i o n s h i p  might be developed between t h e  two. 

AP from 1.5 t o  

Fuel Flow 

The second major parameter t o  be measured on the  input  s i d e  of 
t h e  equation is f u e l  flow. This,  too,  has  a long h i s t o r y  of techniques 
and methods. The measurement of f u e l  flow i n  some ways is  easier than 
measuring airf low.  For one th ing ,  i t  can be physical ly  weighed q u i t e  
readi ly .  This c h a r a c t e r i s t i c  lends i t s e l f  t o  easier c a l i b r a t i o n s  of t h e  
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measuring instrument.  A s  i n  a i r f l o w  measurement, t h e  major po in t s  t o  
be covered are (1) type of instrumentation, (2) c a l i b r a t i o n  and ac- 

j curacy, and (3) redundancy. 

Type of instrumentation. - It w a s  decided a t  t h e  o u t s e t  of t h e  
program t o  use  two types of instruments. A schematic of the f u l l  flow 
system i s  shown i n  f i g u r e  3-4 .  I n  measuring i d l e  and tax i  f u e l  flow, 
i t  w a s  determined t h a t  some s o r t  of dead weight o r  known volume tech- 
nique would have t o  be used. This  r e su l t ed  from t h e  nonsteadiness of 
engine operat ion found i n  t h e  low power region. 
t ax i  f u e l  flows w e r e  measured wi th  t h e  use  of a 250 ML b u r e t t e  and a 
t i m e r .  The amount of f u e l ,  by volume, consumed during a f ixed  t i m e  
period w a s  found t o  be t h e  most accu ra t e  and cons i s t en t  method avail- 
ab le .  By making t h e  t i m e  period of s u f f i c i e n t  length ,  a good average 
value of f u e l  flow a t  low powers w a s  obtained. I n  t h e  same f u e l  l i n e  
were low flow tu rb ine  meters and rotameters. But due t o  t h e  manner i n  
which f u e l  i s  brought i n t o  t h e  engine, t h e r e  were very l a r g e  f luctua-  
t i o n s  i n  f u e l  flow readings a t  t he  i d l e  power s e t t i n g s  which would r e s u l t  
i n  extremely l a r g e  e r r o r s  i n  f u e l  measurement i f  a n  i n s u f f i c i e n t  t i m e  
period f o r  averaging t h e  readings is  not used. 

A t  NAFEC a l l  i d l e  and 

Ca l ib ra t ion .  - A t  t h e  start of t h e  tests a l l  t h e  flowmeters were 
c a l i b r a t e d  using AVGAS as the  medium. The rotameter w a s  not c a l i b r a t e d  
s ince  i t  w a s  f e l t  t h a t  very l i t t l e  could go wrong with i t  and it  would 
have delayed t h e  start of t h e  program. This w a s  a poor assumption 
s ince  later i n  t h e  program discrepancies  i n  f u e l  measurement developed 
and when t h e  rotameter w a s  c a l i b r a t e d  it  w a s  found t o  be reading high 
by about 6 percent.  A l l  t h e  da t a  previously obtained from the  rotam- 
e t e r w e r e t h e n  corrected f o r  t h i s  e r r o r .  Since t h a t  t i m e  t h e r e  has not 
appeared t o  be any problem as soc ia t ed  with e i t h e r  t h e  rotameters o r  t h e  
t u r b i n e  meters. 

Redundancy. - A s  i n  the  case of a i r f low measurement, t h e  f u e l  flow 
system had redundant instrumentation f o r  both t ax i - id l e  and high power 
tests. The t ax i - id l e  redundance w a s  i n e f f e c t i v e  a t  i d l e  i n  most cases. 
But a t  t a x i  where t h e  engine operated more cons i s t en t ly ,  t h e  agreement 
between t h e  b u r e t t e  measurement and t h e  t u r b i n e  flowmeter w a s  usual ly  
very good. 
understanding the  s i z i n g  and redundancy incorporated i n  t h e  system. 

The schematic of t h e  o v e r a l l  f u e l  system i s  h e l p f u l  i n  

The accuracy f o r  f u e l  flow measurement which w a s  obtained i n  t h e  
NAFEC tests i s  51.0 percent a t  high powers and ltr2 percent a t  t a x i  and 
id l e .  

A I R  AND FUEL FLOW MEASUREMENT RECOMMENDATIONS 

A s  a r e s u l t  of t h e  experience a t  NAFEC, t h e  recommendations are 
as follows: 
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(1) A i r  and f u e l  flow measurements should be made with instrumen- 
t a t i o n  which considers  t h e  f a c t o r s  of instrument accuracy., proper s iz ing ,  
and redundance of measurements during a l l  tests. 

(2) The t a r g e t  accuracies  should be a t  least 2 1  percent a t  high 
'powers, +2 percent a t  i d l e  and taxi  f o r  f u e l  flows, and +2 percent and 
23 percent f o r  a i r f l o w  a t  high powers and t a x i l i d l e ,  respect ively.  

(3) A r e l a t i o n s h i p  between a c t u a l  cooling a i r f l o w  and pressure drop 
ac ross  t h e  engine f o r  a l l  engine test s tand configurat ions should b e  
developed. This would be use fu l  i n  r e l a t i n g  a i r c r a f t  i n s t a l l e d  cool ing 
t o  test stand cooling. 

DESCRIPTION OF NAFEC'S EMISSIONS MEASURING SYSTEM 

Emission Analyzers 

The instrumentation used t o  monitor t h e  exhaust emissions from 
general  a v i a t i o n  p i s t o n  engines w a s  b a s i c a l l y  t h e  same as t h a t  recom- 
mended by EPA bu t  with a number of modifications and add i t ions  t o  en- 
hance t h e  r e l i a b i l i t y  and accuracy of t he  system. A schematic of t h e  
emissions measurement system i s  shown i n  f i g u r e  3-5. The bas i c  a n a l y s i s  
instrumentation u t i l i z e d  f o r  t h i s  system, which is summarized i n  f i g -  
u re  3-6, i s  as follows: 

Carbon dioxide.  - The carbon dioxide subsystem i s  constructed 
around a Beckman Model 864-23-2-4 Nondispersive i n f r a r e d  analyzer 
(NDIR). This analyzer  has a s p e c i f i e d  r e p e a t a b i l i t y  of +1 percent of 
f u l l  scale f o r  each operat ing range. 
p a r t i c u l a r  u n i t  are as follows: range 1, 0 t o  20 percent;  range 3, 
0 t o  5 percent.  Stated accuracy f o r  each range is  the re fo re  k0.2 per- 
cent C02 and k0.05 percent C02, r e spec t ive ly .  

The c a l i b r a t i o n  ranges on t h i s  

Carbon monoxide. - The subsystem used t o  measure carbon monoxide 
is  constructed around a Beckman Model 865-x-4-4-4 NDIR.  This analyzer 
has a spec i f i ed  r e p e a t a b i l i t y  of +1 percent of f u l l  scale f o r  ranges 
1 and 2 and 22  percent of f u l l  scale f o r  range 3. 

Range 1 has been c a l i b r a t e d  f o r  0 t o  20 percent by volume, 
range 2 f o r  0 t o  1000 ppm and range 3 f o r  0 t o  100 ppm. 
range c a p a b i l i t y  of t h i s  analyzer i s  made poss ib l e  by using stacked 
sample cells which i n  e f f e c t  give t h i s  analyzer s i x  usable ranges when 
completely ca l ib ra t ed .  

The wide 

Ef fec t s  of i n t e r f e r r i n g  gases, such as CO and water vapor, were 

C02 were determined t o  be 12  ppm equivalent  CO and in t e r f e rences  from 
4 percent  w a t e r  vapor w e r e  determined t o  be 6 ppm CO equivalent.  
though the in t e fe rence  from water vapor is neg l ig ib l e ,  a condenser is  

determined and reported by t h e  factory.  Inter i! erences from 10  percent 

Even 
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used i n  t h e  CO/CO2 subsystem t o  e l imina te  condensed 
analyzers,  and flowmeters. This  condensation would 
analyzer s e n s i t i v i t y  and necess i t a t ed  more frequent  
had not been eliminated. 

water i n  t h e  l i n e s ,  
have decreased 
maintenance i f  it 

T o t a l  hydrocarbons. - The system t h a t  i s  used t o  measure t o t a l  
hydrocarbons is  a modified Beckman Model 402 heated flame ion iza t ion  
de tec to r .  
a b l e  t o  150 000 ppm carbon with intermediate  range m u l t i p l i e r s  of 0.5, 
0.1,  0.05, 0.01, 0.005, and 0.001 t i m e s  f u l l  scale. 

This analyzer  has  a f u l l - s c a l e  s e n s i t i v i t y  t h a t  i s  adjust-  

Repeatabi l i ty  f o r  t h i s  analyzer is spec i f i ed  t o  be r t l  percent  of 
f u l l  scale f o r  each range. I n  add i t ion ,  t h i s  modified analyzer  i s  
l i n e a r  t o  t h e  f u l l - s c a l e  l i m i t  of 150 000 ppm carbon when properly ad- 
jus ted .  The two major modifications t o  t h i s  analyzer  w e r e  t h e  ins ta l -  
l a t i o n  of a very f i n e  metering valve i n  the  sample c a p i l l a r y  tube and 
the  i n s t a l l a t i o n  of an accura t e  pressure transducer and d i g i t a l  read- 
out t o  monitor s a m p l e  pressure.  Both of t h e s e  modifications are neces- 
s a ry  because t h i s  analyzer  is extremely pressure s e n s i t i v e  as shown i n  
f i g u r e s  3-7, 3-8, and 3-9. Correct instrument response depends on t h e  
amount of sample passing through a c a p i l l a r y  tube. I f  t h e r e  i s  too high 
a sample flow t h e  analyzer  response becomes nonl inear  when a high con- 
cen t r a t ion  gas i s  encountered. Sample flow may be control led by vary- 
ing t h e  pressure on t h i s  c a p i l l a r y  o r  increasing t h e  length of t he  capi l -  
l a r y .  On t h i s  p a r t i c u l a r  analyzer ,  l i n e a r i t y  t o  50 000 ppm carbon w a s  
obtained by reducing t h e  sample  pressure t o  1 .5  ps ig .  However, t h e  
need f o r  l i n e a r i t y  t o  120 000 ppm carbon w a s  a n t i c i p a t e d .  Further  re- 
duction of t h e  sample pressure increased t h e  no i se  level of t he  analy- 
ze r  t o  an  unacceptable l e v e l .  I n  order  t o  reduce the  flow through the  
c a p i l l a r y  without using a lower pressure,  e i t h e r  t h e  length o r  t h e  re- 
s i s t a n c e  of t h e  c a p i l l a r y  had t o  be increased. The standard modifica- 
t i o n  f o r  t h i s  analyzer  t o  l i m i t  flow is the  i n s t a l l a t i o n  of an addi- 
t i o n a l  l eng th  of c a p i l l a r y  tubing. This procedure r equ i r e s  t r i a l  and 
e r r o r  determination of proper c a p i l l a r y  length and is a permanent modi- 
f i c a t i o n  t h a t  l i m i t s  s e n s i t i v i t y  a t  low hydrocarbon levels.  By i n s t a l l -  
ing a metering valve i n  t h e  c a p i l l a r y ,  flow could be s e l e c t i v e l y  set a t  
e i t h e r  low flow f o r  l i n e a r i t y  a t  high concentrat ions o r  high flow f o r  
g r e a t e r  s e n s i t i v i t y  a t  low concentrat ions.  I n s t a l l a t i o n  t i m e  w a s  re- 
duced by el iminat ing t h e  cut-and-try procedure f o r  determining c a p i l l a r y  
length.  

The add i t ion  of a s e n s i t i v e  pressure t ransducer  and d i g i t a l  readout 
t o  monitor sample p re s su re  w a s  needed since t h e  pressure r egu la to r  and 
gage supplied with t h e  analyzer  would not maintain t h e  pressure s e t t i n g  
accu ra t e ly  a t  low pressures .  Using t h e  d i g i t a l  pressure readout,  t h e  
sample pressure could b e  monitored and e a s i l y  maintained t o  wi th in  0.05 
in .  H20. 

Oxides of ni t rogen.  - Oxides of ni t rogen are measured by a modified 
Beckman Model 951H atmospheric pressure,  heated,  chemiluminescent ana- 
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lyzer (CL). 
six intermediate ranges. 
10 ppm full-scale range. 

This analyzer has a full-scale range of 10 000 ppm with 
Nominal minimum sensitivity is 0.1 ppm on the 

The atmospheric pressure analyzer was chosen because of its sim- 
plicity, ease of maintenance, and compactness. Anticipated water vapor 
problems in the atmospheric pressure unit were to be handled by the 
heating of the internal sample train. Interference from carbon dioxide 
quenching, common in the atmospheric pressure type CL analyzers, was 
checked and found to be nonexistent. 

A series of major modifications were performed by the manufacturer 
on this analyzer to insure compliance with specifications. One such 
modification was installed in order to maintain the temperature of the 
sample stream above the dew point of the sample gas. 
analyzer was specified to maintain a temperature of 140" F at all points 
in contact with the sample. After a survey of the 951H analyzers in 
use on FAA projects it was determined that this temperature was not 
being achieved because the method used to heat the components was in- 
adequate. A recommendation was made to the manufacturer to install a 
positive method of heating the sample tube compartment and reaction 
chamber that would be thermostatically controlled. In time the modi- 
fication was made and this problem was eliminated. Increasing the tem- 
perature of t5e internal sample components eliminated the condensed wa- 
ter problem; however, the elevated temperature caused an instability in 
the photomultiplier tube output. Another recommendation was made to 
thermostatically control the temperature of this tube. This was ac- 
complished by installating an electronic cooling jacket designed to 
maintain the photomultiplier tube at a constant temperature below the 
internal case temperature. 

Originally this 

A further modification required on this analyzer was the addition 
of a flow control valve to adjust and balance the flow rate through 
the NO and NOx legs. 
used by the manufacturer to set the NO to NOx flow balance. 
lem that was encountered with this clamp was that it was not a positive 
method of adjusting the restriction on the capillary. The clamp com- 
pression was affected by the flexible material on which the clamp was 
mounted and the variable flexibility of the teflon capillary as it was 
heated. This caused the restriction on the capillary to change with 
time after it was set and caused permanent deformation of the capillary 
allowing only adjustment that would increase the restriction. 

This valve replaced a restrictor clamp that was 
The prob- 

Oxygen measurement. - Oxygen is being measured by a Beckman Model 
OM-11 oxygen analyzer. This analyzer uses a polagraphic type sensor 
unit to measure oxygen concentration. An advanced sensor and amplifica- 
tion system combine to give this analyzer an extremely fast response 
and high accuracy. Specified response for 90 percent of final. reading 
is less than 200 ms with an accuracy of less than kO.1 percent 0 2 .  
Ranging on this unit is a fixed 0 to 100 percent 0 2  concentration. 
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Description of Sample Handling System 

Exhaust samples are transported t o  the analysis instrumentation 
under pressure through a 35-foot-1ongy 3/8-inch o.d., heated, stain- 
less steel sample line. The gas is first filtered and then pumped 
through this line by a heated Metal Bellows Model M!3-158 high temper- 
ature stainless steel sample pump. The pump, filter, and line are 
maintained at a temperature of 300"+4" F to prevent condensation of 
water vapor and hydrocarbons. At the instrumentation console, the 
sample is split to feed the hydrocarbon, oxides of nitrogen, and 
CO/CO2/02 subsystems which require different temperature conditioning. 
The sample gas t o  the total hydrocarbon subsystem is maintained at 
300" F while the temperature of remaining sample gas to the NOx and 
CO/CO2/02 system is allowed to drop to 150" F. 
oxides of nitrogen subsystem is then maintained at 150" F, while the 
gas to the CO/CO2/02 subsystem is passed through a 32" F condenser to 
remove any water vapor present in the sample. Flow rates to each 
analyzer,are controlled by a fine metering valve and are maintained 
at predetermined values to minimize sample transport and system re- 
sponse time. 
three 15-centimeter rotameters. Two system bypasses are incorporated 
into the system to keep sample transport time through the lines and 
condenser to a minimum without causing adverse pressure effects in the 
analyzers . 

Gas routed to the 

Flow is monitored at the exhaust of each analyzer by 

Filtration 

Particulates are removed from the sample stream at three locations 
in the system (fig. 3-5). Upstream of the main sample pump is a heated 
clamshell-type stainless steel filter body fitted with a Whatman GF/C 
Glass Fibre paper filter element capable of retaining particles in the 
0.1 micron range. A similar filter is located in the total hydrocarbon 
analyzer upstream of the sample capillary. An MSA Type H Ultra Filter 
capable of retaining 0.3 micron particles is located at the inlet to 
the oxides of nitrogen and CO/CO2/02 subsystems. Filters located at 
these three locations allow the entire sample transport and analysis 
system to be free of particulate contamination, thereby minimizing 
downtime due to contaminated sample lines and analyzers. 

IDENTIFICATION OF PROBLEM AREAS 

Gas Analyzers 

The analysis instrumentation that is available from the manufac- 
turer for most gases will perform reliably once this equipment is 
properly assembled and checked out. However, the majority of instru- 
mentation purchased by the FAA and its contractors for exhaust gas 
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ana lys i s  w a s  no t  i n  operat ing condi t ion when received from t h e  f ac to ry .  
I n  most instances,  t h e  problems t h a t  were encountered with t h e  a n a l y s i s  
instrumentation were due t o  t h e  l a c k  of adequate q u a l i t y  c o n t r o l  and 
inspect ion on t h e  p a r t  of t h e  ind iv idua l  instrument supp l i e r s .  For 
examp l e  : 

(1) Amplifier board missing on t h e  Model 402 Tota l  Hydrocarbon 
analyzer.  

( 2 )  Malfunctioning temperature c o n t r o l  board on t h e  Model 864 
C02 analyzer.  

(3) Damaged sample c a p i l l a r y ,  NO2 t o  NO converter  temperature set 
200" too low, and photomultiplier tube vol tage set too low on the  Model 
951H NOx analyzer.  

( 4 )  Jammed i n t e r r u p t e r  blade and loose power supply assembly i n  
t h e  Model 315B CO analyzer.  

A l l  of t h e s e  problems w e r e  corrected by t h e  manufacturer's f i e l d  
service technician a t  no cos t .  However, a l l  of t hese  problems r e s u l t e d  
i n  delays i n  t h e  FAA test program. 

Other problems with t h e  b a s i c  instruments,  not  r e l a t e d  t o  q u a l i t y  
con t ro l ,  were encountered and t o  varying degrees corrected i n  t h e  
course of emissions research and t e s t i n g  a t  NAFEC. Use of t h e  high 
temperature vers ion of t h e  hydrocarbon analyzer as recommended by t h e  
EPA l e d  t o  a problem of l i n e a r i t y  a t  high hydrocarbon levels. This 
high temperature flame ion iza t ion  de tec to r  w a s  o r i g i n a l l y  intended t o  
measure heavy molecular weight hydrocarbons which could possibly con- 
dense i n  an  unheated sample system. Generally, i n t e r n a l  combustion 
engines which e m i t  t he se  heavier  hydrocarbon exhaust products do so  a t  
concentrations less than 10 000 ppm carbon (or  ppmc). The burner 
c h a r a c t e r i s t i c s  of t h i s  heated analyzer as supplied from t h e  manufac- 
t u r e r  prevent l i n e a r  operat ion above 1 0  000 ppmc using the  sample pres- 
su res  and flows spec i f i ed  i n  t h e  operat ing i n s t r u c t i o n s .  A i r c r a f t  
p i s t o n  engines a t  c e r t a i n  power modes e m i t  hydrocarbons above t h i s  
10  000 ppmc l i n e a r  cutoff  point .  The response of t h e  flame ion iza t ion  
de tec to r  above 10  000 ppmc i s  such t h a t  operat ion i n  t h i s  range through 
t h e  use of a c a l i b r a t i o n  curve would be extremely i n s e n s i t i v e .  
modification made t o  t h e  Beckman flame i o n i z a t i o n  de tec to r  used a t  
NAFEC w a s  described i n  t h e  s e c t i o n  on t h a t  instrument. The S c o t t  
Model 215 t o t a l  hydrocarbon analyzer used by one FAA contractor  w a s  
a l s o  modified t o  produce more l i n e a r  r e s u l t s  a t  high concentrations.  
Flows were reduced i n  t h i s  analyzer  by i n s e r t i n g  a f i n e  w i r e  i n t o  t h e  
sample c a p i l l a r y  tube thereby increasing t h e  r e s t r i c t i o n  imposed by t h e  
c a p i l l a r y  and i n  t u r n  lowering t h e  sample flow rate t o  t h e  burner. Both 
modified analyzers  now produce l i n e a r  r e s u l t s  t o  approximately 
125 000 ppmc. 

The 
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The use of the Chemiluminescent (CL) analyzer to monitor oxides of 
nitrogen emission is specified by the EPA. This type of instrumenta- 
tion has just recently been recommended for the measurement of turbine 
engine exhaust where the concentration of known interferring gases are 
low. 
condensation problems in the low water environment of turbine engine 
exhaust. Also, interference of other gases, such as hydrocarbons and 
carbon monoxide, in thermal NO2 to NO converter operation did not pre- 
sent a problem because of their relatively low concentrations. Water 
vapor contamination in the atmospheric pressure CL analyzer during tur- 
bine testing was handled satisfactorily by line heating although fre- 
quent cleaning of the reaction chamber assembly was required. 

The vacuum chemiluminescent analyzer was well able to handle water 

Many major problems were encountered when attempting to adopt 
this turbine instrumentation to the more sever'e environment encountered 
in direct exhaust sampling from piston engines. 

At NAFEC, instrumentation that was used to measure emissions from 
turbine engines was adapted and modified for use in piston engine 
measurements. The original unheated CL analyzer was unable to func- 
tion properly in the presence of high exhaust water vapor. 
a permeable membrane-type dryer was used to precondition the exhaust 
sample before entering the CL analyzer. Generally, the use of dryers 
in the oxides of nitrogen system is not recommended. However, the use 
of a membrane dryer avoided the possible loss of the sample usually 
found when using conventional water traps, condensers, or desiccants 
and therefore was considered satisfactory. Preliminary tests of this 
dryer indicate that there is little or no loss of NO or NO2 gas in the 
sample after being dried in this manner. 
need for a drying system, a heated chemiluminescent analyzer was pur- 
chased. This analyzer was designed to maintain the temperature of the 
incoming sample gas above the dew point of the sample gas. All inter- 
nal components that came in contact with the sample were enclosed in a 
heated chamber which was heated by the NOx thermal converter boot. 
This method of heating proved totally unsatisfactory. After undergoing 
the major modifications described earlier, this instrument now satis- 
factorily analyzes wet exhaust samples. 

Initially, 

To eliminate a continued 

Another problem encountered in other CL analyzers which was not 
encountered in the Beckman unit used at NAFEC was the inability of the 
NO2 to NO thermal converter to operate e3ficiently in the low oxygen, 
high carbon monoxide environment of piston engine exhaust. Early in 
the program, the heated stainless steel tube type converter exhibited 
a tendency to eliminate any NO in the sample when passed through the 
converter in the presence of high concentrations of CO and low concen- 
trations of 02. 
was never eliminated; however, other types of converters, particularly 
the molybdenum alloy type have been used with varying degrees of suc- 
cess. -To date the proprietary material used in the Beckman converter 
seems to pose little or no problems in the measurement of oxides of 
nitrogen. 

This deficiency in the early stainless steel converter 



56 

Sampling System 

The majority of problems affecting the analysis instrumentation 
were found to be in the sample handling systems. 
purchased assembled from the vendor were found to have many tubing 
connections loose and leaking. A leak in the sample system may affect 
the performance of the system in one of two ways. If a large leak 
was located downstream of a sample pump, it would cause a loss of 
sample pressure to the analyzers, affecting response and instrument 
performance. If the leak was located upstream of a sample pump, it 
would tend to dilute the sample and give erroneous emissions readings. 
The result of even a small leak upstream of a pump could possibly go 
undetected for some time and cause incorrect data to be collected. 
Once again, many of the problems of sample leakage could have been pre- 
vented during system assembly had adequate quality control procedures 
been in effect. 

Systems that were 

Assuming that the system had been carefully assembled, small leaks 
may still develop during continuous operation of the equipment. 
stallation of a large capacity sample pump as near the sample probe as 
possible would prevent any leakage from diluting the sample. 

In- 

To avoid problems of water vapor condensation, sample lines up- 
stream of the water trap should be heated. The recommended sampling 
system as outlined by the EPA specifies that all lines upstream of the 
water trap should be heated to 300" F. 
problems with the ability of the water trap to remove water vapor in 
the CO/CO2/02 subsystems. At the flow rates required to keep sample 
transport time below 2 seconds, gas at a temperature of 300" F is un- 
able to be cooled sufficiently in the condenser to remove enough water; 
consequently, the remainder of the water vapor will condense out in the 
CO or C02 analyzers or flowmeters. It has been found that maintaining 
a sample line temperature of 150" F in the section of sample line be- 
tween the total hydrocarbon analyzer and the oxides of nitrogen analy- 
zer and the water trap gives the sample gas enough time to chill while 
passing through the water trap, and yet maintain the sample gas above 
its dew point ahead of the oxides of nitrogen analyzer. Care must be 
taken to insure that any flowmeters that are in a heated leg of the sys- 
tem are either heated or well insulated. Unheated flowmeters on the 
exhaust ports of both the total hydrocarbon and oxides of nitrogen ana- 
lyzers will cause erroneous readings due to back pressure on the analy- 
zers from the condensed water. 

This requirement has caused . 

Calibration Gases 

The most troublesome problem encountered in the use of emissions 
measurement equipment is finding calibration gas standards reliable 
enough to accurately calibrate the instrumentation. This problem is 
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espec ia l ly  evident  when dea l ing  with low concentrat ions of uns tab le  
gases such as oxides  of n i t rogen  and carbon monoxide. These gases,  
when used i n  concentrat ions below 1000 ppm,have a tendency t o  be very 
s e n s i t i v e  t o  changes i n  cy l inder  pressure  and ambient temperature, and, 
when s to red  over a per iod of t i m e ,  they tend t o  change concent ra t ion  un- 
pred ic tab ly  ( f ig .  3-10). 
NO2 is shown i n  f i g u r e  3-11. However, t he  impact of t h i s  s t a b i l i t y  prob- 
l e m  on p i s t o n  engine emissions measurements i s  l imi t ed  t o  t h e  a n a l y s i s  of 
oxides of' n i t rogen  s i n c e  concentrat ions of carbon monoxide which are 
used i n  t h e s e  measurements are much above t h e  uns tab le  1000 ppm l e v e l .  
I n s t a b i l i t y  and mixing problems assoc ia ted  wi th  t h e  o ther  gases (CO, 
C02, 02, and C3H8) do not  present  a problem i n  t h e  higher  concentra- 
t i o n s  used i n  c a l i b r a t i n g  f o r  p i s t o n  engine tests. Problems i n  these  
gases arise because of poor q u a l i t y  con t ro l  while  analyzing these  gas 
mixtures a t  the  s u p p l i e r ' s  l abora tory .  Therefore,  accuracy levels 
claimed on the  ana lys i s  c e r t i f i c a t e s  should be used with caut ion.  

The e f f e c t  of cy l inde r  type on s t a b i l i t y  of 

An in-houseca l ibra t ion  gas acceptance program should be i n s t i t u t e d  
t o  in su re  r e p e a t a b i l i t y  of da t a  throughout a test series. This pro- 
gram would in su re  t h a t  no major s h i f t s  i n  instrument c a l i b r a t i o n  oc- 
cur because of improperly c e r t i f i e d  c a l i b r a t i o n  gases.  By using in- 
s tock  c a l i b r a t i o n  gases  t o  v e r i f y  new gases as they are purchased, a 
new gas which dev ia t e s  from t h e  c e r t i f i e d  concentrat ion by more than 
the  manufacturers to le rance  would be discovered and then should be re- 
turned t o  t h e  supp l i e r  f o r  r eana lys i s .  A gas t h a t  is  wi th in  t h e  manu- 
f a c t u r e r ' s  t o l e rance  should be labe led  as t o  t h e  exact  in-house analyzed 
concentrat ion and used as t h a t  concentrat ion from t h e  on. This method 
insures  t h a t  da t a  from one system always w i l l  be repea tab le .  However, 
t h i s  method does not i n su re  t h a t  t h e  da t a  w i l l  be cons i s t en t  between 
l abora to r i e s .  

One method of insur ing  consis tency among l a b o r a t o r i e s  is t o  par- 
t i c ipa te  i n  a c a l i b r a t i o n  c ros s  re ference  se rv ice .  This s e rv i ce  s t a t i s  
t i c a l l y  compares t h e  r e s u l t s  of each labora tory ' s  a n a l y s i s  of a r e f e r e e  
gas. To be of real value,  t h i s  s e rv i ce  should co inc ide  with t h e  required 
monthly instrumentat ion c a l i b r a t i o n  and should provide f o r  immediate 
feedback as t o  t h e  accuracy of each l abora to ry ' s  ana lys i s .  

Accuracy of Emission Systems 

Accuracy of emissions da t a  depends on many parameters,  least of a l l  
published instrument accuracy. When surveying t h e  published instrument 
spec i f i ca t ions ,  i t  i s  c l e a r l y  evident t h a t  most instrumentat ion designed 
t o  be used f o r  exhaust emission measurements m e e t s  t h e  requirements set 
f o r t h  by EPA. However, whether o r  not t h i s  instrumentat ion l i v e s  up t o  
its design s p e c i f i c a t i o n s  during a c t u a l  f i e l d  use is  more a func t ion  of 
c a l i b r a t i o n  accuracy and system r e l i a b i l i t y .  Assuming t h a t  t he  gases 
used t o  c a l i b r a t e  t h e  ana lys i s  instrumentat ion have a l l  been v e r i f i e d  
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and t h e  instrumentation i s  funct ioning properly,  t h e  method used t o  ob- 
t a i n  the  analyzer  c a l i b r a t i o n  curves is  c r i t i ca l .  Analyzer specif ica-  
t.ions claim r e p e a t a b i l i t y  of 2 1  percent of f u l l  scale. This repeatabi l -  
i t y  can be t r a n s l a t e d  t o  instrument accuracy only a t  t h e  exact p o i n t s  
of c a l i b r a t i o n .  A t  any o t h e r  po in t  wi th in  t h e  range of t h e  analyzer ,  
t h e  reading is only an  estimate based on a b e s t  f i t  curve drawn through 
these  c a l i b r a t i o n  po in t s .  This,  t he re fo re ,  means t h a t  t h e  accuracy of 
t h e  da t a  is  dependent on how w e l l  t h i s  b e s t  f i t  curve follows t h e  a c t u a l  
behavior of t h e  analyzer.  

Determining the  proper c a l i b r a t i o n  curve f o r  each analyzer r equ i r e s  
t h a t  t h e  b a s i c  shape of t h e  curve b e  known. The t o t a l  hydrocarbon ana- 
l y z e r  (FID), oxides of n i t rogen  (CL) analyzer,  and oxygen analyzer are 
known t o  be l i n e a r  up t o  a predetermined l i m i t .  Therefore, a b e s t  f i t  
curve based on a l i n e a r  r eg res s ion  should be used t o  determine t h e  cali-  
b r a t i o n  curve f o r  t hese  analyzers .  A minimum of t h r e e  v e r i f i e d  ca l ib ra -  
t i o n  gas s tandards must b e  used t o  determine these  curves. The in f r a -  
red analyzers  used t o  measure carbon monoxide and carbon dioxide are 
known t o  be nonl inear .  By using a t h i r d  degree polynomial regression,  
a b e s t  f i t  curve f o r  t h e s e  two analyzers may be found t h a t  very c lose ly  
approximates t h e  behavior of t hese  analyzers.  A minimum of f i v e  veri- 
f i e d  c a l i b r a t i o n  gas standards should be used t o  determine t h e s e  curves. 

Both r eg res s ion  methods generate  c a l i b r a t i o n  curves which f a l l  
within t h e  +1 percent  accuracy levels of t he  analyzers.  

EMISSIONS MEASUREMENT SUMMARY 

Emission measurement instrumentation commercially a v a i l a b l e  w i l l  
r e l i a b l y  and accu ra t e ly  measure exhaust from p i s t o n  engines provided 
t h e  instruments are functioning according t o  design s p e c i f i c a t i o n s ,  
are properly c a l i b r a t e d ,  and used on a r egu la r  bas i s .  Care must be 
taken when purchasing t h i s  equipment t o  spec i fy  exac t ly  t h e  operat ing 
condi t ions under which t h e  instrumentation i s  t o  be used and t h e  per- 
formance expected of t h e  system. Each system o r  component should be 
checked thoroughly f o r  compliance wi th  s p e c i f i c a t i o n s  p r i o r  t o  being 
accepted from the  vendor. Ca l ib ra t ion  gas s tandards should be ve r i f i ed  
p r i o r  t o  being used t o  c a l i b r a t e  t h e  instrument. 
of c a l i b r a t i o n  po in t s  must b e  used t o  in su re  t h a t  t h e  c a l i b r a t i o n  
curves determined f o r  each analyzer  accu ra t e ly  p r e d i c t  t h e  behavior of 
each analyzer.  Also, a pe r iod ic  in t e r l abora to ry  c a l i b r a t i o n  c ros s  
reference check should be made t o  in su re  t h a t  da t a  co l l ec t ed  are com- 
p a t i b l e  from l abora to ry  t o  laboratory.  R e l i a b i l i t y  and accuracy of 
a n a l y s i s  instrumentation is  g r e a t l y  enhanced i f  t h e  instrument i s  cal- 
i b r a t e d  and operated on a r egu la r  bas i s .  A preventat ive maintenance 
and c a l i b r a t i o n  schedule could be e s t ab l i shed  i f  t h e  instrument i s  used 
i n  t h i s  manner. The p o s s i b i l i t y  of f u r t h e r  simplifying t h e  a n a l y s i s  
system and determining t h e  cause of v a r i a b i l i t y  i n  p i s t o n  engine e m i s -  

A s u f f i c i e n t  number 



s ion  measurements should be invest igated.  The cumulative e f f e c t  of in- 
d iv idua l  measurement unce r t a in t i e s  on f i n a l  emissions da t a  accumulated 
should a l s o  be determined. 

TEST PROCEDURES 

To understand the  tests it  is necessary t o  descr ibe  t h e  EPA cycle .  
I n  t h e  cycle,  EPA s p e c i f i e s  an id l e - t ax i  operat ion of 12 minutes dura- 
t i o n  a t  s t a r t u p ,  a 0.3-minute operat ion a t  takeoff  power, a 5-minute 
climb, a 6-minute approach, and a 4-minute i d l e / t a x i  operat ion coming 
in .  A t  t h e  o u t s e t  of t h e  program, i t  w a s  decided t o  run a t  both i d l e  
and t a x i  i n  order  t o  develop information a t  both powers. The i d l e  
power w a s  s e l ec t ed  a t  600 rpm and t a x i  a t  1200 rpm wi th  t h e  t i m e  i n  ' 

modes a t  1 and 11 minutes, respec t ive ly ,  when going out  and a 3-minute 
t a x i  and l-minute i d l e  coming i n .  

The 7-mode base l ine  shown i n  f igu re  3-12 is  conducted i n  sequence, 
but t h e  t i m e  i n  mode f o r  computing emissions is a ca lcu la ted  value.  
The a c t u a l  test t i m e  i n  mode f o r  any run is  about 5 minutes. This i s  
because i t  takes  about t h a t  long t o  set the  power condi t ions,  s t a b i l i z e  
the engine, and record t h e  values  of engine performance and emissions. 
I n  conducting t h e  -/-mode tests i t  has been observed t h a t  i d l e  and t a x i  
going out  are not necessa r i ly  i d e n t i c a l  with t a x i  and i d l e  i n .  
a t t r i b u t e d  t o  t h e  f a c t  t h a t  a t  s tar t  up t h e  preconditioning of t h e  en- 
gine c o n s i s t s  only of s t a r t i n g  and running t h e  engine u n t i l  t h e  o i l  is  
heated up t o  a spec i f i ed  temperature. During t h i s  warmup period, some 
buildup of carbon, o i l  pas t  t he  r ings ,  e t c . ,  w i l l  occur and t h i s  w i l l  
be r e f l e c t e d  i n  t h e  emissions measured. Af te r  t h e  i d l e  run, t h e  t a x i  
condition i s  set with no clear-out of the  engine and t h i s  too w i l l  have 
an impact on t h e  measured emissions. However, a t  t a x i  i n ,  which fo l -  
lows a sequence of high power runs which have cleared t h e  engine ou t ,  
t he  emissions usua l ly  are lower than those measured a t  taxi out .  The 
same is usua l ly  t r u e  f o r  i d l e  i n .  

This is  

The previous observat ions i n d i c a t e  t h a t  t h e  level of emissions can 
be changed by varying t h e  procedure used during t h e  t e s t i n g .  It a l s o  
should be recognized t h a t  t he  impact  of t h e  id l e - t ax i  modes i n  t h e  
7-mode base l ine  is q u i t e  s i g n i f i c a n t .  
27.3 minutes. 
and t a x i ,  but t h e  t i m e  i n  mode is  s u f f i c i e n t l y  long t o  have a consider- 
ab le  impact  on t h e  o v e r a l l  emissions level. 

The t o t a l  t i m e  f o r  the  cyc le  is 
Admittedly,the rate of emission production is  low at  i d l e  

I n  t h e  course of t h e  tests i t  became apparent t h a t  t he  ya rds t i ck  
f o r  determining whether datawere acceptable  o r  unacceptable w a s  r a t h e r  
broad a t  t h e  t h r e e  high powers. The data  a t  takeoff ,  climb, and ap- 
proachwereusual ly  cons is ten t  f o r  a l l  t h e  engines t e s t e d  and agreement 
between measured and ca lcu la ted  fue l -a i r  r a t i o  w a s  high (i.e.,  probably 
90 percent o r  more of these  tests produced acceptable  d a t a ) .  A t  i d l e  
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and t a x i ,  t h e  degree of a c c e p t a b i l i t y  w a s  considerably lower with i d l e  
power providing t h e  lowest percentage of acceptable  da ta .  This can be 
a t t r i b u t e d  t o  a v a r i e t y  of causes: (1) t h e  engine i s  not running i n  a 
t r u e  s teady-state  condi t ion at  i d l e  power where rpm f luc tua t ions  are 
r a t h e r  wide while da t a  are being co l l ec t ed ,  (2) t h e  combustion process 
i s  not  cons is ten t  and wide f luc tua t ions  i n  emissions are recorded dur- 
ing  a test, and (3) t h e  e f f e c t  of cylinder-to-cylinder v a r i a t i o n s  is  
more pronounced and these  v a r i a t i o n s  are r e f l e c t e d  i n  t h e  wide band of 
emissions recorded. The same comments which are made f o r  i d l e  power 
can be c i t e d  f o r  t a x i ,  but  on a reduced l eve l .  The accep tab i l i t y  of 
da ta  a t  t a x i  is much higher than t h a t  a t  i d l e ,  probably there  are only 
50 percent as many unacceptable test po in t s  run a t  t a x i  as a t  i d l e .  

Recognizing these  l imi t a t ions  of t h e  7-mode cycles ,  i t  has been 
suggested by t h e  var ious  p a r t i c i p a n t s  i n  t h e  program t h a t  a 5-mode 
cyc le  be used as t h e  b a s i c  measuring medium f o r  po l lu t ion  tests. 
is  being suggested is  t h e  use of a 5-mode cyc le  ( f i g .  3-13) which e l i m -  
i n a t e s ’ i d l e  tests a t  t h e  beginning and end and adds 1 minute t o  both 
t a x i  modes. The r e s u l t s  obtained from t h i s  type of test are s l i g h t l y  
more conservat ive ( i . e . ,  t h e  emissions are s l i g h t l y  higher)  than those 
obtained when computed from a 7-mode cycle .  
curacy of da ta  obtained, the  r e p e a t a b i l i t y  of t h e  da ta ,  and t h e  capa- 
b i l i t y  of s e t t i n g  the  condi t ions a t  t a x i  are considerably g rea t e r .  A 
comparison of a typ ica l  7-mode and 5-mode cyc le  ( f ig .  3-14) using t h e  
same da ta  r e s u l t s  i n  agreement between t h e  two types of cycles  wi th in  
5 percent .  
emissions accura te ly  a t  i d l e ,  i t  would seem t h a t  t h i s  e f f o r t  o f f e r s  
only a very s l i g h t  increase  i n  information about emissions. 
t r u e  e spec ia l ly  when i t  is rea l i zed  t h a t  t h e  degree of accuracy s u f f e r s  
a sharp dec l ine  when going from t a x i  t o  i d l e  power. 
t o  t h e  bas i c  cyc le  emission ca l cu la t ion  should be considered i n  the  
l i g h t  of t h e  previous comments. A t  any rate, a l l  the  tests a t  NAFEC are 
being run with t h e  7-mode cycle  and can r e a d i l y  be modified t o  a 5-mode 
cyc le  i n  the  computation procedure. 

What 

However, t h e  degree of ac- 

With a l l  t h e  problems which occur i n  attempting t o  measure 

This is  

This modification 

The tests conducted a t  NAFEC and a t  t h e  engine manufacturers have 
a13 been of two types,  7-mode base l ines  and lean-out runs a t  a l l  
powers. 
r i c h  and taking a reading of emissions. The next test is  set a t  an  in-  
crementally reduced f u e l  flow. Usually a series of fou r  tests is  made 
a t  each power (i.e.. from f u l l - r i c h  t o  1 2  o r  15 l b  l ean ) .  The informa- 
t i o n  gained from these  tests is  q u i t e  u se fu l  i n  t h a t  acceptable  d a t a  
produce smooth curves when they are p lo t t ed  wi th  F/A r a t i o  versus  pollu- 
t a n t  i n  pounds per  hour. Unacceptable d a t a  become very apparent when 
p lo t t ed  i n  t h i s  way. I n  addi t ion ,  when such tests are run under d i f f e r -  
en t  ambient condi t ions,  t h e  curves produced can be use fu l  i n  determin- 
ing  t h e  impact  of temperature and humidity on t h e  emissions. For pur- 
poses of co r re l a t ing  da ta  from d i f f e r e n t  f a c i l i t i e s ,  t he  use of lean- 
out  runs is  a necess i ty .  A 7-mode base l ine  y i e l d s  information which is  

The lean-out runs are conducted by s e t t i n g  t h e  power a t  f u l l  
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unique t o  t h e  condi t ions under which i t  w a s  run. 

It is d i f f i c u l t  t o  compare basel ine bargraphs wi th  any degree of 
accuracy unless  i d e n t i c a l  ambient condi t ions p r e v a i l  f o r  t h e  tests under 
comparison. The use  of lean-out tests, however, provides a more con- 
venient  mechanism f o r  comparison o r  ana lys i s  of t h e  da t a .  Tests a t  d i f -  
f e r e n t  ambient condi t ions can generate l i n e s  of p o l l u t a n t  aga ins t  F/A 
r a t i o  which can serve as guidel ines  f o r  i n t e r p o l a t i o n  o r  ex t r apo la t ion  
t o  o t h e r  ambient condi t ions.  
evaluated. 

I n  t h i s  way d a t a  can be compared and 

Lean-out tests can be used t o  generate  7-mode o r  5-mode base l ines  
and bargraph p resen ta t ions  can be made from these  curves. The use of 
lean-out t e s t i n g  i n  this  way can y i e l d  more cons i s t en t  information on 
t h e  cycle  emissions, s i n c e  t h e  curves themselves e l imina te  t h e  random- 
ness which occurs i n  any ind iv idua l  test point .  The accumulated to l e r -  
ances of t h e  emission measurements instrumentation and t h e  f u e l  and a i r  
measurements a lone could render a l l  da t a  unacceptable. On a s ta t i s t ica l  
bas i s ,  however, t h i s  r e s u l t  does not occur. However, some of t h i s  ran- 
domness of da t a  can b e  eliminated by t h e  use of lean-out tests i n  de- 
veloping t o t a l  cyc le  emission values.  

The lean-out curves are a l s o  use fu l  i n  construct ing hypothet ical  
f l i g h t  p r o f i l e s  f o r  an engine. Thus, a t  takeoff ,  climb, approach, and 
t a x i , s p e c i f i c  F/A r a t i o s  can be selected,and t h e  emissions from t h i s  
cycle  can b e  determined without a c t u a l l y  t r y i n g  t o  set t h e  engine con- 
d i t i o n s  on the  stand. 
i n  comparing da ta  from f a c i l i t y  t o  f a c i l i t y .  Assuming t h a t  t he  da t a  on 
the  engine are taken over a range of ambient condi t ions,  which can be 
used f o r  i n t e r p o l a t i o n  o r  extrapolat ion,  a d i r e c t  comparison of cyc le  
emissions can be developed f o r  purposes of comparison. 
tests the re fo re  can be extremely u s e f u l  and should a l s o  prove t o  be 
q u i t e  valuable  i n  assessing emissions when co r rec t ed  t o  a n  agreed upon 
standard.  It is  f e l t ,  t he re fo re ,  t h a t  a very s i g n i f i c a n t  con t r ibu t ion  
t o  accu ra t e  and usable  d a t a  on emissions can be obtained by t h e  use  of 
lean-out tests a t  t h e  var ious powers. 

Application of t h i s  p r i n c i p l e  is  a l s o  very u s e f u l  

The lean-out 
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DISCUSSION 

Q -  

A -  

Q -  

A -  

Q -  
A -  

Q -  

A -  

G. Kittredge: Your arguments and recommendation f o r  de l e t ion  of t he  
i d l e  power s e t t i n g  were very persuasive and c e r t a i n l y  t h e  da t a  seem 
t o  be unharmed by such a change. 
recommendation. 
o r i e n t a t i o n  t h a t  can comment on Bob's recommendation and say 
whether t h e  i d l e  power s e t t i n g  is a real is t ic  power s e t t i n g  i n  t h e  
context of t h e  way such a i r c r a f t  are r e a l l y  operated? 
L. He lms :  The 1 minute of t h e  a l loca ted  t o  i d l e  i s  not  p a r t i c u l a r l y  
s i g n i f i c a n t  one way o r  t h e  other .  There is  t h e  more f a r  reaching im- 
pact ,  however, of e l iminat ing t h a t  1 minute of i d l e  pe r  se and t ry ing  
to  bui ld  an  automatic mixture cont ro l  system t o  take  i n t o  account a l l  
of those conditions.  
haps t h e  worst, which might be climb o r  maybe takeoff ,  and scheduling 
a mixture con t ro l  approach t o  reduce a l l  of t h e  po l lu t an t s  and cer- 
t a i n l y  CO. 
e l imina te  j u s t  one mode, which i n  t h i s  case is  t h e  i d l e  with only 
1 minute. 
t h e  f a c t  t h a t  I not iced on your c h a r t  you could t e l l  no d i f f e rence  be. 
tween t h e  5 and 7 modes. From our viewpoint i t  could only help US 
s i g n i f i c a n t l y  and c e r t a i n l y  would reduce t h e  magnitude of t h e  complex 
i t y  of t h e  problem. 

We do owe you a response t o  t h a t  
Ts t he re  someone here  today with a i r c r a f t  design 

W e ' l l  see later the  p o s s i b i l i t y  of taking per- 

Our problem would be dramat ica l ly  easier i f  we would 

I would c e r t a i n l y  encourage i t  - p a r t i c u l a r l y  i n  view of 

M. S t ee l e  t o  S .  hbrogno:  I w a s  very impressed with t h e  magnitude 
of t h e  e r r o r s  t h a t  you could g e t  from t h e  Beckman instruments.  
Since most of us use these  same instruments,  a t  what po in t  were t h e  
improvements made i n  t h e  Beckman instruments? Tn p a r t i c u l a r ,  i f  you 
go back t o  the  pre-1973 era, are w e  dea l ing  with instruments t h a t  
w e r e  g ros s ly  inaccura te  o r  d id  I misunderstand some of t h e  comments 
t h a t  were made? 
S. Imbrogno: You are speaking of which analyzer  i n  p a r t i c u l a r ?  
The e r r o r s  i n  the  CO and C02 are very s m a l l .  
made i n  t h e  hydrocarbon analyzer  r e a l l y  only a f f ec t ed  the  very high 
emission levels. A t  t h e  lower emission levels, such as approach 
and poss ib ly  takeoff and climbout, t h e  modif icat ions w e  made didn' t 
a f f e c t  t h e  measurements a t  a l l .  

The modif icat ions w e  

M. S tee le :  
S. Imbrogno: 
t i o n a l  problem. 
we'd have t o  s top  t e s t i n g  and repair t h e  analyzer .  
t i c u l a r l y  a f f e c t  t h e  d a t a  once the  analyzer  w a s  operat ing properly.  

What about t h e  v a r i a t i o n s  i n  NO, measurements? 
The problem with the  analyzer  w a s  more of an  opera- 

The operat ion of t h e  analyzer would degrade and 
It d idn ' t  par- 

B. Westfield t o  S .  Imbrogno: I n  the  automotive f i e l d  they use  a 
bag c o l l e c t i o n  system. Do you f e e l  t h a t  t h e r e  would be any bene f i t  
f o r  aircraft systems t o  go t o  t h a t  same type of a system; and, sec- 
ondly, could the manufacturers g ive  m e  t h e i r  comments on t h e  same 
poin t?  
S. Imbrogno: 
be adding another p iece  of instrumentat ion;  however, i t  would 

Using t h e  constant  volume sample with t h e  bags would 
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e l imina te  problems with high concentrat ions t h a t  are measured f o r  
p i s t o n  engines. You'd be br inging t h e  concentrat ions down i n  t h e  
ppm range and would be e l h i n a t i n g  t h e  problem of non l inea r i ty  i n  
t h e  hydrocarbon measurements a t  the  high end. 
s i b l y  be el iminat ing the water problem I n  t h e  ehemlluminescence 
analyzer.  

Also, it would pos- 

COMNENT - T. Cackette: One problem with t h e  CVS system is  t h a t  you 
don ' t  g e t  a heated hydrocarbon measurement. 
c u l t  t o  hea t  a flow t o  300° F t h a t ' s  d i l u t e d  with 300 CFM of d i l u t i o n  
a i r  - which i s  what happens i n  an  automotive system. 

COMMENT - L. Duke: 
because w e  t r a d e  one problem f o r  another.  
concentrat ions and water problems with exhaust emissions i n  t h e  NO, de- 
t ec to r .  When w e  look a t  t h e  magnitude of t h e s e  problems as f a r  as w e  
have r e f ined  the  instrumentation today, w e  have reduced them so t h a t  
those problems are no t  a f a c t o r  i n  t ry ing  t o  pass  t h e  Federal  Standards. 
I f  w e  go t o  t h e  bag system then w e  have a new set of problems. Instead 
of looking a t  high concentrat ions we are now looking a t  low concentra- 
t i o n s  as w e  s t a t e d  i n  t h e  ppm range with a new set of problems t o  def ine.  
What you are saying i s  l e t ' s  throw out a l l  t h e  work werve done t o  d a t e  
and start f r e sh .  
sponse would be t o  say no f o r  t h a t  reason and a l s o  f o r  increased complex- 
i t y  i n  t h e  test cyc le  and test procedures which we'd have t o  start work- 
ing wi th  now. 

COMMENT - K. Stuckas: F i r s t  of a l l ,  I ' d  have t o  concur wi th  Steven 
Imbrogno's remarks about t h e  equipment, and second, a t  t h i s  t h e  w e  f e e l  
w e  have t h e  equipment i n  shape and are on top  of t h e  s i t u a t i o n  t o  t h e  
point  of where w e  f e e l  w e  can produce accu ra t e  r e s u l t s  wi th in  t h e  con- 
s t r a i n t s  of t h e  exhaust emission standards as w r i t t e n  i n  t h e  Federal  
r e g i s t e r .  
system a t  t h i s  t i m e ,  although w e  have t r i e d  i t  w i t h  very l i t t l e  success.  

It 's going t o  be d i f f i -  

I n i t i a l l y  w e  are aga ins t  a bag c o l l e c t i o n  system 
W e  do have high hydrocarbon 

W e  a r en ' t  i n  t h e  pos i t i on  t o  do t h a t  and my f i r s t  re- 

I don't f e e l  t h e r e  is  any bene f i t  o r  va lue  i n  going t o  a bag 

Q -  

A -  

H. Nay: This  quest ion is  d i r ec t ed  t o  those who have done emissions 
t e s t i n g  relative t o  f u e l s  composition. 
range of content  of a v i a t i o n  gasoline.  For instance,  t h e  100 octane 
low l ead  f u e l  contains  a high content of arornatlcs re la t ive t o  t h e  
r egu la r  100 octane leaded f u e l .  Has t h e r e  been any experience i n  
regard t o  emissions'measurements, a n a l y s i s  r e s u l t s ,  o r  t h a t  type of 
t h ing  relative t o  t h e  a c t u a l  composition of t h e  f u e l ?  And is  t h e  
a standard tes t  f u e l  used i n  conjunction with emission measure- 
ments? 
P. Kempke: NASA-Lewis has used the  standard a v i a t i o n  r e fe rence  f u e l  
throughout our  program. 
comparative tests, as a general  comment i n  comparing our  da t a  t o  t h a t  
generated by t h e  indus t ry  f o r  similar engines, t h e r e  does no t  seem t o  
be any d i f f e r e n c e  t h a t  I would a t t r i b u t e  t o  f u e l  d i f f e rences .  I be- 
lieve the  industry d i d  not use the  r e fe rence  f u e l  but instead used 
t h e  commercially a v a i l a b l e  a v i a t i o n  f u e l .  

There is a f a i r l y  broad 

Although we have no t  made any experimental 
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COMMENT - L. Duke: W e  d id  not  use a s tandard re ference  fue l .  We buy a 
commercially a v a i l a b l e  f u e l  and each time analyze i t  f o r  aromatic con- 
t e n t ,  o l e f i n  lead  content ,  and o the r  th ings  that would inf luence  t h e  hy- 
drocarbon r a t i o  i n  t h e  ca l cu la t ion  procedure. 
f u e l s  t o  t r y  t o  cha rac t e r i ze  t h e  e f f e c t s  on emissions. 

W e  d id  not  use  d i f f e r e n t  

COWENT - W. Mirsky: 
enviroment, you ge t  i n t o  a ve ry  d i f f l lcu l t  sP tua t ion  when looktng a t  t h e  
r e a c t i v i t y  of t h e  hydrocarbon exhaust. You measure t o t a l  quant i ty  of 
hydrocarbons but t he  type of hydrocarbons has a l a r g e  e f f e c t  on how they 
each a f f e c t  t h e  atmosphere. This r equ i r e s  a very  e labora te  ana lys i s .  A 
l o t  of t h i s  work has been done and supported by EPA. 
Bartlesville, Oklahoma, has done a l o t  of work and it was  found that 
the re  m y  be as many as 200 d i f f e r e n t  types of hydrocarbons i n  t h e  ex- 
haust  as w a s  shown i n  some of t h e i r  e a r l y  work. 
bond hydrocarbons are not very reactive and do not  a f f e c t  t h e  atmos- 
phere. The o l e f i n i c  type of double bond hydrocarbons are r e a c t i v e  so 
you g e t  i n t o  a complex s i t u a t i o n  i f  you 
ind iv idua l  hydrocarbons. 
is not so much the  hydrocarbons as t h e  CO and t h a t ' s  a much s i m p l e r  
problem. 

If you look a t  t h e  e f f e c t  of hydrocarbons on t h e  

Dick Hurn of 

Methane and t h e  s i n g l e  

start t o  analyzk t h e  a f f e c t  of 
1 th ink  t h e  major problem with a i r c r a f t  engines 



65 

INDUCTION 

T13 

AIR SCHEMATIC FOR 10-360B TESTS AT NAFEC 

A 

I 
1 in. ORIFICE CPS 
IN 2in. PIPE p4 p5 AUTRONICS 

t I AIR METER 

CPS 

I 
/ I 

1NDUCTlON AIR AUTRONICS 
in. CUT OFF VALVE .-. - * .̂IC AIR METER I I  

100-750s IN e in. r i r c  

NOTE: [I) VALVE IS OPEN FOR TAKE-OFF, CLIMB AND APPROACH POWER 
(2) VALVE IS CLOSED FOR TAXI AND IDLE POWER 

Figure 3-1 

SIZING EFFECTS 
ON 3.8 in. ORIFICE IN 8 in. PIPE 

AIR FLOW 
POWER A P  AIR FLOW A P TOLER. TOLER. 
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Figure 3-2 
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SIZING EFFECTS 
ON AIR FLOW TRANSDUCER 
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Figure 3-3 

FUEL FLOW SYSTEM 
PRIOR TO TIARA 6-285-B 

HIGH FLOW 
ROTOM ETER 

TO BURRETT FLOW CONTROL 

LOW FLOW 
TURBOMETER 

n 
I 

I1 u INDUCTION 

FUEL 
n A 4  

I 
U I TO * !  

SHUT OFF 
VALVE 

HIGH FLOW 

I 1 TEE 

ENGINE 

TEE 

REGULATOR TURBOMETER 
VALVE 

Figure 3-4 
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GHEMATIC F EMISSIONS MEASUREMENT SYSTEM 
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Figure 3-5 
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E MISSION M E  ENT S 

0 CARBON DIOXIDE--02 
0 NONDISPERSIVE INFRARED (NDIR) 

RANGE 0-20% 
0 REP E ATAB 1 LITY f 0.2% co2 

CARBON MONOXIDE-CO 
NDlR 

0 RANGE 
0 REPEATABILITY 

0-20% * 0.2% co 

i 0 TOTAL HYDROCARBONS-THC 
0 FLAME IONIZATION DETECTOR (FID) 
0 RANGE 0-150,OOO ppm, 

0 LINEAR TO 150,OOO ppm, 
0 MINIMUM SENSlTlVlTv 1.5 PPm, 

0 OXIDES OF NITROGEN--NO, 

0 CHEMILUMINESCENT (CL) 
0 RANGE 
8 MINIMUM SENSITIVITY 

0 OXYGEN-02 

POLARAGRAPHIC 
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0-10,OOO ppm 
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0- 100% 
0.1% 02 
200 m s  

Figure 3-6 
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Figure 3-8 
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STABILITY OF NITRIC OXIDE MIXTURES 
(SOURCE-N BS) 
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Figure 3-10 
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EFFECT OF CYLINDER TYPE 
ON STABILITY OF NO2 

ANALYSIS ANALYSIS 
CYLINDER TYPE 2 MONTHS 2 YEARS 

WAX LINED 

STEEL (Cr-Mol 

135 ppm 

179 ppm 

1 PPm 

151 ppm 

TREATED ALUM I NU M 197 ppm 200 PPm 

FILLED TO BE 200 PPM NOn IN Nz 
(SOURCE-AIRCO INDUSTRIAL GASES) 

Figure 3-11 

QESCRIPTION OF 7 MODE 

BASELINE TEST FOR EMISSIONS 
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Figure 3-12 
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DESCRIPTION OF 5 MODE 
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Figure 3-13 

EFFECT OF DELETION OF THE IDLE MODE 
ON CYCLE EMISSION CALCULATION 

LIMIT 

Figure 3-14 



4 .  DATA REDUCTION AND EVALUATION PROCEDURES 

W i l l i a m  Mirsky 

Universi ty  of Michigan 
Ann Arbor, Michigan 

Work a t  t h e  Universi ty  of Michigan has pr imari ly  been concerned 
with the  computational procedures t h a t  are involved i n  exhaust emissions 
da ta  reduction and the  use of these  computational procedures f o r  de te r -  
mining the  q u a l i t y  of t he  da ta  t h a t  i s  obtained from exhaust measure- 
ments. We focused on four problem areas. The f i r s t  w a s  the  various 
methods f o r  performing t h e  carbon balance. As has already been men- 
t ioned,  Federal  regula t ions  spec i fy  tha t  a k5-percent tolerance on the  
carbon balance should be m e t .  There a re  a t  least four  techniques t h a t  
can be used t o  perform t h i s  carbon balance. 
f e r e n t  e r r o r  for  t he  carbon balance. The second problem area w a s  t h e  
method f o r  ca l cu la t ing  w a t e r  cor rec t ion  f ac to r s .  
measurement instruments t h a t  are used, some of t h e  water is condensed 
from the  exhaust sample and the  concentrat ion must be converted t o  e i t h e r  
a t o t a l l y  w e t  o r  t o t a l l y  dry measurement. 
the w a t e r  cor rec t ion  f a c t o r  i n  the  data  reduction computations, p a r t  of 
our e f f o r t  w a s  t o  examine the  methods used f o r  determining t h i s  water 
cor rec t ion  fac tor .  The t h i r d  problem area was how t o  c a l c u l a t e  t h e  ex- 
haust  molecular weight. The four th  problem area w a s  assess ing  t h e  
q u a l i t y  of t he  data .  Is the re  a way of determining the q u a l i t y  of the  
data  immediately from an  ana lys i s  of t h e  r e s u l t s  o r  does one make com- 
par isons with t rends es tab l i shed  over a series of runs? 

Each technique gives a d i f -  

In  the  var ious exhaust 

Because of  the  involvement of  

Our accomplishments are as follows : 

1. Review of the  l i t e r a t u r e  f o r  methods of performing the  carbon 
balance 

(a) Spindt (Gulf Research) ( r e f .  1) 

(b) Stivender (General Motors Research) ( r e f .  2)  

(c)  El t inge  (Ethyl Research and Development Laboratories) 
(ref.. 3) 

73 



74 

2. Fundamental approach t o  performing t h e  carbon balance 

(a) Find X equations f o r  the  X unknowns 

(b) Methods: 

1.1 Spindt (K) , 4 equations i n  4 unknowns 

1.2 Expanded Spindt (K) ,  15 equations i n  15 unknowns 

2.1 XTC, 15 equations i n  15 unknowns 

3 .1  K and XTC, 16 equations i n  16 unknowns 

3.2 Modified Stivender,  1 2  equations i n  1 2  unknowns 

(c)  Features of the  University of Michigan methods: 

(1) Model the combustion process more accura te ly  

(2) Clear ly  i d e n t i f y  assumptions and s impl i f i ca t ions  

(3) Eliminate need f o r  water cor rec t ion  

( 4 )  Give concentrations of 10  (11) major exhaust components 

(5) Compute exhaust molecular weight 

( 6 )  Provide means fo r  da ta  assessment 

(7) Agree w e l l  wi th  El t inge ' s  method 

F i r s t ,  w e  reviewed the  l i t e r a t u r e  deal ing with the  methods f o r  performing 
the  carbon balance. W e  found three  important works i n  t h i s  area. One 
method by Spindt a t  Gulf Research ( re f .  1) seems t o  be very commonly used 
not only i n  the  automotive indus t ry  but  i n  many combustion s tud ie s .  
second method w a s  developed by Stivender a t  General Motors Research 
( re f .  2) ,  and t h e  t h i r d  i s  a graphical  method developed by El t inge  a t  the  
Ethyl Research and Development Laboratories ( r e f .  3 ) .  

The 

In  examining these computational procedures we  found t h a t  t h e  carbon 
balance could be performed i n  a more fundamental manner. This funda- 
mental method cons i s t s  of f ind ing  a s u f f i c i e n t  number of equations t o  be 
able t o  solve f o r  the  unknowns t h a t  appear i n  t h e  combustion equat ion 
model. 
more accura te  combustion equation tha t  gave us more accura te  information 
about the combustion model and about t he  emissions measurements. Based 
on t h i s  fundamental approach, w e  developed the  following f i v e  methods: 
The f i r s t  method (1.1) i s  equivalent  t o  the  Spindt method i n  t h a t  four 
equations are used f o r  four unknowns. 

By following t h i s  approach we  w e r e  ab l e  t o  use an expanded and 

It i s  a f a i r l y  simple model. The 
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combustion equation i s  expanded by using a more accurate  a i r  composition 
that includes argon, water vapor, and v a r i a b l e  carbon dioxide (C02) levels 
i n  t h e  in t ake  a i r  and by taking i n t o  considerat ion 10  o r  11 products i n  
the  exhaust (method 1.2).  Methods 1.1 and 1.2 both use  t h e  equilibrium 
constant equation f o r  t h e  water gas r eac t ion  as one of t h e  equations. 
Method 2.1 s u b s t i t u t e s  an  equation t h a t  involves t h e  sum of the  mole 
f a c t i o n s  i n  p l ace  of t h e  equi l ibr ium constant equation. Method 3.2 in- 
volves both t h e  equi l ibr ium constant  and t h e  sum of t h e  more f ac t ions .  
Method 3.2 involves a modified Stivender system, which does not r equ i r e  
an oxygen measurement. Note t h a t  w e  have gone from four  equations in- 
volving four  unknowns t o  1 6  equations and 16  unknowns. 

This approach gives  us  a computational method wi th  t h e  following 
features:  f i r s t ,  w e  have a more accurate  combustion equation involving 
more of t h e  s t a b l e  combustionproducts. Second, t h e  assumptions and 
s impl i f i ca t ions  are c l e a r l y  i d e n t i f i e d .  Third, w e  e l imina te  t h e  need 
f o r  a water co r rec t ion  f a c t o r  s i n c e  t h e r e  is  no sepa ra t e  computation t h a t  
involves t h e  water co r rec t ion  f a c t o r .  Measurements i n  e i t h e r  t h e  dry,  
d r ied ,  o r  w e t  states can be used. If no water is  condensed ou t  of t h e  
sample, t h e  measurement i s  w e t .  I f  water i s  condensed i n  t h e  water t r a p ,  
t he  measurement is somewhat d r i ed  but t he re  i s  s t i l l  some water vapor 
present.  
water. These are t h e  t h r e e  d i f f e r e n t  types of measurements t h a t  can be 
handled i n  our  computational procedure. These methods give t h e  concen- 
t r a t i o n s  of 10  o r  11 major exhaust components as w e l l  as t h e  fue l - a i r  
r a t i o ,  whereas a procedure such as t h e  Spindt method gives only t h e  fue l -  
a i r  r a t i o .  From t h e  concentrations of t h e  10 o r  11 major exhaust compo- 
nents ,  w e  can then compute t h e  exhaust molecular weight. This  value is 
more r e l i a b l e  than one based on equilibrium computations as is  commonly 
done. 

The sample must be passed through a d r i e r  t o  e l iminate  a l l  t h e  

Our method has a l s o  been of va lue  i n  a s ses s ing  t h e  q u a l i t y  of t h e  
da ta .  The method f o r  a s ses s ing  da ta  q u a l i t y  was  as follows: We s t a r t e d  
with a run t h a t  showed agreement f o r  a l l  t h e  four  computational methods. 
We then performed, on t h e  computer, a ca l cu la t ion  whereby w e  incremented 
the  concentration of an  exhaust species  such as C02 while holding a l l  
other  measurements constant.  The e f f e c t  would be s i m i l a r  t o  making a n  
e r r o r  i n  t h e  C02 measurement. 
obtained f o r  each of t h e  fou r  computational methods. A s  shown i n  f ig -  
u re  4- l (a) ,  i f  method 2.1 gives  a +5-percent e r r o r ,  method 3.2 would give 
a +2-percent e r r o r ,  method 1 .2  would give a -1-percent e r r o r ,  and method 
3.1 would give approximately a -5-percent e r r o r .  This i l l u s t r a t e s  t h e  
f a c t  t h a t  t h e  percentage of e r r o r  i n  t h e  carbon balance is a func t ion  of 
t h e  method being used. A use fu l  f a c t o r  t h a t  comes out  of t h i s  i s  the  
s e n s i t i v i t y  f a c t o r  t h a t  w e  c a l l  s p e c i f i c  e r r o r .  For example, t h e  C02 
s p e c i f i c  e r r o r  i s  t h e  inc rease  i n  fue l - a i r  r a t i o  e r r o r  due t o  a 1-percent 
increase i n  C02. Each computational method shows a d i f f e r e n t  s p e c i f i c  
e r r o r .  Our a n a l y s i s  shows t h a t  t h e  s p e c i f i c  e r r o r  varies with the  con- 
cen t r a t ion  as shown i n  f i g u r e  4-l(b).  Similar  s t u d i e s  w e r e  made using 

The r e s u l t s  show t h e  fue l - a i r  r a t i o  e r r o r  
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many o t h e r  va r i ab le s ,  such as carbon monoxide (CO), hydrocarbons (HC) , 
oxygen (02),  and ambient humidity. This information can be appl ied  i n  
assess ing  the  exhaust emissions da ta  i n  t h e  following manner: An e r r o r  
i n  the  C02 measurement such t h a t  the C02 measured i s  higher  than the  
t r u e  C02 concentrat ion would cause, depending on the concentrat ion,  an 
increase  o r  decrease of the  e r r o r  as is shown i n  t a b l e  4-1. 
tudes and s igns  of t he  e r r o r s  from t h e  four  d i f f e r e n t  methods show which 
measurement is  pr imar i ly  responsible  f o r  the d i f fe rence  between the meas- 
ured and the  ca lcu la ted  fue l -a i r  r a t i o s .  

The magni- 

Tables 4-2 and 4-3 are two examples i n  which e r r o r s  i n  t h e  calcu- 
l a t e d  fue l - a i r  r a t i o  based on four  d i f f e r e n t  ca l cu la t ion  procedures are 
compared with measured test r e s u l t s .  Table 4-2 (example 1 )  shows t h a t  
a l l  four methods gave fue l -a i r  r a t i o  e r r o r s  of about 6 percent .  On the  
bas i s  of t he  +5-percent carbon balance c r i t e r i o n ,  t h i s  run would not  be 
considered an acceptable run. Normally, a l l  four  methods would no t  give 
e s s e n t i a l l y  the  same r e s u l t .  The chances of having compensating e r r o r s  
s o  as t o  end up with the  same r e s u l t s  are very small, and one would have 
t o  presume t h a t  the  ca l cu la t ed  r e s u l t s  are good, On the  b a s i s  of these  
r e s u l t s ,  we would conclude e i t h e r  t ha t  there  is an e r r o r  i n  t h e  f u e l  
measurement value o r  t he  a i r  measurement value o r  t h a t  t he re  w a s  an a i r  
leak  i n  t h e  system. In f a c t ,  i n  t h i s  p a r t i c u l a r  case an a i r  l eak  w a s  
discovered i n  the  induction system. 

In t a b l e  4-3 (example 2 ) ,  t he  +5-percent e r r o r  w a s  not  exceeded. 
The expanded Spindt method (method 1 . 2 )  gave an e r r o r  of about 3 percent .  
Normally, t h i s  would be considered t o  be a good run. However, when t h e  
d a t a  w e r e  reduced by the  th ree  o the r  methods, we got e r r o r s  of 24 ,  -10, 
and 10 percent.  What w e  do now i s  t o  f ind  ou t  which of t h e  measurements 
is  t h e  most probable cause f o r  t h i s  e r ro r .  Examining the  fue l -a i r  r a t i o  
e r r o r s  shows t h a t  a cor rec t ion  of +10 percent is required f o r  method 3.1, 
while method 3.2 would requi re  a -10-percent cor rec t ion .  The s p e c i f i c  
e r r o r s  f o r  C02 of -1.4 and M.5 percent f o r  methods 3.1 and 3.2 i n  
t a b l e  4-4 shows t h a t  these  changes w i l l  no t  r e s u l t  from cor rec t ions  i n  
the C02 concentrations.  However, it appears t h a t  CO might be i n  e r r o r  

about equal and of opposi te  s igns ,  i nd ica t ing  t h a t  the two fue l -a i r  r a t i o  
e r r o r s  of methods 3.1 and 3.2 could be reduced t o  approximately zero by a 
change i n  CO concentration. This would not  be accomplished by an 02 cor- 
rec t ion  o r  by a hydrocarbon correct ion.  This ana lys i s  therefore  poin ts  
t o  CO as the  measurement causing the bad d a t a  point .  

. here because the  two CO s p e c i f i c  e r r o r s  of -0.9 and M.8 percent  are 

Next, w e  determine the  necessary cor rec t ion  of CO, by using s p e c i f i c  
s e n s i t i v i t i e s ,  required t o  reduce a l l  four  fue l -a i r  r a t i o  e r r o r s  t o  zero.  
Method 1.2 would requi re  a -15-percent change i n  CO ( t a b l e  4-4). 
2 .1  would r equ i r e  a -12-percent change. 
reduced by 11.8 percent ,  a value a r r ived  a t  a f t e r  two t r ies ,  t h e  fue l -a i r  
r a t i o  e r r o r s  f o r  a l l  four methods were reduced t o  less than 1 percent ,  as 
shown. 
s i n g l e  run and t o  pinpoint  t h e  source of e r r o r  when t h e  e r r o r  i s  due p r i -  

Method 
When the CO concentrat ion w a s  

This procedure allows us t o  assess the  q u a l i t y  of d a t a  from a 
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marily t o  one bad measurement. The ana lys i s  becomes more complicated 
when more than one measurement is i n  e r r o r .  
e r r o r  which i s  less than 5 percent does not necessa r i ly  mean a good da ta  
run. 
method and o f t en  show much h igher  fue l -a i r  e r r o r s  as i l l u s t r a t e d  i n  
example 2. 

Also note  t h a t  a Spindt 

The o t h e r  computational methods are as acceptable as the  Spindt 

Our ana lys i s  has been appl ied t o  over 500 runs and has  proved t o  b e  
a r e l i a b l e  means for quickly assess ing  emissions data.  
being continued t o  f u r t h e r  r e f i n e  the  procedure f o r  assess ing  da ta  
qual i ty .  

This s tudy  is 
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TABLE 471. - SPECIFIC ERROR SUMMARY 

-- -_L P - r  Method 

TABLE 4-2. - COMPARISON OF ERRORS I N  THE CALCULATED 

FUEL-AIR RATIO BASED ON FOUR DIFFERENT 

CALCULATION PROCEDURES - EXAMPLE 1 
. . " I  ."-*- "~ ~ 

1 Method XTC 1 
-- ---. --. 

I-. 2 5.96 
6.11 
5.84 
6.01 

2 .1  .07576 
3 . 1  ----- .07557 

.07569 

Spindt e r r o r  >5 percent. 
Other methods give same r e s u l t .  
Found a i r  leak from induct ion system. 

z - " __I___d- ----- _i 1-11 ------- 1 3 .2  
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TABLE 4 - 3 .  - COMPARISON OF ERRORS I N  THE CALCULATED 

FUEL-AIR RATIO BASED ON FOUR DIFFERENT 

CALCULATION PROCEDURES - EXAMPLE 2 

------ 

Spindt e r r o r  <5 percent.  
Other methods give high e r ro r s .  
Implies measurement e r r o r ( s )  . 
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TABLE 4-4. - ERROR ANALYSIS - SPECIFIC 

From: 

ERRORS OF EXAMPLE 2 

Required change F/A e r r o r  
Percent increase  i n  concentrat ion Spec i f ic  e r r o r  = 

Required change F/A e r r o r  
Spec i f ic  e r r o r  G e t :  Percent increase  concentration = 

-3.03/+0.2 = -15.15 percent  change CO 
-24.73/+2.0 = -12.37 
+10.05/-0.9 = -11.17 

After  -11.8 percent  change i n  CO, r e s u l t  is  
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DISCUSSION 

COMMENT - W. Westfield: 
didn ' t  add. W e  supplied him w i t h  approximately 400 da ta  po in t s ,  many of 
which we knew were questionable,  
did f o r  us  he came up with a grouping of da t a  po in t s  t h a t  appeared t o  be 
o u t s i d e  acceptable  ranges. 
t a b l e  d a t a  po in t s  T t h ink  t h e  vast major i ty  of those p o i n t s  w e r e  " id l e  
mode" d a t a  points.  We feel t h i s  i s  f u r t h e r  support f o r  g e t t i n g  r i d  of 
t h e  procedure and computational process t h a t  r e a l l y  d r i v e s  u s  up a tree 
when w e  t r y  t o  come up wi th  a cyc le  f a c t o r .  

i 

I ' d  l i k e  t o  add one thing t h a t  D r .  Mirsky 

In the  a n a l y s i s  of t h e  work t h a t  he 

I n  going back and looking a t  t h e  unaccep- 

Q - T. Souza: Aren't t h e r e  two ways of c a l c u l a t i n g  emissions? One i s  
based on exhaust volume where t h e  concentrat ions i n  t h e  exhaust are 
measured. The exhaust volume i s  then ca l cu la t ed  and t h e  p o l l u t a n t s  
are based on t h e  r a t i o  of t h e  concentrat ions of t h e  d i f f e r e n t  gases. 
The second way i s  t o  simply assume t h a t  a l l  t h e  carbon i n  t h e  f u e l  
coming i n t o  t h e  engine appears as carbon i n  some c o n s t i t u e n t s  i n  
t h e  exhaust. 

A - W. Mirsky: Y e s ,  t h e r e  are two methods. What you're doing i n  per- 
forming t h e  carbon balance is  accounting f o r  t h e  carbon; but  you 
a l s o  have t o  account f o r  a l l  t h e  o the r  atoms t h a t  come i n  wi th  t h e  
f u e l  and a i r  based on measurements i n  t h e  exhaust. 
combustion equation you don't t ake  i n t o  account a l l  of t h e  moles 
of t h e  products so t h a t  t h e  value t h a t  you s u b s t i t u t e  i n  t h e  mathe- 
matical model i s  no t  q u i t e  t h e  r i g h t  value.  What t h e  four  methods 
start  out  with are unknown q u a n t i t i e s  of a i r  and f u e l  and you have 
t o  so lve  these. You f i r s t  set a carbon balance and an  oxygen bal- 
ance. Then you introduce another unknown. 
tu rns  ou t  t o  be hydrogen and water so you have t o  have two more 
equations; t h a t ' s  how you g e t  four  equations and four  unknowns i n  
a modified Spindt method. The combustion model is n o t  complete 
s i n c e  t h e  argon and some of t h e  o the r  spec ie s  i n  t h e  exhaust have 
been ignored. What you are t r y i n g  t o  do i s  decide whether o r  no t  
t h e  value t h a t  you c a l c u l a t e  does, i n  f a c t ,  ag ree  with what you 
measure. I f  you have an  e r r o r  i n  C02 then you g e t  d i f f e r e n t  e r r o r s  
between t h e  measured and ca l cu la t ed  value depending on what method 
you use. The s e n s i t i v i t y  curve shows t h a t  f o r  a 1-percent change 
i n  C02 t h e r e  can be four  d i f f e r e n t  answers f o r  t h e  e r r o r s  between 
t h e  ca l cu la t ed  and t h e  measured fuel-air  r a t i o .  This whole ap- 
proach w a s  t o  look a t  the  problem comprehensively and understand 
what r e a l l y  went i n t o  t h e  Spindt method, t h e  Stivender method, and 
t h e  E l t inge  method. One of t h e  problems is  t o  decide whether t h e  
measured fue l - a i r  r a t i o  and calculated fuel-air  r a t i o  agree. The 
second problem is  t o  come up with a computation f o r  t h e  molecular 
weight of t h e  exhaust. Many people use t h e  equilibrium concentra- 
t i o n s  i n  order  t o  come up with t h e  molecular weight of t h e  exhaust. 
I n  our  c a l c u l a t i o n s  w e  f i n d  t h a t  a t  a part . icular fue l - a i r  r a t i o  you 
can g e t  a v a r i e t y  of molecular weights depending on how complete 
t h e  combustion process is. 
you tend t o  approach t h e  molecular weight as given by t h e  e q u i l i -  

Tn t h e  simple 

I n  t h e  Spindt method b t  

. 

I f  t h e  combustion process i s  complete, 



brium ca lcu la t ions .  I f  t h e  combustion process i s  not  complete, as 
you would g e t  from a very poor q u a l i t y  mixture,  tk;e molecular 
weight i s  then considerably lower. 

Q - R. Tucker: I n  example 2 with t h e  expanded Spindt method you show 
t h e  sum of t h e  exhaust products mole f r a c t i o n  t o  be approxlmately 
1.06. 
f r a c t i o n s  exceeding 1. 

A - W. Mirsky: 
o r  is  less than 1.0 is  t h a t  t h e  measurements are not good. With a 
cons is ten t  set of measurements t h a t  s a t i s f y  t h e  four  d i f f e r e n t  
methods XTC w i l l  approach a va lue  of 1.0, thereby providing a very 
nice parameter by which you can t e l l  whether o r  not  t he  measure- 
ments are good. I n  the  f i r s t  example, t h e  XTC va lue  i s  very c l o s e  
t o  1.0. A s  a r e s u l t ,  a l l  of t he  ca lcu la ted  va lues  come out  t o  be 
t h e  same. When your measurements a k e  se l f -cons is ten t ,  your XTC 
becomes equal t o  1.0. I f  your measurements are not  s e l f -  
cons i s t en t ,  i n  o the r  words, i f  they don't s a t i s f y  these  equations 
properly,  then t h e  devia te  from 1.0 and you can g e t  e i t h e r  higher 
o r  lower va lues  than 1.0. 

We've encountered t h e  same problem of the  sum of t h e  mole 

The reason t h e  sum of t h e  mole f r a c t i o n s  exceeds 1.0 
Do you have any explanation f o r  t h i s ?  

Q - G. Kittredge: I 'd  l i k e  t o  ask  D r .  Mirsky about h i s  i nves t iga t ion  
of exhaust analyses  and ways of complying with t h e  carbon balance 
of our s tandards.  I j u s t  reread t h a t  p a r t  of our s tandards i n  
which w e  t a l k  about carbon balance. It is an extremely t e r s e l y  
worded sentence. 
change i n  t h e  s tandards t o  be more compatible with t h e  a n a l y s i s  
t h a t  you have made? 

when you say t h a t  +5 percent of to le rance  on carbon balance w i l l  
have t o  be m e t .  Depending on which method I use, I can be ou t s ide  
t h a t  to le rance  or within t h e  tolerance.  What I ' m  saying is  t h a t  
t he  method of computation w i l l  have t o  be spec i f ied .  With our ex- 
tens ive  work, we've examined t h i s  quest ion very thoroughly and have 
wr i t t en  a r epor t  f o r  t h e  FAA t h a t  should be published soon. 
would say a t  t h i s  t i m e  t h a t  t h e  XTC value,  o r  t h e  sum of t h e  mole 
f r ac t ions ,  is a more important parameter t o  meet than t h e  fue l -a i r  
r a t i o .  It te l ls  you whether o r  not  your instruments are s e l f -  
cons is ten t .  W e  tend t o  recommend, although t h i s  has  t o  be looked 
i n t o  fu r the r ,  a 25 percent  to le rance  on t h e  expanded Spindt method 
p lus  a +5 percent to le rance  on the  XTC. We examined w e l l  over 500 
runs and p lo t t ed  t h e  XTC and fue l -a i r  r a t i o  e r ro r .  
good runs t h e  po in t s  tend t o  congregate around t h e  o r i g i n  of those 
axes. 
around t h e  or ig in .  
t h e  o r i g i n  and a good percentage of t h e  po in t s  start t o  f a l l  out- 
s i d e  t h e  acceptable  l i m i t s .  
runs  tend t o  be ou t s ide  the  acceptable  ranges. 
you have t o  spec i fy  t h e  method of computation. 

A r e  you making a recommendation t h a t  w e  make a 

A - W. Mirsky: My comment would be t h a t  you have t o  be more s p e c i f i c  

I 

When you have 

For t h e  high power runs,  t h e  group of po in ts  tends t o  go 
I n  the  taxi modes, t h e r e  is  a depar ture  from 

I n  the  i d l e  mode, almost a l l  of t h e  
I would say t h a t  
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COMMENT - B. Rezy: 
and d i f f e r e n t  methods of ca lcu la t ion .  
f i n a l i z e  t h i s  and come up with one method so that everyone uses the  
same standard system. There are th ree  ways of going about t h i s :  we 
could have the  government set up the  procedure; w e  could have a com- 
mittee set up t o  determine these  standards;  o r  we could have GAMA set 
the  s tandards.  T would l i k e  t o  propose t h a t  we have a committee g e t  
together  and determine what s tandards w e  should be going by. 

Q - G. Kittredge: 

We've heard a l o t  of comments on test procedures 
T would l i k e  t o  propose t h a t  we 

I thought t h e  ground work w a s  l a i d  a f t e r  an earlier 
meeting t o  ask  the  SAE a i r c r a f t  exhaust emissions measurement com- 
mittee E31  t o  eva lua te  and make recommendations concerning t h e  
l i g h t  a i r c r a f t  powerplant measurement procedures. 
whether t h a t ' s  a c t u a l l y  been hplemented. 

t o  say no. Nobody has  s t a r t e d  the  work yet .  

T don't know 
Does anybody else know? 

A - W. Westfield:  Since 1 am vice chairman of t he  committee, I 'd have 

COMMENT - E. Kempke: 
agree with Bernle Rezy of TM t h a t  t he re  does need t o  be f u r t h e r  d i s -  
cussion and explorat ion of which techniques should be used. 
t h a t  probably t h a t ' s  about t he  ex ten t  of what can be accomplished i n  
t h i s  meeting. 
as a minimum, a s p e c i a l  meeting of those t h a t  are most in t imate ly  in- 
volved t o  d i scuss  and t r y  t o  g e t  some more c l a r i f i c a t i o n  of what's 
been proposed. I know i n  t a lk ing  with o the r s  t h a t  t he re  may e x i s t  
some d i f f e r e n t  i deas  about what should be explored as w e l l .  
t h a t  t h e  Spindt technique may have some de f i c i enc ie s  a t  t h e  lower 
power condi t ions and, t he re fo re ,  o the r  a l t e r n a t i v e s  should be looked 
a t .  

D r .  Mirsky's techniques are i n t e r e s t i n g  and 1 

I f e e l  

The subjec t  is  a very spec ia l ized  one and i t  does need, 

W e  agree  

COMMENT - L. H e l m s :  Speaking f o r  t h e  technica l  po l icy  committee, I 
w a s  not  f ami l i a r  with t h e  e f f o r t  of SAE t h a t  George Ki t t redge  men- 
tioned. However, we cannot stand t h e  luxury of another 6 months o r  
a year ' s  delay. 
l i k e  t o  r e i n f o r c e  t h e  recommendation t h a t  a j o i n t  committee be formed 
between our GAMA people and t h e  ones here  and g e t  on with it. 
know how long t h e  SAE panel has been debating o r  been delaying but w e  
cannot s tand add i t iona l  delays.  

We are l i t e r a l l y  running out  of lead  t i m e .  I would 

I don't  



84 

Method E r r o r  
C a l c u l a t e d  

F/A 2 . 1  L a r g e  (+) 

or  3.2 Medium (+) 

F/A E r r o r  1 . 2  Small (-1 

3.1 L a r g e  (-1 

c02 

CHANGE I N  % ERROR 
1% INCREASE SPECIFIC  ERROR = SLOPE = 

a)  SENSITIVITY PLOT, S P E C I F I C  ERROR 

Method I 
c02 

Specif ic  

E r r o r  

I ::: 
c02 

b) SPECIFIC  ERROR CURVES 

Figure 4-1 
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INTRODUCTION 

NASA is involved i n  a research and technology program r e l a t e d  t o  
The o v e r a l l  ob jec t ive  of t h e  program is t o  general  av ia t ion  engines. 

e s t a b l i s h  and demonstrate t h e  technology which w i l l  s a f e l y  reduce gen- 
eral av ia t ion  piston-engine exhaust emissions t o  t h e  l e v e l s  required 
by t h e  EPA 1979 emissions s tandards.  

One element of t he  R&T program i s  a j o i n t  FAA/NASA general  avia- 
t i o n  p i s ton  engine emissions reduct ion e f f o r t .  Funded s tud ie s  are 
now under way by t h e  two primary engine f i rms bui lding general  avia- 
t i o n  p i s ton  engines,  Avco Lycoming and Teledyne Continental  Motors. 
I n  phase I of t h e i r  three-phase programs, each cont rac tor  i s  t e s t i n g  
f i v e  d i f f e r e n t  en.gine models t o  experimentally cha rac t e r i ze  emissions 
and t o  determine the  e f f e c t s  of v a r i a t i o n  i n  fue l - a i r  r a t i o  and spark 
timing on emissions l e v e l s  and o the r  operat ing c h a r a c t e r i s t i c s  such as 
cooling, mis f i r ing ,  roughness, power acce lera t ion ,  etc. The FAA is 
using i ts  NAFEC f a c i l i t y  t o  perform independent checks on each of t he  
engines the  cont rac tors  are t e s t i n g  i n  phase I. 
i n  t h e  program t h a t  t he  phase I tests would be conducted under essen- 
t i a l l y  uncontrolled induct ion air conditions a t  widely d i f f e r e n t  geo- 
graphical  l oca t ions  and t h a t  a b e t t e r  understanding of temperature and 
humidity e f f e c t s  would c e r t a i n l y  enhance the  a b i l i t y  t o  make a correla-  
t i o n  and b e t t e r  comparison of these  data.  
search Center has  undertaken a series of a i r c r a f t  engine tests t o  de- 
velop such a co r re l a t ion .  Two engines, i d e n t i c a l  t o  ones i n  t h e  FAA/ 
NASA program, were se l ec t ed  f o r  t e s t ing .  
manufacturers; t h e  f i r s t  w a s  t he  Avco Lycoming 0-320-DIADY four-cylinder,  
na tu ra l ly  a sp i r a t ed  engine, and the  second w a s  t h e  Teledyne Continental  
TSIO-360 , six-cylinder,  turbocharged , fue l - in j  ected engine. 

It w a s  recognized e a r l y  

Therefore, NASA Lewis Re- 

The engines were from two 
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This paper p re sen t s  a b r i e f  summary of t h e  r e s u l t s  given i n  two 
NASA r e p o r t s  ( r e f s .  1 and 2) covering t h e  Avco Lycoming 0-320-D en- 
gine t e s t i n g  and t h e  r ecen t ly  obtained r e s u l t s  on the  Teledyne Con- 
t i n e n t a l  TSIO-360-C engine. 

APPARATUS AND PROCEDURE 

T e s t  F a c i l i t y  and Engines 

The aircraft  engine is  shown photographically on t h e  test stand i n  
f i g u r e  5-1. The engine w a s  coupled t o  a 300-horsepower dynamometer 
through a f l u i d  coupling i n  t h e  d r i v e  s h a f t  which w a s  located under a 
sa fe ty  sh i e ld .  Engine cooling and induct ion a i r  w e r e  supplied by a 
l abora to ry  a i r  d i s t r i b u t i o n  system. 
system can b e  con t ro l l ed  t o  d e l i v e r  a i r  t o  t h e  engine over a temper- 
a t u r e  range of 50' t o  120' F and over a range of relative humidity from 
0 t o  80 percent.  
as t h e  induct ion a i r  and d i r ec t ed  down over t h e  engine by an a i r  d i s t r i -  
but ion hood. 
gine manufacturer i n  t h e i r  engine t e s t i n g .  
removed from t h e  test c e l l  by a high capaci ty ,  f a c i l i t y  a l t i t u d e  exhaust 
system which had t h e  i n l e t  located beneath t h e  engine. An a d d i t i o n a l  
ce l l  exhaust f a n  w a s  used t o  maintain a s l i g h t l y  negat ive pressure i n  
t h e  test cel l .  
which may have been present  i n  t h e  test c e l l  during engine operation. 

The cool ing and induct ion a i r  

The cooling a i r  w a s  always a t  t h e  same condi t ions 

This  hood w a s  t h e  same as t h a t  which w a s  used by t h e  en- 
The engine cooling a i r  w a s  

This w a s  done t o  vent  any combustible o r  t o x i c  gases 

The Avco Lycoming 0-320-D engine exhaust w a s  manifolded together  
i n  a standard configurat ion with t h e  emission sample probe located 
about 4 f e e t  downstream of t h e  manifold. The exhaust w a s  then ducted 
out  t h e  ce l l  through t h e  roof .  Care w a s  taken t o  in su re  t h a t  t h e  ex- 
haust system w a s  leakproof. A leakproof system w a s  necessary t o  prevent 
a i r  d i l u t i o n  of t he  gas sample which would r e s u l t  i n  erroneous emission 
measurements. Bellows were i n s t a l l e d  over t h e  s l i p  j o i n t s  of t h e  TSIO- 
360-C engine exhaust system s o  as t o  e l iminate  a i r  enter ing t h e  system 
a t  t h e  low power conditions.  

Instrumentation 

A complete desc r ip t ion  of t h e  instrumentation used i n  t h e  engine 
t e s t i n g  is contained i n  reference 1. 
t i o n  were connected t o  t h e  CADDE (Central  Automatic D i g i t a l  Data En- 
coder) c e n t r a l  d a t a  a c q u i s i t i o n  system and t h e  da t a  w e r e  processed on 
a 360/67 timing-sharing computer. 

A l l  100 channels of instrumenta- 

Numerous modifications w e r e  made e a r l y  i n  t h e  p ro jec t  t o  t h e  e m i s -  
s i ons  analyzer instrumentation. I n  f a c t ,  an examination of f a c i l i t y  
problems d i sc losed  t h a t  i n  t h e  e a r l y  s t ages  of t h e  p ro jec t  a very l a r g e  
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percentage w a s  r e l a t e d  t o  the  emissions analyzer .  The widespread prob- 
l e m  i n  NOx measurement a t  high l e v e l s  of CO w a s  revealed and solved by 
modifying t h e  chemiluminescent NO analyzer  ( r e f .  3). However, i t  is 
s i g n i f i c a n t  t o  a l s o  mention t h a t  i n  t h e  las t  9 months the re  have been 
very few analyzer  problems. The i n i t i a l  concerted e f f o r t  appears t o  
have r e s u l t e d  i n  modifying t h e  analyzer  i n t o  a r e l i a b l e  and accura te  
instrument. 

DISCUSSION OF 0-320-D A I R  TEMPERATURE AND HUMIDITY EFFECTS 

FOR SEVEN-MODE CYCLE TEST 

Test Procedure 

The engine t e s t i n g  procedure w a s  conducted as spec i f i ed  by t h e  
Environmental Pro tec t ion  Agency i n  t h e  Federal  Regis te r ,  vo l .  38, no. 
136, dated Tuesday, J u l y  1 7 ,  1973 ( r e f .  4 )  except f o r  t he  separa t ion  
of t he  i d l e  and tax i  t i m e  i n  and out  modes as shown i n  t h e  following 
t a b l e  : 

I e i n  
mode , 

min 

1 .0  
11.0 

.3 
5.0 
6.0 
3.0 
1.0 -- 

Tr io r  t o  the  start of a 7-mode cyc le  (LTO) test ,  t h e  engine w a s  
warmed a t  2000 rpm f o r  approximately 10 minutes u n t i l  a l l  p a r t s  were 
temperature s t a b i l i z e d  and a l l  cy l inder  head temperatures were a t  
least 300" F. 

The 7-mode emission cyc le  d a t a  tests w e r e  conducted over a range 
of a i r  temperatures and r e l a t i v e  humidi t ies .  The induct ion a i r  and 
cooling a i r  temperatures were t h e  same and w e r e  held a t  nominal values  
of SO", 59", 70", 80", go", and 100" F a t  r e l a t i v e  humidi t ies  of 0, 30, 
60, and 80 percent .  For each test condi t ion t h r e e  LTO 7-mode cyc le s  
were run a t  t he  f u l l  r i c h  fue l - a i r  r a t i o .  
approximately 450 d i f f e r e n t  engine test condi t ions.  

This procedure r e su l t ed  i n  

Seven-Mode Cycle T e s t  Resul ts  

Figures 5-2 and 5-3 summarize t h e  C O Y  NO,, and HC emissions gener- 
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ated over t he  7-mode cycle  f o r  each of t h e  fou r  values  of r e l a t i v e  hu- 
midity as a func t ion  of a i r  temperature and expressed as a percent of 
t he  EPA standards.  

is  s t rongly  a f f ec t ed  by the  r e l a t i v e  humidity, and t h a t  t h i s  e f f e c t  in- 
creases with increas ing  induct ion a i r  temperature. The HC and CO e m i s -  
s ions  increase  considerably a t  t h e  higher values  of a i r  temperature and 
relative humdity, while a t  t h e  same condi t ions t h e  NOx emissions show 
a s i g n i f i c a n t  decrease.  A comparison of t h e  temperature and humidity 
test r e s u l t s  at 100" F and 80 percent  humidity t o  those a t  50' F and 
0 percent humidity show t h a t ,  with the  increased temperature and humid- 
i t y ,  t he  CO increases  by a f a c t o r  of 1 .6 ,  t he  HC increases  by a f a c t o r  
2.2, and t h e  NOx decreases by a f a c t o r  3.5. 

Present-day a i r c r a f t  engines do not use a temperature-density com- 
pensated f u e l  system. The change i n  t h e  exhaust emission is  pr imari ly  
t h e  r e s u l t  of r i c h e r  fue l - a i r  r a t i o s  which occur a t  the  higher  a i r  tem- 
pera tures  and r e l a t i v e  humidities.  This is due t o  t h e  decrease i n  a i r  
dens i ty  with increased temperatures and the  volume of a i r  t h a t  is  d is -  
placed by water vapor i n  the  fue l - a i r  mixtures. 

I n  general ,  t h e  da t a  show t h a t  t h e  quant i ty  of emissions produced 

DISCUSSION OF 0-320-D AND TSIO-360-C A I R  TEMPERATURE AND HUMIDITY 

EFFECTS AT VARIOUS FUEL-AIR RATIOS ON A PER MODE BASIS 

I n  the  preceding sec t ion  it w a s  s t a t e d  t h a t  t h e  major f a c t o r  af-  
f ec t ing  t h e  l e v e l  of emissions w a s  t h e  fue l - a i r  r a t i o  which occurs a t  
t he  p a r t i c u l a r  ambient condition. It i s  a l s o  known t h a t  an ambient con- 
d i t i o n  can a f f e c t  t he  induction vaporizat ion and bas ic  combustion proc- 
ess, thereby inf luencing t h e  HC and NO, emissions. Therefore, a series 
of tests w a s  performed t o  e s t a b l i s h  the  e f f e c t  of a i r  temperature and 
r e l a t i v e  humidity a t  var ious fue l - a i r  r a t i o s  on a p e r  mode b a s i s  ( i d l e ,  
t a x i ,  t akeoff ,  climb, and approach). The test condi t ions include vary- 
ing t h e  fue l - a i r  r a t i o  f o r  each of t h e  f i v e  emissions test modes over 
the  following range of ambient condi t ions:  a i r  temperature (OF), 50, 
59, 80, and 100; r e l a t i v e  humidity (percent) ,  0, 30, 60, and 80. Com- 
b ina t ions  of these  parameters with the  modes over a range of fue l - a i r  
r a t i o s  r e su l t ed  i n  over 800 d i f f e r e n t  test condi t ions.  These da ta  can 
be used t o  provide a v a r i e t y  of f u e l  schedules f o r  t h e  ind iv idua l  modes 
over a range of ambient condi t ions which can be used t o  c o r r e l a t e  am- 
b i en t  condi t ions and emissions. The da ta  can a l s o  be used t o  construct  
optimum base l ine  cyc les  based on leaner  f u e l  schedules; t h e  d a t a  thereby 
provide a quick and simple method f o r  assess ing  t h e  bene f i t  of t a i l o r e d  
f u e l  schedules. 

The r e s u l t s  of t h e  pe r  mode tests i n d i c a t e  t h a t  f o r  a f ixed  fue l -  
a i r  r a t i o  t h e  e f f e c t  of temperature and humidity on t h e  HC and NOx ex- 
haust emissions a t  t h e  higher temperature and relative humidities w a s  
s i g n i f i c a n t ,  whereas the  CO exhaust emissions are e s s e n t i a l l y  inde- 
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pendent of ambient condi t ions.  
a i r  temperatures and r e l a t i v e  humidi t ies ,  t h e  HC emissions increased and 
the NO, emissions decreased i n  c e r t a i n  modes. 

A t  a f ixed  fue l - a i r  r a t i o  with higher 

Figures 5-4 t o  5-18 summarize f o r  t h e  Avco Lycoming 0-320-D engine 
the  COY NO,, and HC modal emissions generated over a range of fue l - a i r  
r a t i o s  f o r  t h e  ambient condi t ions (50' F and 0 percent  humidity, and 
100' F and 80 percent  relative humidity). 
f i g s .  5-5, 5-8, 5-11, 5-14, and 5-17) w e r e  h igher  e spec ia l ly  f o r  t h e  
climb, t a x i ,  and i d l e  modes a t  t h e  high temperature and r e l a t i v e  humid- 
i t y  condi t ion.  The NO, emissions (shown i n  f i g s .  5-6, 5-9, 5-12, 5-15, 
and 5-18) decrease f o r  t h e  takeoff ,  climb, and approach modes a t  t h e  
higher temperature and r e l a t i v e  humidity condi t ions.  This decrease w a s  
more pronounced a t  the  leaner  fue l - a i r  r a t i o s .  The CO emissions (shown 
i n  f i g s .  5-4, 5-7, 5-10, 5-13, and 5-16) are independent of ambient 
condi t ions with t h e  exception of t h e  climb mode, which ind ica t e s  a very 
s l i g h t  e f f e c t  . 

The HC emissions (shown i n  

The previously mentioned t rends  of increas ing  HC and decreasing 
NO, exhaust emissions a t  t h e  higher  temperature and humidity condi t ions 
are a t t r i b u t e d  t o  t h e  volume of moisture i n  t h e  induct ion air ,which can 
a f f e c t  t he  combustion process and t h e  vapor iza t ion  c h a r a c t e r i s t i c s  of 
the f u e l .  

A comparison of t h e  previously discussed 7-mode cyc le  r e s u l t s  w i t h a  
similar constructed seven-mode cycle  using the  ind iv idua l  modes lean- 
out da ta  showed reasonably good agreement. 

Shown i n  f i g u r e s  5-19 t o  5-27 f o r  t h e  takeoff ,  climb, and approach 
modes are comparisons of t h e  TCM TSIO-360-C engine and t h e  Avco 
Lycoming 0-320-D engine temperature-humidity lean-out tests f o r  t h e  two 
extreme ambient test condi t ions of 50' F and 0 percent  relative humidity, 
and 100' F and 80 percent relative humidity. 

I n  general ,  t h e  r e s u l t s  of t e s t i n g  a n a t u r a l l y  a sp i r a t ed  carbureted 
engine and a fue l - in jec ted  turbocharged engine show similar emission 
t rends  with changing temperature and humidity as t h e  fue l - a i r  r a t i o  is 
changed. 
humidity e f f e c t  on NO, formation w a s  observed f o r  t h e  TSIO-360 engine, 
whereas a s i g n i f i c a n t  e f f e c t  w a s  seen f o r  t h e  0-320-D engine. 

One exception occurred a t  t he  takeoff mode i n  which very l i t t l e  

CONCLUDING REMARKS 

The r e s u l t s  repor ted  here in  are based on tests conducted on one 
carbureted n a t u r a l l y  a sp i r a t ed  engine ( t e s t i n g  completed) and one tur-  
bocharged fue l - in jec ted  engine ( t e s t i n g  s t i l l  i n  progress) .  A g rea t  
dea l  of add i t iona l  ana lys i s  of t h e  da ta  i s  required t o  develop a corre- 
l a t i o n  t h a t  would relate emissions t o  t h e  temperature-humidity condi- 
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t i ons .  Although t h e  r e s u l t s  thus f a r  are encouraging t h a t  such a cor- 
r e l a t i o n  can be derived, i t  i s  not  c e r t a i n  t h a t  one "universal" corre- 
l a t i o n  based on only two engine types can be developed t o  cover t h e  
broad spectrum of engine models o r  classes produced today. 

The following remarks are on what is viewed as hopefully a more 
d i r e c t  and p r a c t i c a l  so lu t ion  t o  t h e  problem. 
da t e  have shown t h a t  temperature and humidity effects must be considered 
by those  involved i n  s e t t i n g  regula t ions  designed t o  in su re  t h e  compli- 
ance with t h e  emissions s tandards.  
spec i f i ed  and required f o r  compliance t e s t i n g .  
a t  t h i s  t i m e  have a s t rong  recommendation, i t  would seem t h a t  a temper- 
ature of 59' F WOUM be a legkztl s e l e c t i o n  inasmuch as t h i s  is a 
standard value used i n  engine performance co r rec t ion  ca l cu la t ions .  
pressure of 29.92 inches of mercury and a relative humidity of 0 t o  
10 percent  might be  acceptable  f o r  t h e  same reasons. NASA's re- 
s u l t s  as previously discussed have shown t h a t  t he  hunid i ty  e f f e c t s  a t  
a temperature such as 59" F are i n s i g n i f i c a n t ;  therefore ,  t h e  humidity 
value se l ec t ed  should not  be c r i t i c a l .  Once t h e  standard day condi t ions 
are spec i f i ed ,  i t  i s  l i k e l y  t h a t  modifications would have t o  be made t o  
the  emissions t e s t  s tands  s o  t h a t  one could conduct any f u r t h e r  t e s t i n g  
a t  t hese  condi t ions.  

NASA's test r e s u l t s  t o  

Standard day condi t ions need t o  be 
Although NASA does not  

A 
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DISCUSSION 

Q - W. Westfield: 

A - E. Kempke: 

Was t h e  cool ing a i r f low supplied t o  t h e  engine held 
constant  or d ld  i t  vary wi th  t h e  lnduct ion air temperature? 

temperature-humidity conditions.  
The induct ion and cooltng a i r f low were a t  t h e  same 

COMMENT - E. Becker: 
A s  a r e su l t ,  1 r an  some comparison p l o t s  using our 10-360 engine NAFEC 
d a t a  t o  determine i f  t h i s  d a t a  l i ned  up wi th  NASA's data .  For t h e  CO 
po l lu t an t ,  1 go t  very s i m i l a r  t rend curves. A t  s e l ec t ed  temperature 
and humidity condi t ions t h e  curves c lose ly  matched NASA's. They ex- 
h ib i t ed  t h e  same type of s p l i t  c h a r a c t e r i s t i c s  as t h e  NASA curves. 
Also, T noticed t h a t  apparent ly  the re  is some cha rac t e r i za t ion  re- 
quired because i f  one j u s t  relies on t h e  low powered engines t o  de f ine  
the  shape of t h e  curve one may end up g e t t i n g  s l i g h t l y  erronous r e s u l t s  
a t  higher  power levels. 
10-360 d a t a  i n d i c a t e  t h a t  t he  higher powered engines do s h i f t  t h e  char- 
acterist ic shape of the  curve a l i t t l e  higher. So I th ink  some addi- 
t i o n a l  assessment is  required t o  come up wi th  an  opt imizat ion type cor- 
r ec t ion  f a c t o r  t h a t  t akes  a l l  of these  engine c h a r a c t e r i s t i c s  i n t o  con- 
s ide ra  t ion. 

We w e r e  pr ivy t o  t h e  0-320 engine da ta  from NASA. 

Both t h e  NASA TSTO-360 da ta  and t h e  NAFEC 

Q - E. Kempke: Is t h a t  conclusion based on making t h e  comparison on a 

A - E. Becker: Y e s .  
pound per mode bas is .  

COMMENT - E. Kempke: Cer ta in ly  we must look a t  o ther  parameters i n  de- 
veloping a co r re l a t ion .  The pound per mode parameter w a s  o r i g i n a l l y  
se l ec t ed  because i t  i s  used by everyone when generat ing cyc le  da ta  from 
leanout data.  However, t he re  i s  some preliminary evidence which shows 
b e t t e r  parameters may exist. NASA does plan t o  explore  t h i s  f u r t h e r .  . 

Q - B. Rezy: Have you taken t h i s  leanout da t a  and appl ied it t o  a cyc le  
i n  t h e  two extremes j u s t  t o  see how bad t h e  f i n a l  answar i s  accord- 
i ng  t o  t h e  EPA s tandards? 

A - E. Kempke: A comparlson of using leanout da ta  t o  generate  cyc le  
da ta  with the  a c t u a l  cyc le  d a t a  shows f a i r l y  good agreement. 

Q - B. Rezy: 
A - E. Kempke: Y e s .  I n  o ther  words, we looked a t  the  per  cyc le  da t a ,  

and, using t h e  same measured fue l -a i r  r a t i o  values ,  we went t o  t h e  
leanout curves t o  f ind  t h e  pound per mode value.  F ina l ly ,  the  pound 
per mode values  f o r  a l l  seven modes were summed t o  genera te  the  
cycle.  

Were those po in t s  taken a t  t h e  same fue l -a i r  r a t i o s ?  

Q - W. Westfield:  

A - E. Kempke: W e  used the  taxi-out fue l -a i r  r a t i o  and t h e  taxi- in  

A r e  you saying you r e a l l y  plugged i n  the  e f f e c t  of 
t a x i / i d l e  ou t  versus  t a x i l i d l e  in? 

fue l - a i r  r a t i o  with the  appropr ia te  mode t i m e .  



Q - F. Monts: Were t h e  leanout runs done on a f ixed  t h r o t t l e  b a s i s  o r  

A - E, Kempke: 
were they done on a f ixed  power bas i s?  

The tests conducted a t  L e w i s  w e r e  wi th  a dynamometer and 
therefore  w e r e  run a t  a constant  aower condi t ion f o r  each mode with 
one exception. The exception occurred during t h e  0-320 engine test- 
ing, where t h e  takeoff power f e l l  off  a t  t h e  100' F and 80 percent  
relative humidity condition. 

Q - F. Monts: En that case, the  da ta  would be of i n t e r e s t  f o r  reasons 
o the r  than emissions such as f o r  power and humidity cor rec t ions .  
Did you t r y  t o  maintain constant  head temperature o r  d id  you main- 
t a i n  a constant  cooling air  flow? 

gine.  
t u r e  and t h e  exhaust gas  temperature as fue l -a i r  r a t i o  is  va r i ed  
are a v a i l a b l e  f o r  t he  TSTO-360-C engine tests. 

A - E. Kempke: A constant  d e l t a  pressure w a s  maintained across  t h e  en- 
P l o t s  t h a t  show t h e  v a r i a t i o n  i n  the  cy l inder  head tempera- 

Q - F. Monts: 
flow? 

A - E. Kempke: Y e s ,  we do measure the  cool ing airf low.  

Did you make any a t t e m p t  t o  measure t h e  cool ing a i r  m a s s  

Q - G. Ki t t redge:  W e  have responded t o  one of NASA's recommendations 
A package concerning the  specifying of a standard re ference  day. 

of t echn ica l  amendments, which included a re ference  day spec i f ica-  
t i on ,  went t o  t h e  Federal  Regis ter  t h e  middle of last  week. The 
condi t ions are temperature of 59' F, relative humidity of 60 per- 
cen t ,  and pressure  of 29.92 inches of mercury. 
recommendations concerns cor rec t ing  da ta  t o  a standard day and 
another concerns conducting the  t e s t i n g  a t  standard day conditions.  
These are two d i f f e r e n t  ways a t  going a t  the  same thing. 
approach does NASA p r e f e r  a t  t h i s  point?  

A - E. Kempke: 1 th ink  t h e  most d i r e c t  approach i s  t o  run t h e  test a t  
standard day condi t ions;  then, no co r rec t ion  f a c t o r  is needed. 

One of NASA's 

Which 

Q - G. Ki t t redge:  This is going t o  involve f a i r l y  expensive labora tory  

A - E. Kempke: 

A - S. Jedrziewski:  

modif icat ions i n  some areas is  i t  not? 

f a c t u r e r s  t o  comment on the  cos t .  
Speaking f o r  AVCO Lycoming on t h e  temperature cor- 

r e c t i o n  f a c t o r s ,  I see no need t o  dup l i ca t e  e labora te  test  equip- 
ment i f  a good co r rec t ion  f a c t o r  can be es tab l i shed .  
p r e f e r s  t o  do it  on a cor rec t ion  f a c t o r  b a s i s  a f t e r  w e  have them 
f o r  a l l  engines we produce. 

I don't th ink  so ,  but I must de fe r  t o  t h e  engine manu- 

So, Lycoming 

Q - E. Kempke: A r e  you saying you ' l l  do t h a t  and i n  your compliance 
t e s t i n g  use those p a r t i c u l a r  c a l i b r a t i o n  curves f o r  each engine t o  
co r rec t  t h e  compliance da ta?  

A - S. Jedrziewski: We are not  saying t h a t  AVCO Lycoming s p e c i f i c a l l y  
w i l l  do i t ,  w e  are j u s t  saying t h a t  probably with the  a i d  of NASA 
o r  some o the r  agency those cor rec t ion  f a c t o r s  could be es tab l i shed .  
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COMMENT - K. 

handling 300 horsepower engines. 
higher horsepower and the equipment is a v a i l a b l e  r i g h t  now. 

T t  can be boosted t o  handle engines of 

Q -  

A -  

Q -  

A -  

Q -  
A -  

W. Westfield: Weere i n  t h e  R&D end and I 'd l i k e  t o  hear  from some- 
body else about whether t h e  engine manufacturers do have t h e  capa- 
b i l i t y  of s e t t i n g  actual. temperature and humidity. 
ca r r i ed  through in a c e r t i f i c a t i o n  process f o r  t he  air f rame i t s e l f ?  
What would you do when you t e s t e d  t h e  a i r p l a n e  outs ide? 
B. Rezy: W e  w i l l  be  d iscuss ing  t h i s  later today. One of t h e  th ings  
that w e  found very de t r imenta l  t o  leaning ou t  t hese  engines w a s  t he  
acce le ra t ion  problem i n  taxi, i d l e ,  and approach. One of t h e  advan- 
tages  we see with having t h i s  humidity equipment is t h e  a b i l i t y  t o  
hold temperature and humidity and being a b l e  t o  change i t  whenev 
w e  want t o  f i n d  exac t ly  what fue l - a i r  r a t i o s  our f u e l  i n j e c t i o n  sys- 
tems can hold. 
t e s t i n g  problems. 

Would t h i s  be 

In  t h e  long run t h i s  is  going t o  save a l o t  of f l i g h t  

owell: Were t h e  cyc le  resu l t s  of CO and HC emis 
relative humidity based on ope 

r epor t  on how 

t o u t s  which show 
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NASA 
C-75-2985 

Engine test stand 

Figure 5-1 
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Figure 5-4 
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NASA LEAN-OUT DATA 
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Figure 5-5 
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Figure 5-6 
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NASA LEAN-OUT DATA 

Figure 5-8 
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NASA LEAN-OUT DATA 
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Figure 5-9 
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Figure 5-10 
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Figure 5-11 
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Figure 5-12 
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Figure 5-13 
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Figure 5-15 
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6. EMISSIONS DATA BY CATEGORY OF ENGINES 

Joan Barriage, William Westfield, and Eric E. Becker 

Federal Aviation Administration 
Department of Transportation 

Washington, D.C. 

INTRODUCTION 

Beginning in 1967; Congress enacted a series of laws which added 
environmental considerations to the civil aviation safety, control, 
and promotional functions of the FAA. This legislation was in response 
to the growing public concern over environmental degradation. 
the FAA is committed to the development, evaluation, and execution of 
programs designed to identify and minimize the undesirable environmental 
effects attributable to aviation. 

Thus, 

In accordance with the Clean Air Act Amendments of 1970, the EPA 
established emission standards and outlined test procedures when it 
issued EPA Rule Part 87 in January 1973. The Secretary of Transporta- 
tion and, therefore, the FAA was charged with the responsibility for 
issuing regulations to implement this rule and enforcing these stand- 
ards. 

Implementation is contingent on FAA's finding that safety is not 
derogated by whatever means is employed to achieve the standard. 
for this reason that FAA undertook a program, subsequent to the issuance 
of the EPA Emission Standards in July 1973, to determine the feasibility 
of implementation, to verify test procedures, and to validate test re- 
sults. Based on this background, the FAA will be in a position to es- 
tablish appropriate regulation and to enforce compliance with the regu- 
lat ion. 

It is 

As many of you are aware, the FAA stated to the EPA prior to EPA's 
promulgation of standards that the exhaust emission levels dictated by 
these standards for new aircraft piston engines were beyond those which 
were likely to be feasible without considerable engine modification. 
Other comments by FAA are part of the rule docket. 
reference at this time to the history on the development of the stand- 
ards is simply to point out the original concerns of FAA. 

The point of my 
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A s  you w i l l  no te  from t h e  program r e s u l t s  t o  be presented, FAA 
has examined t h e  operat ion of one each of s eve ra l  engine types using 
near-term" techniques of (1) lean  mixture f u e l  scheduling and (2) var- 

i a b l e  i g n i t i o n  timing. Coordination with NASA on t h i s  program lead to 
the  understanding t h a t  NASA would i n v e s t i g a t e  t h e  technological  f eas i -  
b i l i t y  of more extensive engine modifications such as (1) va r i ab le  
valve timing, (2) improved combustion chamber design, (3) higher  energy 
i g n i t i o n  systems, and (4) improved f u e l  d i spers ion  and d i s t r i b u t i o n .  

1 )  

With regard t o  t h e  "near term," p a r t i c u l a r l y  the  l ean  mixture f u e l  
scheduling, FAA may, t o  a degree, quant i fy  t h e  p o t e n t i a l  e f f e c t  on 
s a f e t y  by iden t i fy ing  the  e f f e c t  of leaning on engine acce lera t ion ,  
detonat ion,  cy l inder  head temperature, and hes i t a t ion .  The e f f e c t  on 
s a f e t y  which has  not been quant i f ied  and which may not be poss ib le  t o  
quant i fy  - but which must be considered - i s  whether o r  not t h e  modi- 
f i c a t i o n s  which may be made t o  achieve reduced emissions w i l l  reduce a 
safety-factor  margin which h i s t o r y  has shown r e s u l t s  i n  a p a r t i c u l a r  
engine f a i l u r e  rate, p i l o t  e r r o r  rate, o r  i n  o v e r a l l  terms on accident  
rate. W e  would p r e f e r  t o  improve these  margins and cannot chance de- 
grading them. I n  view of t h e  t e s t i n g  t o  da te ,  w e  are not i n  a p o s i t i o n  
t o  present  any agency conclusion as t o  t h e  f e a s i b i l i t y  of fuel-mixture 
leaning on reducing a i r c r a f t  s a fe ty .  

The add i t iona l  information which w e  w i l l  r ece ive  today on t h e  re- 
s u l t s  of f l i g h t  test work by t h e  airframe manufacturers i s  of par t icu-  
lar i n t e r e s t  t o  us ,  and f u r t h e r  provides a b a s i s  f o r  understanding the  
technological  f e a s i b i l i t y  of t h e  fuel- leaning technique. 

The papers presented by NASA w i l l  g ive  us insight:  i n t o  o the r  
techniques which may be f e a s i b l e  approaches t o  reducing engine e m i s -  
s ions.  The FAA w i l l  proceed t o  assess what f u r t h e r  ac t ions  should be 
undertaken i n  order  t h a t  t h e  mandate of making a v i a t i o n  compatible with 
the  environment is  achieved. 

When the  FAA began the  inves t iga t ion  of p i s ton  engine exhaust enis- 
s ions  i n  f i s c a l  year 1973,there w a s  concern t h a t  t h e  ac t ions  ind ica ted  
as necessary t o  comply with t h e  EPA emission s tandards,  such as operat-  
ing  engines a t  leaner  mixtures,  might compromise sa fe ty .  

W e ,  therefore ,  s t ruc tu red  our e f f o r t s  t o  f i r s t  i d e n t i f y  i f  such 
ac t ions  might r e s u l t  i n  hazardous operat ing condi t ions.  Our contrac- 
t o r s ,  Lycolning and Continental ,  s e l ec t ed  engines t h a t  they considered 
t y p i c a l  of t h e i r  production; t e s t ed  them as normally produced t o  es- 
t a b l i s h  where the emissions w e r e  with respec t  t o  t h e  EPA requirements; 
and then a l t e r e d  t h e  f u e l  schedule and i g n i t i o n  timing t o  a t t e m p t  t o  
reach t h e  EPA l i m i t s  and r e t e s t e d  them. 

I n  the  event t h a t  hazardous operat ing condi t ions w e r e  ind ica ted  by 
these  tests, independent v e r i f i c a t i o n  of d a t a  would be necessary. It 
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w a s  decided t h a t  dupl ica t ion  of t h e  manufacturer's 
FAA f a c i l i t y  near  A t l a n t i c  Ci ty ,  New Jersey ,  would 
v e r i f i c a t i o n .  

Followup e f f o r t s  were planned as p a r t  of t h i s  
hazards were encountered i n  t h e  f i r s t  phase of our 

tests a t  NAFEC, t h e  
provide the  needed 

program; t h a t  is, i f  
work, then co r rec t ive  

measures t h a t  might achieve compliance- with t h e  EPA values  while main- 
t a in ing  s a f e t y  would be invest igated.  
r e c t i v e  measures inves t iga ted  by FAA would be t h e  type t h a t  would in- 
volve minimal modif icat ion t o  t h e  design of t h e  engines. 
complex inves t iga t ions ,  which r e l y  on technology improvements, w e r e  t o  
be t h e  r e s p o n s i b i l i t y  and goal  of the  p a r a l l e l  NASA e f f o r t s .  

It w a s  agreed t h a t  any such cor- 

The more 

We have t e s t e d  t h e  e igh t  engines l i s t e d  i n  f i g u r e  6-1 as of t h i s  
W e  are confident of t he  da ta  on s i x  engines; two of t h e  engines, 

The TIO-540-J and 
date .  
t he  0-200-A and t h e  IO-320-D, have t o  be r e t e s t ed .  
CTSIO-520-K have y e t  t o  be t e s t e d  by FAA, although t h e  manufacturers 
have completed t h e i r  work. W e  had estimated completion of t he  f i r s t  
phase, o r  Baseline and Hazards Determination as i t  is  r e fe r r ed  t o ,  i n  
18 months. The s l ippage  i n  our schedule i s  a t t r i b u t e d  pr imari ly  t o  a 
number of problems assoc ia ted  with acquir ing r e l i a b l e  data .  I n  addi- 
t i on ,  t h e  problem of co r re l a t ing  such da ta  between th ree  separate test 
f a c i l i t i e s  - where knowledge of p r inc ip l e s ,  test techniques, and da ta  
ana lys i s  had t o  be developed as t h e  work progressed - caused add i t iona l  
s l ippage.  

It has been unfortunate  t h a t  i n  t h i s  p a r t i c u l a r  case, when infor -  
mation concerning s a f e t y  i s  being gathered t o  form the  bas i s  f o r  a 
regulatory posture  and a f ixed  deadl ine f o r  enforcement i s  being ap- 
proached, valuable  t i m e  had . to  be used i n  inves t iga t ing  and solving 
such test problems. 

The paper t h a t  follows w i l l  descr ibe t h e  r e s u l t s  of our t e s t i n g  
While w e  and present  t he  analyses  of t h a t  which has been completed, 

are s t i l l  i n  t h e  f i r s t  phase, w e  f e e l  t he re  i s  some evidence of c e r t a i n  
t rends.  

A s  expected, we f i n d  t h e  engines cannot now demonstrate compliance 
with the  EPA l i m i t s  i n  an as-produced condi t ion.  
cause, i n  most cases, t h e  carbon monoxide l i m i t  t o  be exceeded by about 
100 percent.  I n  t h e  case of t h e  turbocharged engine, t h e  hydrocarbon 
l i m i t  w a s  a l s o  exceeded by about 100 percent .  A s  expected, t he  engines 
produce s u f f i c i e n t l y  low l e v e l s  of ni t rogen oxides as t o  be accepfable. 

The r i c h  mixtures 

Our tes t - s tand  inves t iga t ions  have shown the  emission l e v e l s  can 

Extending t h e  leaning operat ion such t h a t  climb is  a t  "best 
be substan.tial1y reduced by leaning i n  only t h e  approach and t a x i  
modes. 
power" gives  r e s u l t s  where 5 o r  6 engines are below t h e  l i m i t s  and t h e  
6th,  t h e  TSIO-360-C, is c lose .  However, achieving these  levels is  not  
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without problems. 
setting and from approach power were encountered. Problems of this 
sort could represent hazardous operating conditions. 
sible corrective measures at the taxi condition, such as momentary fuel 
enrichment, appears to be within the present level of technology. 

Instances of poor acceleration from the taxi power 

The use of pos- 

Also encountered was an instance where the maximum cylinder head 
temperatures of the TSIO-360-C would have been exceeded on a 100' F day. 
Increasing the test stand cooling flow from 3.5 inches of differential 
pressure (AP) to 5.5 inches AP held the limit. But, whether this is 
realistic or not relative to aircraft installations has not been de- 
termined. 

These results must be considered in light of the following un- 
knowns : 

(1) Engine-to-engine variability has yet to be considered. In 
the papers to follow (both NAFEC and engine manufacturers), discussions 
of the effects of the rich and lean production limits of the fuel sys- 
tem will show a part of this variability. These, coupled with the 
other manufacturing tolerances of the engine, are important. 

( 2 )  Aircraft type installation-to-installation effects can govern 
how each engine must be adjusted. Furthermore, there are installation 
tolerances associated with aircraft of the same type. The industry 
papers that follow are expected to again point out that the impact of 
this variable cannot be ignored and has not yet been investigated. 

(3) The requirement of continued compliance with the standards 
throughout the life of the engine further impacts what average level 
of emissions a manufacturer must strive for, and this is another area 
which at this time represents an unknown quantity. 

( 4 )  We do not know what maintenance will do to emission levels. 
Even minor maintenance such as changing plugs represents an unknown 
ef f ec t . 

(5) None of the modifications which have shown promise under our 
tests have yet been reduced to actual production flight hardware. 
The step from test stand demonstration to flight demonstration of re- 
liability is a large one, and its significance cannot be overstated. 

(6) There has been no assessment to date by FAA as to how much 
time is necessary to incorporate whatever changes are needed to meet 
the EPA limits, verify their reliability, and approve them as flight 
worthy. 

Although our knowledge of where we stand in piston engine emis- 
sions has been vastly increased and our knowledge of what is needed is 
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growing, it is far too early to make definitive statements about 
whether general aviation engines, either as a type or a class, can or 
cannot comply with the EPA limits. 
include collection of information on four of the six items mentioned. 
The assessments of production hardware flight performance and time re- 
quired to achieve compliance are important, but both rely on knowledge 
of the type of fix envisioned, and as such will have to be addressed 
later. 
to proceed well into 1979. 

We are expanding our program to 

We feel this expanded program will require the investigations 

A discussion of the emission test data and of the analysis follows. 

TYPES OF TESTS CONDUCTED 
The FAA program obtained exhaust gas pollutant emissions data un- 

(1.) Full-rich baseline test (7-mode cycle) 
(2) Lean-out tests for each power mode 
(3) Different spark settings 

der test stand conditions for the following: 

The test data were also used to create a theoretical 5-mode cycle 
(no idle) baseline. 
analysis of the emissions data in the framework of the theoretical 
5-mode cycle. It can be shown that there is no significant difference 
in the test results produced by data exhibited on the 7-mode cycle or 
5-mode cycle (no idle). In most cases, it appears that the 5-mode 
cycle (no idle) is slightly more conservative for the carbon monoxide 
pollutant than the 7-mode cycle. 

This paper will be primarily concerned with the 

LEAN-OUT EFFECTS 

General Comments 

Based on an analysis of the factors affecting piston engine emis- 
sions, it can be shown that the mode conditions having the greatest in- 
fluence on the gross magnitude of pollutant levels produced by the com- 
bustion process are taxi, approach, and climb as shown in figures 6-2 
to 6-10. The 5-mode cycle baseline shows that approximately 99 percent 
of the total cycle time (27.3 min) is attributed to these three mode 
conditions. Furthermore, the taxi modes (both out and in) account for 
slightly less than 59 percent of the total cycle time. 
of the time is almost equally apportioned to the approach and climb 
modes (22 and 18 percent, respectively). 

The remainder 

A s  a result of these time apportionments in the various tests 
modes, it was decided that an investigation and evaluation of the data 
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should be undertaken t o  determine which mode(s) has t h e  g r e a t e s t  inf lu-  
ence on improving general  a v i a t i o n  p i s t o n  engine emissions. In  the .. 
subsequent s e c t i o n s  o f  t h i s  discussion it w i l l  be shown what improve- 
ments can be achieved as a r e s u l t  of making lean-out adjustments t o  the  
f u e l  metering device: ' (1) taxi  mode only,  (2) taxi and approach modes 
combined, and (3) leaning-out of t h e  climb mode t o  "best power." 

E f fec t s  on Carbon Monoxide (CO) Emissions 

The test d a t a  obtained under FAA c o n t r a c t s  have been evaluated on 
t h e  b a s i s  of leaning-out t he  taxi,  approach, and climb modes while con- 
t inuing t h e  operat ion of t h e  test engine(s) a t  t h e  production r i c h  and 
l ean  l i m i t s  i n  t h e  takeoff mode. The r e s u l t s  of leaning-out under t h i s  
procedure are shown i n  bargraph form i n  f i g u r e s  6-11 t o  6-14. 

When the  t a x i  mode only w a s  leaned-out from e i t h e r  t h e  prxduction 
r i c h  o r  l ean  l i m i t s  t o  a fue l - a i r  r a t i o  of 0.075 o r  lower, but not  
lower than s toichiometr ic  (F/A = 0.067) (see f i g .  6-12), CO emissions 
are reduced approximately 40 t o  70 percent .  However, adjustments t o  
t h e  t a x i  mode alone are not s u f f i c i e n t  t o  br ing the  t o t a l  5-mode cyc le  
CO emission level below t h e  f e d e r a l  standard.  

The combinations of leaning-out both t h e  t a x i  and approach modes 
t o  a fue l - a i r  r a t i o  of 0.075 o r  lower w i l l  r e s u l t  i n  a d d i t i o n a l  im- 
provements t o  CO emissions. I n  t h e  case of operat ing t h e  engine a t  
production r i c h  l i m i t s  f o r  takeoff and climb while  operat ing t a x i  and 
approach a t  F/A = 0.075 o r  lower, t h e  t o t a l  5-mode cycle  CO emission 
level w i l l  be reduced a n  a d d i t i o n a l  45 t o  50 percent as shown i n  f ig -  
u r e  6-13. 

When t h e  same lean-out adjustments are appl ied t o  t h e  t ax i  and 
approach modes with takeoff and climb a t  t h e  production lean l i m i t  of 
t h e  f u e l  metering device s e t t i n g ,  t h e  CO emission level ,  f o r  t h e  
5-mode cyc le ,  w i l l  vary from 50 percent above t h e  Federal  standard t o  
20 percent below t h e  Federal  standard as shown i n  f i g u r e  6-13. 

Additional improvements i n  t h e  t o t a l  5-mode cyc le  f o r  CO e m i s -  
s i o n s  can be achieved as shown i n  f i g u r e  6-14 i f  a l l  engines are ad- 
j u s t e d  t o  ope ra t e  a t  "best power" fue l - a i r  r a t i o s  i n  t h e  climb mode. 

E f fec t s  on Unburneji Hydrocarbon Emissions 

The test d a t a  show t h a t  a l l  t h e  engines can be leaned-out suf- 
f i c i e n t l y  i n  the  tax i  mode t o  br ing t h e  unburned hydrocarbon emissions 
below t h e  f e d e r a l  standard (see f i g s .  6-15 and 6-16). Additional 
leaning-out i n  t h e  approach and climb modes provides added improve- 
ments but  is not  required t o  produce HC emission levels below t h e  Fed- 
eral standard.  
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Ef fec t s  on Oxides of Nitrogen (NO,) Emissions 

Oxides of n i t rogen  (NO,) emissions are n o t  improved as a r e s u l t  
of applying lean-out adjustments t o  t h e  f u e l  metering devices. I n  
fact, the NOx levels are a t  their lowest when t h e  engin e ra- 
t i n g  f u l l  r i c h  as shown i n  f i g u r e  6-17. 
a l l  t h e  test modes ( takeoff ,  climb, approach, and taxi) w e r e  leaned-out 
excessively t h e  NO, emission level would exceed t h e  Federal  standard.  
This lat ter negat ive e f f e c t  w a s  another reason why i t  w a s  decided t o  
evaluate  and study t h e  e f f e c t s  of adjusting/manipulating se l ec t ed  mode 
conditions r a t h e r  than adopt t h e  philosophy of ad jus t ing  a l l  modes. 
Another reason f o r  not  ad jus t ing  t h e  takeoff mode w a s  t h a t  t he  test re- 
s u l t s  showed t h a t  t h e  emissions curves f o r  each po l lu t an t  (particu1arl.y 
CO) were too f l a t  t o  make t h e  adjustment e f f o r t  worthwhile. 

T e s t  r e s u l t s  have shown i f  

E f fec t s  on Allowable Maximum Cylinder Head Temperature 

One of the major problems t h a t  has r e s u l t e d  as an  e f f e c t  of 
leaning-out general  a v i a t i o n  p i s t o n  engines i n  order  t o  improve e m i s -  
s ions  i s  t h e  increase o r  rise i n  maximum cy l inde r  head temperatures. 

It has been reported t h a t  most general  a v i a t i o n  a i r c r a f t  are de- 
signed t o  operate  wi th  cooling a i r  pressure d i f f e r e n t i a l s  of 4.0 inches 
of water o r  less (see f i g .  6-18). 

P rope l l e r  test  s tand data  obtained during t h i s  program have shown 
t h a t  some engines w i l l  r equ i r e  pressure d i f f e r e n t i a l s  of from 5.5 t o  
7.0 inches of water ac ross  t h e  engine when leaned-out t o  m e e t  emission 
requirements and s t i l l  remain wi th in  cyl inder  head temperature l i m i t s .  
The engines t h a t  have exhibi ted p a r t i c u l a r  s e n s i t i v i t y  i n  t h i s  area 
are TCM-IO-520-D, TCM TSIO-360-C, and TCM-O-200-A. 

Summary of Resul ts  - Engines i n  Experimental T e s t  Stand 

Current production aircraft p i s t o n  engines: 

1. They do not m e e t  t h e  EPA carbon monoxide standard f o r  1979/80. 

2. Most engines do no t  m e e t  t h e  EPA unburned hydrocarbon standard 
f o r  1979/80. 

3.  A l l  unmodified engines m e e t  t h e  EPA oxides of ni t rogen standard 
f o r  1979/80. 

Adjusted (leaned-out) aircraft  p i s ton  engines: 

1. A l l  engine f u e l  metering devices i n  t h e  test program could be 
adjusted on t h e  test  s tand t o  reduce t h e i r  cu r ren t  carbon monoxide ex- 
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haust emission level, but  not  necessar i ly  t o  l e v e l s  required by EPA 
standards.  

2. A l l  t h e  engines t e s t e d  could be ad jus ted  on t h e  test stand t o  
reduce t h e i r  unburned hydrocarbon exhaust emission l e v e l  below t h e  EPA 
standard f o r  1979/80. 

Maximum cyl inder  head temperatures (CHT): 

1. Elimination of f u e l  metering device adjustments i n  the  takeoff 
mode r e s u l t s  i n  no changes t o  cur ren t  maximum CHT l imi t a t ions .  

2. Adjusting t h e  f u e l  metering device i n  t h e  climb mode t o  constant  
b e s t  power operat ion w i l l  r e s u l t  i n  an increase  i n  maximum CHT. 

3 .  This lat ter change w i l l  a l s o  n e c e s s i t a t e  an increase  i n  cool ing 
a i r  flow (or  increase  i n  cooling a i r  pressure  d i f f e r e n t i a l  of approxi- 
mately 1.0 i n .  H20). 

4 .  No increases  beyond t h e  l i m i t s  i n  maximum CHT'S were measured 
as a r e s u l t  of leaning-out t h e  approach and t a x i  modes. 

Accelerat ion Problem: One engine (of s i x  t e s t ed )  demonstrated an 
acce le ra t ion  problem during t h e  NAFEC tests (TCM IO-520-D). 
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DISCUS STON 

Q -  

A -  

Q -  

A -  

Q -  

A -  

L. He lms :  Did you, a t  any time, run any tests i n  which a i r f low w a s  
coming from the rear of t h e  engine o r  the s i d e  as  opposed t o  t h e  
f ron t?  
E. Becker: N o ,  a l l  f r o n t .  

G. Ki t t redge t o  W. Westfield:  What you reported on here  today, and 
they are most impressive, are the  r e s u l t s  of your phase 1 con t rac t s  
and i n t e r n a l  e f f o r t s  a t  WFEC documenting t h e  emissions behavior of 
t hese  base l ine  engines. 
i n t o  a second phase i n  which you'd look a t  methods f o r  reducing 
emissions below t h e  levels that you could achieve by t h e  simple 
kinds of changes you've j u s t  described. 
t i n u e  with t h a t  phase 2 inves t iga t ion?  
W. Westfield: 
t h e  two manufacturers p r h a r i l y  because w e  have not  accepted t h e  
suggested changes they have offered t o  u s  but t h e  door i s  s t i l l  
open. 
t i g a t i o n  of t h e  Ethyl Corporation turbulen t  f low manifold system 
and w e  w i l l  be repor t ing  on t h a t  as soon as we ge t  t he  data.  

A t  one time 1 know t h e r e  w a s  a plan t o  go 

Is it  st i l l  planned t o  con- 

To d a t e  w e  do not  have any a c t i v e  work with e i t h e r  of 

We do have underway with the  Universi ty  of Michigan an inves- 

F. Monts: You mentioned t h a t  with a l l  of t h e  engines t h e  mixture 
s t r eng th  cculd be ad jus ted  t o  make c e r t a i n  improvements. Was t h i s  
adjustment done on a scheduled bas i s  o r  w a s  i t  done merely by pu l l ing  
t h e  mixture con t ro l  back? 
W. Westfield: There w a s  a mixture adjustment. We reduced f u e l  flow 
by increments of 3 pounds of f u e l  pe r  hour, 
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TELEDYNE CONTINENTAL MOTORS 
ENGINES IN THE PROGRAM 

ENGINE 

0-200-A 

10-520-D 

TSI 0-360-C 

TIARA-6-285-B 

GT S10-520-F 

D ESCRl PTI ON START DATE FINISH DATE 

100 HP, 01 124175 03/05/75 
CARBURETOR TYPE 

300 HP, INJECTOR TYPE 06/27/75 08/01 /75 

220 HP, 02/16/76 05/21 176 

285 HP, GEARED PROP. 07/01/76 08/31/76 
DRIVE, INJECTOR (EST.) 

TU RBO-l N JECTOR TYPE 

435 HP, 
GEARED TURBO-INJECTOR 

AVCO LYCOMlNG ENGllNES IN THE PROGRAM 

ENGINE 

10-320-D 

0-320-D 

10-360-B 

10-360-A 

0-320-D 

10-320-D 

T10-540- J 

DESCRl PTl ON 

160 HP, INJECTOR TYPE 

160 HP, CARBURETOR TYPE 

180 HP, INJECTOR TYPE 

200 HP, INJECTOR TYPE 

160 HP, CARBURETOR TYPE 

160 HP, INJECTOR TYPE 

350 HP, TURBO-INJECTOR 

Figure 6-1 

START DATE 

1211 0174 

01 / 1 4/75 

04/21 175 

09/04/75 

FINISH DATE 

01 109175 

01/15/75 

05/27/75 

12/05/75 
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TOTAL CARBON MONOXIDE 
EW1188ION CHARACTERISTICS 

PHASE I 

3.0 

3.0- 
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1.0- 

0- 

Figure 6-11 

TOTAL CARBON MONOXIDE 
E~18$10N CHARACTERISTICS 

PHASE I 
Sirt (e) Gonord Aviation Piston Engines 
r PROD. RICH ClMA iTYP.1 

FOR 1.0.. CLIMB d. APPROACH 

?ROD. LEAN 1W Lnrl 
FOR T.O., CLIMB & AWROACH 

AVCO AVCO AVCO TCM TCM TCM 
10360-A IO-360-B 0-320-D 10-520-D TS10-3604 6-2858 

TIARA 

Figure 6-12 
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TOTAL CARBON MONOXIDE 

PHASE I 
EMISSION CHARACTERIS 

Sir (8) Cfeneral Avi 

PROD. RICH LlMR m,) Foil T.Q. 
APPROACH.6 TAXI F/A i 8 . W  (*VCOl 
APPROACH $ TAXI FbA E 8.Wd I FCM) 

CLIMB 

PROP. LtAN LUnn @W.) FOR 1.0. 6 CLIMB 
APPROACH 6 TAN1 / A  f 0.067 YVCO) 
APPROACH 6 TAXI CJA = 0.075 F C l )  

AVCO AVCO AVCO TCM TCM TCM 
IO-360-A IO-360-B 0-320-D IO-520-D TS10-360-C 8-2858 

TIARA 

Figure 6-13 

TOTAL CARBON MONOXIDE 
EMISSION CHARACTERISTICS 

PHASE I 
SIX (8) GENERAL AVlATlON PISTON ENGINES 

PROD. RICH LIMIT (TYP.) FOR T.O. ONLY 
CLIMB AT BEST POWER FIA (TYP.) 
APPROACH AND TAXI F/A 0.067 (AVCO) 
APPROACH AND TAXI F/A 0.075 (TCM) 

TCM 6-285-8 (TIARA) EXCEPT - 
PROD. RICH LIMIT FOR T.O. ONLY 

CLIMB AT BEST POWER F/A 
APPROACH AND TAXI F/A 0.067 

AVCO AVCO AVCO TCM TCM 
I O - S A  IO-360-B 0-320-D IO-520-D TSIO-3604 

TCM 
8-286-8 
TIARA 

Figure 6-14 
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EMISSION CHARACTERISTICS 

PHASE I 

3 . 0  

AVCO AVCO AVCO TCM TCM TCM 
1003606  IO-300-B 0 3 2 0 - D  10-520-D TS10-360-C 0-285-B 

TIARA 

Figure 6-15 

TOTAL UNBURNED HYDROCARBON 
EMISSION CHARACTERISTICS 

PHASE I 
Six (6) Genaxel. Aviaticirn Piston Enginer 
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PROD. LLAN ClMlT FYP.1 
FOR T.O., CLIMB 6 M?WACM 
TAXI F/A = 0.067 (AVCO) 
TAXI f f A  = 0.075 IfCM) 
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10360-A IO-360-B 0-320-0 10-520-D TS10-360-C 6-2858 

TIARA 
Figure 6-16 
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Figure 6-17 
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7. AVCO LYCOMING EMISSION AND FLIGHT TEST RESULTS* 

. Larry C. Duke 

Avco Lycoming 
Williamsport, Pennsylvania 

EMISSION PROGW RESULTS 

The Federal  l i m i t s  f o r  p i s ton  a i r c r a f t  engines, as s t a t e d  by the  
EPA, Pa r t  87, are defined as po l lu t an t  (GO, HC, NO,) mass t o t a l s  per  
ra ted  horsepower obtained from engine operat ion through a prescr ibed 
LTO cycle ,  wi th  modes spec i f ied  by power and length  of t i m e .  Ta- 
b l e  7-1 shows a comparison between t h e  5-mode test cycle ,  as out l ined  
by t h e  EPA i n  P a r t  87, and the  expanded 7-mode cyc le  cu r ren t ly  being 
used by Avco Lycoming, wi th  s p e c i f i c  requirements f o r  modes, mode 
times, engine speeds, and power s e t t i n g s  not c l e a r l y  defined i n  t h e  
spec i f i ca t ions .  

From the  - in i t i a t ion  of emissions t e s t ing ,  Avco Lycoming has f e l t  
t ha t  an important a i d  t o  t h e  s tandard base l ine  cyc le  is  t h e  "leanout 
run" o r  mixture d i s t r i b u t i o n  run f o r  each mode ( f i g .  7-1). A s  e-peri- 
ence has increased with regard t o  da ta  ana lys i s  and presenta t ion ,  Avco 
Lycoming has found t h a t , f o r  development test work, t h e  value of accurate  
po l lu t an t  t rend da ta  with respect t o  va r i ab le  mixture s t r eng th  exceeds 
tha t  of ind iv idua l  base l ine  r e s u l t s .  Whereas t h e  base l ine  cyc l i c  re- 
s u l t s  are t r u e  only f o r  t h e  ambient condi t ions and f u e l  schedules f o r  
t ha t  base l ine ,  leanout curves can be used t o  formulate c y c l i c  r e s u l t s  
f o r  a v a r i e t y  of f u e l  schedules (and/or production tolerances)  over a 
range of ambient condi t ions.  

Table 7-2 shows a comparison between the  average of seven base- 
l i n e  cyc les  and t h e  pro jec ted  base l ine  cyc le  from t h e  leanout curves 
f o r  t h e  IO-320-D engine. 
has found i n  emissions t e s t i n g  t o  da te ;  t h a t  is ,  s u f f i c i e n t l y  accura te  
base l ine  cycles  can be constructed from po l lu t an t  t rends  of leanout 
data.  

The r e s u l t s  are t y p i c a l  of what Avco Lycoming 

*The da ta  contained i n  t h i s  r epor t  are p a r t i a l l y  sponsored by FAA- 
NAFEC and have not been approved by them a t  t h i s  t i m e .  Therefore, t h e  
conclusions presented are s o l e l y  those of Avco Lycoming and may not  
necessar i ly  reflect those  derived by the  FAA. 

1 4 1  
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Table 7-3 shows a summary of t h e  Avco Lycoming emissions program 
including those engines t e s t e d  under t h e  FAA-NAFEC cont rac t .  One ad- 
vantage i n  formulating t h e  cyc l i c  r e s u l t s  from leanout curves i s  t h a t  
t he  po l lu t an t  t o t a l s  f o r  both t h e  r i c h  and l e a n  production f u e l  
schedules can be projected,  as shown by f i g u r e  7-2. None of t h e  14 en- 
gines  models t e s t e d  t o  da t e  by Avco Lycoming with t h e i r  cur ren t  produc- 
t i o n  f u e l  schedules comply with t h e  Federal  standards.  
i n  po l lu t an t  r e s u l t s ,  as shown between t h e  10-320 and 0-320, is  pr i -  
marily due t o  t h e  d i f f e rence  i n  production f u e l  schedules, not  between 
f u e l  i n j  ec to r  and carburetor .  

The v a r i a t i o n  

Due t o  v a r i a t i o n s  i n  t h e  mode t i m e s  and exhaust volume flow rates 
throughout t he  cycle ,  t he re  are s u b s t a n t i a l  d i f fe rences  i n  the  cont r i -  
but ions by mode t o  t h e  cyc l i c  t o t a l ,  A s  shown by f i g u r e  7-3, which 
gives a breakdown of po l lu t an t  cont r ibu t ion  by mode f o r  f h e  I0-360-A, 
it can be seen t h a t  t h e  t a x i ,  climb, and approach modes produce approxi- 
mately 9,  52, and 34 percent ,  respec t ive ly ,  of t he  CO cyc l i c  t o t a l s .  

I n  order  t o  e s t a b l i s h  what poss ib le  improvements can be obtained 
by revised f u e l  schedules, i t  i s  important t o  assess t h e  cont r ibu t ion  
from each mode separa te ly .  To show t h e  e f f e c t  of leaner  f u e l  schedules 
f o r  ind iv idua l  o r  combinations of modes on t h e  cyc l i c  po l lu t an t  t o t a l s ,  
Avco Lycoming has developed t h e  emission p r o f i l e .  The emission p r o f i l e  
is constructed from t h e  po l lu t an t  leanout curve t rends ,  usua l ly  f o r  
those po l lu t an t s  exceeding t h e  Federal  l i m i t s .  

The emissions p r o f i l e  provides a f a s t ,  simple means of construct ing 
var ious f u e l  schedules and determining t h e  c y c l i c  po l lu t an t  t o t a l s .  For 
instance,  f i g u r e  7-4 shows t h e  emission p r o f i l e  f o r  t h e  IO-360-A engine 
with both t h e  r i c h  and lean  l i m i t  production f u e l  schedules shown. Re- 
cons t ruc t ing  t h e  development of t h e  lean  l i m i t  f u e l  schedule is  as f o l -  
lows : 

(1) Se lec t  i d l e  mode fue l - a i r  (F/A) r a t i o  (0.092) on upper l e f t  
quadrant ax i s .  

(2) Proceed v e r t i c a l l y  upward t o  i n t e r s e c t  F/A r a t i o  l i n e  f o r  
takeoff mode (0.085). 

(3) Proceed ho r i zon ta l ly  t o  t h e  r i g h t  t o  i n t e r s e c t  the  F/A r a t i o  
l i n e  f o r  t h e  t a x i  mode (0.092). 

(4) Extend l i n e  v e r t i c a l l y  down t o  i n t e r s e c t  with climb F/A ra- 
t i o  l i n e  (0.085). 

(5) Proceed ho r i zon ta l ly  t o  t h e  l e f t  t o  i n t e r s e c t  approach F/A 
r a t i o  l i n e .  

(6) Proceed v e r t i c a l l y  upward t o  i n t e r s e c t  with lower l e f t  quadrant 
ax i s  and read cyc l i c  t o t a l  f o r  CO. 
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Figure 7-5 shows the  l e a n  f u e l  schedule l i m i t s  which Avco Lycom- 

These estimates were made based on a f u e l  system uncom- 
ing predicted with r e spec t  t o  detonation and acce le ra t ions  p r i o r  t o  
f l i g h t  test. 
pensated f o r  dens i ty  f o r  u se  with 0" t o  100" F ambient temperatures. 
Avco Lycoming developed t h e  p r o f i l e  t o  accommodate t h e  concept of 
s p e c i f i c a l l y  t a i l o r e d  f u e l  schedules providing varying degrees of mix- 
t u r e  leaning f o r  i nd iv idua l  modes and t o  permit quick and simple assess- 
ment of t h e  b e n e f i t s  i n  c y c l i c  p o l l u t a n t  t o t a l s .  However, s i n c e  test 
stand d a t a  were used i n  the development of t h e  p r o f i l e s ,  no l i m i t a t i o n s  
regarding cooling have been projected onto t h e  p r o f i l e s .  

When reviewing emissions t r ends  displayed on leanout curves o r  
emissions p r o f i l e s ,  l i m i t a t i o n s  as t o  cyl inder  cooling, detonation, 
and acce le ra t ion  must be i d e n t i f i e d ,  Avco Lycoming has found t h a t  based 
on t h e  leanout emissions t rends generated on t h e  test s tand and without 
regard t o  t h e  l imi t ed  quan t i ty  of cooling a i r  a v a i l a b l e  i n  the  air f rame 
i n s t a l l a t i o n ,  f u e l  schedules can b e  chosen whereby c y c l i c  emissions 
comply wi th  Federal  r egu la t ions  f o r  a l l  engine models t e s t e d  t o  da t e .  
However, i f  s u f f i c i e n t  t o l e rance  is added t o  the  f u e l  schedule t o  pro- 
duce acceptable  a i r c r a f t  operat ion over t he  ambient temperature range 
from 0" t o  100" F along wi th  cu r ren t  production f u e l  system tolerances,  
projected c y c l i c  emissions are o u t s i d e  Federal  L i m i t s  f o r  a l l  engines 
t e s t ed .  Therefore, Avco Lycoming does not p re sen t ly  s t i p u l a t e  test 
stand" l i m i t a t i o n s  s i n c e  a t  bes t  t h e s e  l i m i t s  would be a r t i f i c a l  and un- 
r ep resen ta t ive  of t h e  a i r c r a f t  i n s t a l l a t i o n .  Limits  as shown on the 
emissions p r o f i l e  are based on a c t u a l  pas t  f l i g h t  test experience, in- 
f l i g h t  detonation surveys, and t r u e  realist ic a p p r a i s a l  of a i r c r a f t  con- 
s t r a i n t s .  Avco Lycoming has accumulated va luable  cooling da ta  i n  its 
recent f l i g h t  test program. A review of t h e s e  da t a  has shown a posi- 
t ive  i n d i c a t i o n  t h a t  with some correCtions, test s tand cooling da ta  can 
be projected t o  t h e  a c t u a l  i n s t a l l a t i o n .  Additional da t a  w i l l  be re- 
quired t o  provide s u f f i c i e n t  da t a  sample f o r  complete analysis .  
q u i s i t i o n  of t h i s  d a t a  is i n  progress.  

11 

Ac- 

The e f f e c t  t h a t  manufacturing tolerances have on t h e  abso lu te  
p o l l u t a n t  levels f o r  a given engine model and f u e l  schedule is  impor- 
t a n t .  
several engine models t o  de f ine  engine-to-engine emission v a r i a t i o n .  
Figures 7-6 and 7-7 show leanout curves f o r  t h e  takeoff and approach 
modes, r e spec t ive ly ,  wi th  d a t a  from t h r e e  IO-360-A engines. Leanout d a t a  
f o r  the takeoff and climb modes f o r  two model TIO-540-J engines are 
shown by f i g u r e s  7-8 and 7-9. Accumulated test d a t a  on a d d i t i o n a l  en- 
gines should provide a r ep resen ta t ive  sample t o  s u f f i c i e n t l y  determine 
the  ex ten t  of v a r i a t i o n .  

Avco Lycoming i s  c u r r e n t l y  sampling r ep resen ta t ive  engines from 

FLIGHT TEST RESULTS 

The Avco Lycoming f l i g h t  test program f o r  reduced emissions w a s  
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conducted t o  determine and document t h e  l e a n  f u e l  schedule l i m i t s  f o r  
cur ren t  production a i r c r a f t  based on f l i g h t  sa fe ty .  Based on ana lys i s  
of t h e  emissions p r o f i l e ,  Avco Lycoming proposed t o  evaluate  the  e f f e c t  
of leaner  schedules i n  t h e  i d l e / t a x i ,  climb, and approach modes. These 
modes w e r e  s e l ec t ed  as areas where i t  was  f e l t  t h a t  poss ib le  improve- 
ments could be made with t h e  g r e a t e s t  improvement i n  cyc l i c  emissions 
reduction. Leaning i n  the  takeoff mode, which would produce neg l ig ib l e  
cyc l i c  po l lu t an t  reduct ion but r equ i r e  a i r c r a f t  r e c e r t i f i c a t i o n ,  w a s  
not evaluated. The f u e l  systems t o  produce these  leaner  stepped f u e l  
schedules w e r e  t a i l o r e d  s p e c i f i c a l l y  f o r  t h e  f l i g h t  test and are not  
cu r ren t ly  production i t e m s .  

The f l i g h t  test  cons is ted  of t h ree  phases: 

(1) Cold weather tes. t ing t o  eva lua te  t h e  e f f e c t  of leaner  mixtures 
i n  t h e  i d l e / t a x i  and approach modes on s a f e  engine acce lera t ion .  

(2) Hot weather ground t e s t i n g  t o  in su re  adequate ground cooling 
margin. 

(3) Hot weather f l i g h t  tests t o  study t h e  p o s s i b i l i t y  of leaning 
i n  t h e  80 percent climb mode. 

Table 7-4 shows a b r i e f  descr ip t ion  of t h e  f i v e  a i r c r a f t  f l i g h t  
t e s t e d  i n  the  Avco Lycoming program. 
t i o n  v a r i a t i o n  on f u e l  schedule l imi t a t ion ,  four  a i r c r a f t  with t h e  
200 hp 10-360 engine w e r e  t e s t ed :  
( t e s t ed  under NAFEC con t rac t ) ,  Rockwell Commander 112 ,  and Beech S ie r r a .  
I n  addi t ion ,  t h e  P iper  Pressurized Navajo w a s  t e s t e d  t o  eva lua te  pos- 
s i b l e  emissions reduct ions on Avco Lycoming's h ighes t  power output cur- 
r e n t  production engine, t h e  TIGO-541. 

To study t h e  e f f e c t  of i n s t a l l a -  

Piper  Arrow 200, Cessna Cardinal 

The rev ised  f u e l  schedule employed f o r  t h e  cold weather accelera-  
t i o n  t e s t i n g  is shown by f i g u r e  7-10. A s p e c i a l  l ean  i d l e  p l a t e  w a s  
t a i l o r e d  t o  produce leaner  f u e l  schedules i n  the  i d l e / t a x i  modes. The 
f u e l  i n j e c t o r ,  a Bendix RSA-5AB1, incorporated a two-hole main meter- 
ing  valve which maintained a 0.067 F/A r a t i o  from approximately 25 t o  
50 percent power (approach mode) and then enrichened with increased 
t h r o t t l e  angle  t o  cur ren t  production r i c h  l i m i t s .  An AMC u n i t  t o  com- 
pensate f o r  changes i n  ambient temperatures and a i r  dens i ty  w a s  included 
t o  in su re  t h a t  t h e  schedule would be maintained. The l ean  i d l e  p l a t e  
provided a nominal F/A r a t i o  of 0.086 and 0.072 f o r  i d l e  (600 rpm) 
and t a x i  (1200 rpm), respec t ive ly .  

For the  acce le ra t ion  t e s t i n g ,  t h e  t h r o t t l e  angle,  engine speed, 
and manifold pressure  w e r e  recorded f o r  approximately 30 accels with 
the  s tandard f u e l  i n j e c t o r  set a t  manufacturer's recommended i d l e  mix- 
t u r e  s e t t i n g  and 30 accels with t h e  revised i n j e c t o r  with leaner  f u e l  
schedules. A similar f l i g h t  test f o r  both i n j e c t o r  systems w a s  de- 
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veloped which included 90 mph, 125 mph, and ILS approaches i n i t i a t i n g  
a t  4000 f e e t  with acce lera t ions  a t  1000-foot i n t e r v a l s  during descent.  
Acceleration rates var ied  from 0.2 t o  30 seconds from i d l e  o r  p a r t  
t h r o t t l e  t o  f u l l  t h r o t t l e .  The i d l e  mixture w a s  set immediately p r i o r  
t o  each f l i g h t  t o  in su re  cons i s t en t  lean  mixture s e t t i n g s  with varying 
ambient condi t ions.  Table 7-5 shows the  f l i g h t  program o u t l i n e  de- 
veloped f o r  Avco Lycoming's f l i g h t  test program. 

Figures 7-11 t o  7-14 show comparisons of engine response f o r  rap id  
t h r o t t l e  movements with t h e  standard and revised i n j e c t o r  systems f o r  
each of t h e  a i r c r a f t  t e s t ed .  The acce lera t ions  are a t  var ious a l t i -  
tudes and f l i g h t  condi t ions.  Due t o  a l imi ted  t i m e  t o  procure t h e  re- 
vised f u e l  i n j e c t o r  s y s t e q t h e  i d l e  t o  f u l l  t h r o t t l e  p l a t e  travel w a s  
80" ins tead  of t he  70" travel f o r  t h e  standard i n j e c t o r .  The accelera- 
t i on  c h a r a c t e r i s t i c s  of each a i r c r a f t  were similar, and the  recorded 
t r a n s i e n t s  showed a very s l i g h t  h e s i t a t i o n  wi th  r ap id  acce le ra t ion  of 
t he  rev ised  i n j e c t o r  system; however, none of t h e  test p i l o t s  reported 
a not iceable  h e s i t a t i o n  during the  f l i g h t  test .  Figures 7-15 and 7-16 
show slow acce ls  made on t h e  Rockwell 112  and Piper  Arrow. A f l a t  spot  
i n  engine response is c l e a r l y  evident  from these  curves corresponding 
t o  the  leaner  than bes t  power f u e l  schedule i n  t h e  25 t o  50 percent 
power range. A l l  a i r c r a f t  exhibi ted i d e n t i c a l  responses,  and p i l o t  re- 
po r t s  noted engine roughness i n  t h i s  area. I n  addi t ion ,  magneto checks, 
usua l ly  performed i n  t h i s  range, showed abnormally high s i n g l e  i g n i t i o n  
rpm drop r e s u l t i n g  from the  lean mixture. 

Throughout t he  emissions program Avco Lycoming has noted t h a t  ac- 
cura te  f u e l  and air  flow measurements a t  i d l e  and t a x i  are extremely im- 
por tan t .  Due t o  t h e  low q u a n t i t i e s  of flows a t  these  condi t ions,  minor 
e r r o r s  i n  flow measurements can y i e ld  ser ious  problems. For example, 
a t  i d l e  an e r r o r  of as l i t t l e  as 0.2 pound p e r  hour i n  f u e l  flow can 
mean a 5 percent  e r r o r  i n  t h e  measured 
ab le ,  as indica ted  by the  EPA, P a r t  87, fo r  exhaust emission t e s t i n g .  
These same t i g h t  to le rances  would apply t o  t h e  allowable f u e l  system 
va r i a t ions  i n  the  i d l e / t a x i  modes. 

F/A r a t i o  - the  maximum allow- 

A similar i n j e c t o r  system with l a r g e r  capac i ty  w a s  ground t e s t ed  
on t h e  Piper  Pressurized Navajo. 
t a x i  range appeared acceptable  f o r  t h e  l imi ted  ground acce le ra t ion  test- 
ing completed. No t r ans i en t  recording of engine parameters w a s  taken. 
However, a d e f i n i t e  problem area w a s  i d e n t i f i e d  i n  the  t r a n s i t i o n  range 
between the  i d l e  p l a t e  and main metering system of t h e  in j ec to r .  
stumble and h e s i t a t i o n  r e su l t ed  during a l l  accels i n  t h i s  area. 
t empt s  a t  cor rec t ing  t h i s  problem f a i l e d  and it w a s  decided t h a t  devel- 
opment work of t h a t  na tu re  w a s  b e t t e r  performed on t h e  flow bench and 
test s tand.  It w a s  noted during t e s t i n g  t h a t  i n  the  30 t o  60 percent 
power range, turbine i n l e t  temperature w a s  a t  the  red l i n e  a t  f u l l  r i c h  
mixture operat ion and w a s  not acceptable.  

The leaner  f u e l  schedule i n  t h e  id le -  

Severe 
A t -  
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Ground cooling evaluat ion of t he  leaner f u e l  schedules i n  t h e  id l e -  
t a x i  modes showed absolu te ly  no cooling problem f o r  any a i r c r a f t .  

Cooling climbs t o  eva lua te  leaner  f u e l  schedules i n  the  80 percent 
power range (Arrow, Cardinal,  Sierra, and RC112) were made a t  85 KlAS 
with b e s t  power f u e l  flow maintaining constant  80 percent power through 
c r i t i ca l  a l t i t u d e .  Figure 7-17 shows a comparison of t h e  80 percent  
constant  power climb versus t h e  standard f u l l  t h r o t t l e  climb and t h e  
subsequent power loss with a l t i t u d e  f o r  both s tandard condi t ions and 
corrected t o  100" F. 
power f u e l  flow i n  t h e  climb mode. 

Avco Lycoming does not  propose leaning beyond bes t  

A summary of t h e  80 percent power cooling climb r e s u l t s  is  shown 
by f i g u r e  7-18. Two cooling climbs w e r e  made with each a i r c r a f t  from 
approximately a 500-foOt a l t i t u d e  with s t a b i l i z e d  condi t ions through 
c r i t i c a l  a l t i t u d e  and peak temperatures. The summary shows t h e  follow- 
ing : 

(1) Three of t h e  aircraft maintained engine CHT'S within the  475°F 
maximum allowable through the  80 percent constant  power climb a t  b e s t  
power F/A r a t i o .  The fou r th  a i r c r a f t  had maximum corrected CHT'S of 
476' and 480" F, respec t ive ly ,  f o r  t he  two c l i m b s - o r j u s t  over t he  
a i m i t .  

(2) Two of t h e  a i r c r a f t  maintained t h e  o i l  temperature wi th in  the  
245" F maximum allowable.  

Af te r  completion of t h e  f l i g h t  test program f o r  f i v e  a i r c r a f t  with 
f u e l  system modified f o r  emissions reduct ion,  Avco Lycoming has out- 
l i ned  t h e  following problem areas and conclusions: 

(1) The Bendix f u e l  i n j e c t o r  (without dens i ty  compensating u n i t )  
meters f u e l  by sensing induct ion a i r  flow volume. 
temperatures r e s u l t  i n  leaner  mixtures suppl ied t o  the  engine. Fig- 
u r e  7-14 shows t h e  approximate r e l a t i o n  between metered 
induction a i r  temperature. 
0" F shows t h a t  t he  r e s u l t i n g  f u e l  schedule would y i e ld  a 
of approximately 0.084 a t  60" F. The l ean  l i m i t  f o r  t h e  IO-360-A engine 
is 0.085 F/A measured between 60" t o  80" F a i r  temperature. 
a i r c r a f d e n g i n e  combination must perform s a f e l y  over wide temperature 
ranges, an AMC u n i t  w i l l  be required t o  make any s i g n i f i c a n t  changes 
from cur ren t  production f u e l  schedules. 
Avco Lycoming as t o  production to le rances  of t h i s  u n i t .  

Colder i n l e t  a i r  

F/A r a t i o  and 
Note t h a t  t he  l i n e  ind ica t ing  bes t  power a t  

F/A r a t i o  

Since the  

N o  assessment has been made by 

(2) Leaner f u e l  schedules can be t o l e r a t e d  i n  the  i d l e - t a x i  range 
of t h e  10-360 engine without a f f e c t i n g  t h e  acce le ra t ion  of t h e  engine. 
However, when considering even extremely t i g h t  production to le rances  
f o r  t h e  f u e l  i n j e c t o r  i n  the  i d l e  range, t h e r e  is neg l ig ib l e  b e n e f i t  when 
pro jec t ing  t h e  f u e l  schedule t o  60" t o  80" F induction a i r  temperature. 



1 4  7 

To make any reasonable improvement i n  this  area,a dens i ty  compensating 
u n i t  f o r  t h e  i d l e - t a x i  range must be incorporated i n t o  t h e  i n j e c t o r  
un i t .  What the  r e s u l t a n t  production to le rance  of such a system would 
be, o r  whether it would n u l l i f y  any bene f i t  t o  reduced emissions, is  
not known by Avco Lycoming a t  th i s  t i m e .  

(3) The leaner  f u e l  schedules i n  t h e  i d l e ,  taxi ,  and approach 
modes, as evaluated i n  t h e  cold weather test phase, revealed s e v e r a l  
major problem areas. Engine roughness, f l a t  s p o t s  i n  engine response, 
and excessive engine speed drops during s i n g l e  i g n i t i o n  magneto opera- 
t i o n  would r equ i r e  so lu t ions  before  any thought of production effec-  
t i v i t y .  A t  t h i s  t i m e  Avco Lycoming recommends a lean l i m i t  f u e l  
schedule f o r  t hese  modes a t  bes t  power f u e l  flow, which could eliminate 
these  problem areas. With a d d i t i o n a l  development work, i t  may be feas-  
i b l e  a t  some t i m e  t o  revise t h e  approach mode flow schedule towards 
s to ich iometr ic  as t e s t e d  i n  the  f l i g h t  test program. 

(4) The r e s u l t s  of t h e  80 percent  cooling climb test show t h a t  a l l  
of t h e  a i r c r a f t  (Arrow, Cardinal,  Sierra, and RC112) could s a f e l y  t o l -  
erate somewhat leaner f u e l  schedules i n  the  80 percent  climb mode with 
regard t o  cy l inde r  head l i m i t a t i o n s .  However, modif icat ions would be  
required t o  maintain acceptable  engine o i l  cool ing.  

(5) Figure 7-20 shows the  u l t ima te  proposed f u e l  schedule pending 
so lu t ion  of t h e  problem areas considered i n  i t e m  ( 3 ) .  The f u e l  system 
t o  produce t h i s  schedule is not cu r ren t ly  i n  production and would re- 
qu i r e  new body cas t ings  and ex tens ive  development work. Four t o  s i x  
years  of development are required before  u n i t s  would be a v a i l a b l e  t o  
Avco Lycoming f o r  in-service tes t  evaluat ion.  

(6) The r e s u l t s  of t h i s  test program are app l i cab le  t o  r e a l l y  only 
one engine model. They are not  necessa r i ly  t r u e  of t he  o the r  350 models 
i n  production by Avco Lycoming; f u e l  i n j ec t ed ,  carbureted,  turbo- 
charged, and geared supercharged engines. Avco Lycoming is proceeding 
with a test program f o r  carbureted engines and poss ib l e  emissions re- 
duct ions.  A program f o r  evaluat ing improvements t o  turbocharged engines 
is  being formulated. 

(7) The Avco Lycoming f l i g h t  test  program has shown t h a t  leaner  
f u e l  schedules can be s a f e l y  t o l e r a t e d .  Figure 7-21 shows the  emission 
p r o f i l e  f o r  t he  10-360 engine based on t h e  f l i g h t  test r e s u l t s .  The 
s o l i d  l i n e  shows poss ib l e  emissions reduct ions f o r  a f u e l  system w i t h -  
out dens i ty  compensation. The dot ted  l i n e  shows t h e  p o s s i b i l i t i e s  with 
a compensated system. 
to le rances  t o  these  r e s u l t s .  Even with dens i ty  compensation t h e  pro- 
f i l e  shows that the pro jec ted  c y c l i c  t o t a l  would be  approximately 
98 percent  of t h e  Federal  l i m i t  f o r  CO. 
exceed t h i s  l i m i t .  

There has been no e f f o r t  t o  ass ign  production 

Any production to le rance  would 
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(8) Avco Lycoming has conducted emissions surveys on s i x  turbo- 
charged engines of f i v e  d i f f e r e n t  engine models on t h e  f l i g h t  test 
stand. 
revealed unique problem areas d i s s imi l a r  t o  those encountered with 
normally a sp i r a t ed  engines. 
are employed i n  twin engine a i r c r a f t ,  which have far more severe cool- 
ing climb requirements than s i n g l e  engine i n s t a l l a t i o n s .  
Avco Lycoming expects t h a t  t h e  poss ib l e  r ev i s ions  t o  cu r ren t  f u e l  
schedules f o r  t hese  engines w i l l  be extremely l imi ted  and w i l l  demand 
comprehensive t e s t i n g .  The turbocharged engine family may r equ i r e  a 
separate and more l e n i e n t  set of Federal  emissions l i m i t s .  

With emissions reduct ion as a goal ,  t i m e  f o r  f u e l  system develop- 

A l imi t ed  f l i g h t  test of one turbocharged model, t h e  TIGO-541, 

The major i ty  of turbocharged engine models 

Therefore, 

ment and implementation is t h e  major f a c t o r .  Evaluation of a l l  cur- 
r e n t  f u e l  systems and engine configurat ions with respect t o  poss ib l e  
improvements cannot be accomplished i n  t h e  t i m e  remaining when f a c t o r s  
such as f l i g h t  s a fe ty ,  system i n t e g r i t y ,  and t o t a l  cos t  impact must be 
considered. 
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DISCUSSION 

Q - D. Powell: If you take  your most complicated f u e l  schedule with t h e  
couple bends i n  it, I see t h e  0.067 fue l -a i r  r a t i o  i n  t h e  approach 
mode, and i f  I then go t o  t h e  circle graph, it shows about 0.077 i n  
t h e  approach mode. Then, i f  you move t h a t  back t o  t h e  0.067 ( l i k e  
t h e  previous c h a r t ) ,  i t  shows t h a t  you are about 25 percent under 
t h e  standards.  Did I misread tha t ?  

i d e n t i f y  t h e  problem with thlls slow acce le ra t ion  where w e  saw t h e  
engine go f l a t .  
something i n t o  production would be t o  run a t  bes t  power, 0.077 i n  
t h e  approach mode. W e  f e e l  t h i s  w i l l  g e t  u s  through t h a t  condi t ion 
without a b ig  s e r v i c e  problem, and r i g h t  now, our  remedy is t o  j u s t  
enr ich  it. 
any to le rance  f o r  production. 
then we've again go t  the  problem. 
l e m  that can be worked ou t  t n  t h e  i n j e c t o r  i t s e l f ,  bu t  a t  t h i s  
moment t h a t ' s  a problem t o  us. 

A - L. Duke: No, YOU read it cor rec t ly .  What we're t ry ing  t o  do i s  t o  

One way of a l l e v i a t i n g  t h e  problem and g e t t i n g  

That j u s t  g e t s  u s  t o  t h e  l i m i t ,  but then w e  don't have 

That may be a development prob- 
I f  we go t o  t h e  0.067 s to ich iometr ic ,  

Q - G. Kittredge: That 's  a n i c e  systematic p iece  of work which I found 
very in t e re s t ing .  
flowing ac ross  my desk t h a t  t h e r e  is  a t rend away from 80/87 grade 
low lead gasol ine  towards s tandard iza t ion  on 8 higher grade, a new 
vers ion  of t h e  100/130 octane. 
margin on detonat ion l i m i t s  t h a t  would work i n  the  d i r e c t i o n  of 
compensating f o r  t h a t  p a r t i c u l a r  problem? 

fue l .  This i s  a t  t h e  l i m i t  f o r  t h a t  gaso l ine  r i g h t  now, so f o r  
t h i s  engine the re  would be no benef i t .  
t h e  o lde r  gaso l ine  may have some advantage. 

I understand from angry le t ters  t h a t  have been 

Won't t h a t  g ive  you some add i t iona l  

A - L. Duke: This engine happened t o  be c e r t i f i e d  on 100/130 octane 

Older engines c e r t i f i e d  on 

Q - G. Kittredge: I d idn ' t  q u i t e  understand t h e  introductory remarks 
i n  your presenta t ion  o r  i n  Eric Beckerrs. You ind ica ted  some reser- 
va t ions  with t h e  lean-out approach t o  e s t ab l i sh ing  t h e  emissions be- 
havior of engines because i t  did not adequately correspond t o  t h e  
way t h e  engine w a s  operated i n  service.  
on how w e  should respond t o  the earlier recommendation t h a t  you 
heard. 

a l l  your work on running j u s t  base l ine  approaches. 
t o  know exac t ly  what t h e  engine is doing a t  each mode o r  over a 
range of operat ing condi t ions.  Certainly f o r  f u t u r e  compliance 
t e s t i n g  where spec i f i ca t ions  would be well-defined and engine test 
condi t ions such as standard day and exact power are spe l l ed  out ,  
base l ine  cyc le s  would be f i n e .  For now, s ince  w e  don't  have a l o t  
of d e t a i l e d  spec i f i ca t ions ,  w e  were suggesting that those  involved 
look mainly a t  manual lean-out runs t o  c o l l e c t  t h a t  data .  
you a background from which, i f  you must co r rec t ,  you have some- 
th ing  t o  co r rec t  from. Baseline runs should not  be used t o  char- 
acterize t h e  engine. 

That would have a bearing 

A - L. Duke: I f  you're doing research work, you shouldn't be basing 
T t  is necessary 

It g ives  
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COMMENT - G. Kit t redge:  
although i t  took a l o t  of work, you d id  g e t  very c l o s e  t o  t h e  CO stand- 
a rd ,  perhaps as much as 25 percent  below i f  you can g e t  r i d  of your f l a t  
spot .  The earlier FAA da ta  showing t h a t  t hese  engines, r e l a t i v e l y  unmodi- 
f i ed ,  can be brought below t h e  s tandards is q u i t e  reassuring.  
t h a t  i t  has  taken a l o t  longer than anybody expected and we understand 
some of t h e  reasons f o r  t h i s .  

I w a s  very  encouraged by your 'data showing t h a t ,  

W e  r e a l i z e  

Q -  

A -  

Q -  
A -  

Q -  
A -  

Q -  
A -  

Q -  

A -  

Q -  

F. Monts: 
comment t o  t h e  f a c t  that w e  have now i d e n t i f i e d  t h e  problem he says,  
"I hope we're over our be l i e f  t h a t  i f  you de f ine  a problem you don*t  
have any more work t o  do. 
you've only showed how much work there ye t  is  t o  be done." 
quest ion is, d id  you run t h e  climb cooling a t  an  in-route climb speed 
o r  a t  b e s t  rate of climb speed f o r  takeoff power? 
L. Duke: We ran  than a l l  a t  the same condi t ions - bes t  rate of climb 
speed as recommended by t h e  manufacturers. 

I 'd  l i k e  t o  quote from an ar t ic le  by Pe ter  Drucker. I n  

Now t h a t  you've i d e n t i f i e d  the  problem, 
My 

F. Monts: 
engine and 80 percent  climb is  there? 
L. Duke: No. 

There a c t u a l l y  is  no c e r t t f t c a t i o n  procedure f o r  t h e  s i n g l e  

C. Gonzalez: Did you make any attempt t o  eva lua te  t h e  s t a r t u p  and 
warmup c h a r a c t e r i s t i c s  of t h i s  revised f u l l  schedule? 
L. Duke: We dfd qua l i t a t tve ly .  I d i d n t t  r epor t  anything because w e  
didn ' t  r e a l l y  have i t  instrumented f o r  t h a t  s i t u a t i o n .  W e  only took 
what t h e  test p i l o t  r e l a t e d  t o  us,  and h i s  general  opinion w a s  t h a t  
t h e  engine s t a r t e d  okay. However, a t  i d l e  when he wanted t o  p u l l  
away from t h e  chocks he had t o  w a i t  a longer period of t i m e  before  
he could a c t u a l l y  advance t h e  t h r o t t l e  and move away. So e s s e n t i a l l y  
he had a longer w a i t  f o r  t he  engine to  warm up before  he could move 
away from t h e  chocks. 

C. Gonzales: 
L. Duke: 
season. 
not t h e  co ldes t  i t  could have been run a t .  

Did you run most of these  tests i n  t h e  winter  season? 
The acce le ra t ion  tests were run e s s e n t i a l l y  i n  t h e  winter  

The temperature w a s  i n  the  neighborhood of 30' t o  40°, but 

C. Gonzales: Were t h e  fue l - a i r  r a t i o  adjustments made p r i o r  t o  t h e  
f l i g h t s  f o r  t h e  day c a r r i e d  ou t  a f t e r  t h e  engine w a s  warmed up o r  
before  t h e  engine w a s  warmed up? 
L. Duke: Af te r  t h e  engine w a s  warmed up. 

W. Houtman: What i nves t iga t ions  o r  ana lyses  d id  you do t o  determine 
t h e  cause of t h e  slow acce le ra t ion  o r  t h e  f la t  spot  on t h e  speed 
curve? 

A - L. Duke: We examined t h e  power t h e  engine should have been pu t t ing  
out  a t  t h e  condi t ion of t h e  f l a t  spot  i n  r e l a t i o n  t o  w h a t  t h e  i n j e c t o r  
w a s  set f o r  f o r  t h e  leaned-out approach condition. 
t o  be i n  t h a t  25 t o  50 percent power range, and w e  estimated t h a t  t h e  
t r a n s i t i o n  w a s  between t h e  i d l e  c i r c u i t  and t h e  main metering c i r c u i t .  

Those two appear 



Q -  
A -  

Q -  
A -  

Q -  
A -  

W. Houtman: 
o r  is  i t  a fundamental problem with operat ion a t  t h a t  point?  
L. Duke: It starts out  appearing t o  
be a d e f i n i t e  hardware problem, but f t h ink  i t  c a r r i e d  mer i n t o  
a c t u a l  i n s t a l l a t i o n  problems too. T t  is  certai 
turbocharged engine where w e  t r i e d  t o  do t h e  same t h  
kinds of problems when t h e  engine tu rb ine  appeared t 
t o  speed. 
mental hardware problem, but  t h a t  can ' t  be ca r r i ed  over t o  a l l  sit- 
uat ions.  

p. Houtman: What would you consider t h e  c r i t i c a l  elements t o  be i n  
t h e  development period of 4 t o  6 years? 
L. Duke: 
s t a l l e d  on it. The u n i t  w e  t e s t ed  is  not  a production in j ec to r .  
w a s  a cobbled up job. Also, t h e  AMC u n i t  is  func t iona l  from ap- 
proximately 25 percent  power t o  100 percent power. 
v ious ly  s t a t e d  t h a t  taxi mode is a major source of pol lut ion.  
should be noted t h a t  t h e  taxi mode w a s  ou t s ide  t h e  compensated area 
of t he  AMC un i t .  
t o  work f o r  i d l e  and taxi. 

DO you th ink  t h i s  might be s t r i c t l y  a hardware problem 

T t h ink  it's a l i t t l e  of both. 

I n  some ins tances  i t  may be a s t ra ightforward develop- 

Right now you can buy certain i n j e c t o r s  with AMC u n i t s  in- 
It 

It w a s  pre- 
It 

That 's  t h e  major area, g e t t i n g  t h a t  compensation 

P. Kempke: What work has been done on AMC u n i t s  f o r  carbureted 
engine? 
L. Duke: We've e s s e n t i a l l y  done no work f o r  carbure ted  engines. We 
have programs underway t o  do tha t .  
buretor  l i k e  the re  is a n  i n j e c t o r  AMC u n i t .  

There i s  no AMC u n i t  f o r  a car- 

COMMENT - D. Tripp: On t h a t  slow acce lera t ion ,  i t  looks l i k e  a classi- 
c a l  carbure tor  f u e l  metering s i t u a t i o n  i n  which you have a constant  man- 
i f o l d  vacuum and a slowly opening t h r o t t l e  pos i t ion .  It would seem t h a t  
by some hardware changes of a b e t t e r  optimized enrichment you could ge t  
over t h a t  condi t ion.  

A -  

Q -  

A -  

Q -  

L. Duke: The engine is  not  on t h e  enrichment s ec t ion  when i t  en- 
counters  t h e  problem. 
r i g h t  i n t o  t h e  enrichment s ec t ion ,  but  when going very slowly, i t  
is  not g e t t i n g  i n t o  t h a t  enrichment sec t ion .  

On t h e  f a s t  acce le ra t ion  t h e  engine goes 

E. Becker: 
s tagger  exists wfth t h e  normal schedule as ex i s t ed  with t h e  leaned 
condition? 
L. Duke: Y e s ,  an e f f o r t  w a s  made, and i t  does not  exist. 

Was any e f f o r t  made t o  go back and check whether t h a t  

L. H e l m s :  Your comment t h a t  you could have a bad mag drop is  cer- 
t a i n l y  appl icable ,  but t h a t ' s  no t  our major concern. With due 
deference t o  t h e  engine manufacturers and Bendlx, t h e  real problem 
w e  have is  t h a t  t h a t ' s  t h e  p rec i se  engine rpm where a11 p i l o t s  are 
taught t o  make t h e i r  approach and landing. I f  there ' s  any t i m e  he  
needs a rap id  response, t h a t ' s  i t ,  because of t h e  danger of under- 
shoot. So our  major concern i n  the  i n s t a l l a t i o n  of t h e  engine is 



152 

t h a t  t h a t f s  t h e  one poin t  where w e  don t t  want any hangup of any kind. 
The second p a r t  is t h a t ' i t  seems t o  m e  t h a t  t h e  da t a  you presented 
seem t o  underscore t h a t  t h e  f u e l  schedules were set m n u a l l y  by a 
mechanic a f t e r  t he  engine w a s  warmed up. The g r e a t e r  t h e  number of 
t h e  ind iv idua l  modes t h a t  we can el iminate ,  t h e  g rea t e r  is t h e  pos- 
s i b i l i t y  of being a b l e  t o  come up with an  AMC system i n  e i t h e r  a 
shor t e r  period of t i m e  o r  with g rea t e r  degree of v e r n i e r  control .  
The earlier d a t a  we s a w  t h i s  morning ind ica ted  t h a t  most of t h e  . 
a c t u a l  ppm po l lu t ion  occurs i n  climb and approach. 
ments f o r  scheduling w e r e  reduced t o  j u s t  those two and e l imina te  
t h e  o thers ,  we have eliminated the  major por t ion  of t he  pol lu t ion .  
But t h e  problem f o r  f u e l  scheduling would be d r a s t i c a l l y  s impl i f ied ,  
am 1 cor rec t ?  

If t h e  require- 

A - L. Duke: That's a good observation. 

Q - W. Mirsky: What are t h e  p o s s i b i l i t i e s  of f u r t h e r  reduct ion i n  CO 
due t o  b e t t e r  fue l - a i r  d i s t r i b u t i o n  from cyl inder  t o  cy l inder  and 
a l s o  better mixture  qua l i ty?  
r a t i o ,  I f i n d  t h a t  you have high CO with high oxygen present  with 
t h e  CO l e v e l s  higher than what you normally see f o r  automotive prac- 
tice. So, i s n * t  t h e r e  some po ten t i a l  f o r  CO reduct ion by improved 
d i s t r i b u t i o n  and improved mixture qua l i ty?  

f e r e n t  s ec t ion  concerned with f u t u r e  development and NASA con t rac t  
work and don't f i t  under t h e  NAFEC pro jec t .  
under inves t iga t ion .  This is  espec ia l ly  t r u e  i n  carbureted engines, 
where t h e r e  are var ious  degrees of cy l inder  t o  cy l inder  d i s t r ibu t ion .  

'in some cases a t  a given equivalence 

A - L. Duke: There c e r t a i n l y  is. Those items are covered under a d i f -  

However, they are 

Q - F. Monts: Isn ' t  t h e  mixture d i s t r i b u t i o n  on t h i s  engine t h a t  you're 
t a lk ing  about one of t he  b e t t e r  ones? 

A - L. Duke: Y e s ,  on t h i s  engine t h e  d i s t r i b u t i o n  is good e spec ia l ly  a t  
t h e  power modes. A t  i d l e  and taxi i t  degrades a l i t t l e .  An in j ec t ed  
engine normally has  very good cy l inder  t o  cy l inder  d i s t r i b u t i o n .  
engine is an in j ec t ed  engine. 
cy l inder  t o  cy l inder .  
bureted engines. 

This 
It does have good d i s t r i b u t i o n  from 

The comment is  r e a l l y  d i r ec t ed  toward car- 

Q - N. Krull:  Larry, t h i s  slow accel you found wi th  a slow t h r o t t l e  ad- 
vance is q u l t e  evident  i n  t h e  data. Was the re  any attempt when you 
got  i n t o  t h i s  s i t u a t i o n  t o  r ap id ly  advance t h e  t h r o t t l e  and see 
whether t he  engine would a c t u a l l y  pick up o r  would continue t o  hang 
i n  t h i s  condi t ion? 

termine i f  t h e r e  is a hangup. 
use a rap id  accel you accelerate r i g h t  through t h e  f l a t  spot.  
never d id  see a hes t iga t ion .  

A - R. Moffett :  Y e s ,  w e  t e s t ed  extensively on t h e  ground t o  t r y  and de- 
The only th ink  I can say is when you 

W e  
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TABLE 7-1 

EEfISSIOKS TEST CYCLE 
_II 

TEST CYCLE SPECIFIED I N  FEDEML REGISTER 

KODE 
_I 

IDLE /TAXI 

T.O. 

CLIMB 

APPROACH 

IDLE/TAXI 

MODE - 

% RATED S E E D  % RATED POmR TUNE Ih' MODF slX?A- 

100% 100% 

12 

.3 

75-100% 5 

40% 6 

4 - 
27.3 

EXPANDED TEST CYCLE- 

J RATED SPEED % RATED POWER TUNE IN IIODE (MTN.1 
1 IDLE 600 (Manufacturer's Recom.) - 

TAXI 1200 @anufacturer's Est.) - 11 

r.0. 100% 100% . 3  

C L m B  90% 809, 5 

APPROACH 87% 

TAXI 

IDLE 

1200 

600 

40% 6 

3 

1 

27.3 
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Figure 7-1 
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Figure 7-6 
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Figure 7-7 
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Figure 7-8 
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Figure 7-9 
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8. TELEDYNE CONTINENTAL MOT0 

AND FLIGHT TEST RESULTS 

Bernard Rezy 

Teledyne Continental  Motors 
Mobile, Alabama 

This presenta t ion  covers t he  r e s u l t s  of a National Aviation Fac i l i -  
ties Experimental Center (NAFEC) emissions cont rac t .  The emissions da t a  
are cu r ren t ly  being reviewed by NAFEC and therefore  t h i s  presenta t ion  
cannot be approved by NAFEC a t  t h i s  t i m e .  The conclusions presented are 
those of Teledyne Continental  Motors (TCM). 

EMISSIONS DATA AND MULYSIS 

Under NAFEC con t rac t  DOT FA74NA-1091, Teledyne Continental  Motors 
has t e s t e d  f i v e  d i f f e r e n t  engine models covering conbinations of a l l  
engine ca tegor ies  i n  cur ren t  production i n  the  range from 100 t o  
435 brake horsepower. 
bureted,  f u e l  i n j e c t e d ,  d i r e c t  d r ive ,  geared, and turbocharged. Table 8-1 
i l l u s t r a t e s  the  combinations of engine ca tegor ies  t e s t ed .  
placements of 200, 360, 406, and 520 cubic inches w e r e  s e l ec t ed  t o  cover 
the cu r ren t  production range. The f i v e  engine models t e s t e d  w e r e .  0-200A, 
IO-520D, TSIO-360C, Tiara 6-285B, and GTSIO-520K. Each engine w a s  t e s t e d  
a t  seven s teady-state  modes of operat ion def ined t o  s imulate  a i r p o r t  ac- 
t i v i t y .  

Engines are divided i n t o  f i v e  major types:  car- 

Engine d is -  

The engine condi t ions i n  each mode are given i n  t a b l e  8-2. 

Emissions d a t a  w e r e  categorized by th ree  separa te  f u e l  system sched- 
ules:  base l ine ,  case 1, and case 2. Baseline is  defined as t h e  average 
f u e l  flow rate es t ab l i shed  by t h e  f u e l  system's production to le rance  band 
when operated with t h e  mixture cont ro l  a t  t h e  fu l l - r i ch  pos i t ion .  Case 1 
is defined as the  minimum allowable f u e l  flow rate es tab l i shed  by t h e  
engine c e r t i f i c a t i o n .  
the  b e s t  power. Case 2 i s  def ined as the f u e l  flow rate corresponding t o  
the  l eanes t  fue l - a i r  r a t i o  obtainable  before  a s a f e t y  l i m i t  occurred with 
the engine opera t ing  on a p rope l l e r  test stand. Safety limits t h a t  de- 
veloped during t e s t i n g  were cylinder-head overheating o r  inadequate ac- 
ce l e ra t ion  from a given mode of  operat ion,  

Case 1 f o r  most modal condi t ions is  approximately 

Figures 8-1 t o  8-5 represent  the  mixture-strength f u e l  schedules f o r  
the  f i v e  engine models t e s t e d .  Each f igu re  shows t h e  fue l -a i r  equivalence 
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r a t i o  f o r  t he  t h r e e  f u e l  system schedules (basel ine,  case 1, and case 2) 
as a funct ion of power. Also shown f o r  reference are the  modal power 
poin ts  on the  a u x i l i a r y  absc issa  scale. All t he  fuel- injected engines 
t e s t e d  ( f ig s .  8-2 to  8-5) exhib i ted  the  same general  t rend  i n  mixture 
s t r eng th ,  t h a t  i s ,  r i c h e r  a t  low power, l eane r  at the  midpower range, and 
r i c h e r  a t  maximum power. This t r end  may be  r a t iona l i zed  by consider ing 
the  present  fue l - in j ec t ion  system design. 
t he  low-power i d l e / t a x i  regime to  provide adequate f u e l  d i s t r i b u t i o n  t o  
a l l  cyl inders  and t o  ensure adequate engine t r a n s i e n t  response (accelera- 
t i o n ) ,  Since t h e  present  f u e l  system is not  temperature compensating, 
t he  f u e l  flow required f o r  t h e  i d l e / t a x i  modes depends on the  fue l -a i r  
r a t i o  required f o r  cold-day opera t ion ,  As the  induct ion a i r  .temperature 
increases ,  t he  r e s u l t a n t  fue l -a i r  mixture is  enriched. Leaner mixtures 
are acceptable  and des i r ab le  i n  the  midpower range where f u e l  d i s t r ibu -  
t i o n  is  good and cylinder-head temperatures are w e l l  wi th in  t h e  l i m i t s .  
Richer mixtures are required a t  high-power poin ts  f o r  cylinder-head cool- 
i n g  and detonat ion suppression. The Federal  Aviation Administration 
(FAA) requi res  t h a t  t h e  mihimum f u e l  flow rate c e r t i f i e d  be a t  least 
10 percent  above the  f u e l  flow rate a t  which detonation occurs. 

Rich mixtures are requi red  a t  

The mixture-strength schedules of t h e  engines t e s t e d  a l s o  exh ib i t  
the  sane trend with respec t  t o  base l ine ,  case 1, and case 2 f u e l  sched- 
ules .  A wider equivalence r a t i o  band e x i s t s  between each f u e l  schedule 
a t  low power, and t h i s  band decreases t o  a minimum a t  maximum power. 
This i s  due t o  the  l a r g e r  to le rance  band assoc ia ted  with con t ro l l i ng  low 
f u e l  flow rates. In  f igu re  8-1, t h e  carbureted 0-200A engine's f u e l  
schedule f o r  base l ine  and case 1 follows t h e  del ivery c h a r a c t e r i s t i c s  of 
a t y p i c a l  commercial s ingle-ventur i  carburetor .  Case 2 i l l u s t r a t e s  t he  
narrowing margin ava i l ab le  between an un ins t a l l ed  s a f e t y  l i m i t  and the  
minimum allowable f u e l  flow (case 1) as power increases .  Cylinder-head 
overheating w a s  the  s a f e t y  l i m i t  encountered f o r  the climb and takeoff 
modes, while inadequate acce lera t ion  w a s  t he  sa fe ty  l i m i t  encountered f o r  
t he  i d l e ,  t a x i ,  and approach modes. Figure 8-2 i l l u s t r a t e s  t h e  mixture- 
s t r eng th  schedules f o r  t h e  IO-520D, a fue l - in jec ted ,  520-cubic-inch- 
displacement engine. Again the margin ava i l ab le  between an un ins t a l l ed  
s a f e t y  l i m i t  and the  minimum allowable f u e l  flow decreases as power in-  
creases.  The fue l - in jec ted  engines exhib i ted  t h e  s a m e  s a f e t y  l i m i t s  as 
the  carbureted engine,  t h a t  is, cylinder-head overheating during climb 
and takeoff modes and inadequate acce lera t ion  f o r  the  i d l e ,  t a x i ,  and 
approach modes. Figure 8-3 shows t h e  mixture-strength schedules f o r  the  
Tiara 6-285B, a geared, fuel- injected,  406-cubic-inch-displacement engine. 
These curves i n d i c a t e  a much narrower band between base l ine ,  case 1, and 
case 2. This i s  a t t r i b u t e d  t o  t h e  high-speed engine design, allowing a 
higher  percentage of t h e  maximum f u e l  flow a t  low-speed condi t ions,  
ure  8-4 i l l u s t r a t e s  t h e  mixture-strength schedules f o r  a turbocharged, 
fuel- injected,  360-cubic-inch-displacement TSIO-360C engine. Figure 8-5 
shows the  mixture-strength schedules f o r  a geared, turbocharged, fuel-  
i n j ec t ed ,  520-cubic-inch-displacement GTSIO-520K engine. 

Fig- 

It is  important t o  note  t h a t  t he  f i v e  d i f f e r e n t  engine mixture- 
s t r eng th  schedules thus f a r  discussed are f o r  t he  s p e c i f i c  engines tes ted .  
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The combined production to le rance  e f f e c t  of both f u e l  flow and induct ion 
a i r f low has not  been determined t o  date .  
cumulative opera t iona l  t i m e  on mixture-strength schedules,  and therefore  
on emissions,  has not  been determined. 

Also, t h e  e f f e c t s  of engine 

Figures 8-6 t o  8-10 are p l o t s  of the  emission levels f o r  t he  f i v e  
engine models t e s t ed .  The f igures  present  t h e  emission levels i n  percent  
of t he  EPA s tandard as a funct ion of time-weighted, fue l - a i r  equivalence 
r a t i o .  Emission l e v e l s  above 100 percent are over t h e  s tandard;  levels 
below 100 percent  are wi th in  the standard.  The time-weighted, fues-air  
equivalence r a t i o  
modal t i m e  and the  modal equivalence r a t i o  divided by t h e  t o t a l  cycle  
t i m e .  I n  equation form 

I$m is defined as the  summation of the product of t he  

7 

where 

t i m e  i n  mode i Ti 

$ i  equivalence r a t i o  i n  mode i 

The time-weighted equivalence r a t i o  provides a means of e s t ab l i sh ing  base- 
l i n e ,  case 1, and case 2 emissions l e v e l s  as a funct ion of a common re f -  
erence f o r  each pol lu tan t .  The r e s u l t s  of "leaning" can therefore  be 
quickly recognized. As expected, leaning t h e  engines decreased carbon 
monoxide (CO) and hydrocarbons (HC) bu t  increased oxides of n i t rogen  
(NO,) 

I n  f igu re  8-6, the  0-200A engine base l ine  mixture-strength schedule 
r e s u l t s  i n  a 
the s tandard,  and NO, below t h e  standard. Leaning t o  case 1 r e s u l t s  i n  
a 
f o r  CO and 43 percent f o r  HC. 
s u l t i n g  i n  a level w e l l  over t h e  standard.  Addit ional  leaning t o  case 2 
r e su l t ed  i n  a I$tw s l i g h t l y  less than s to ich iometr ic ,  0.99, w i th  de- 
creases from case l of 39 percent f o r  CO and 37 percent  f o r  HC. The NO, 
emissions continued t o  increase ,  r e s u l t i n g  i n  a 69-percent increase  over  
case 1. 
(CO, HC, and NO,) below the  EPA l i m i t s ,  

$itW 
of 1.43 with CO above the  s tandard ,  HC s l i g h t l y  over 

&-w of 1.19 with corresponding reductions from base l ine  of 27 percent  
However, NO, increased by 221 percent ,  re- 

Leaning the  0-200A engine did not reduce all t h ree  po l lu t an t s  

Figure 8-7 shows t h e  emissions levels f o r  t h e  IO-520D engine. The 
I$tw of 1.43, with 60 base l ine  mixture-strength schedule r e su l t ed  i n  a 

and HC above the  s tandard and NO, w e l l  below the  l i m i t .  
34 percent  f o r  CO and 19 percent  f o r  HC were observed when the  engine was  
leaned t o  a 
mained considerably below the  l i m i t .  

Decreases of  

of 1.23 (case 1); NO, increased 118 percent  bu t  re- 
Case 2 ,  I$tw 

$tw 
of 1.12, r e s u l t e d  i n  
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l e v e l s  f o r  a l l  t h ree  po l lu t an t s  below the  EPA s tandards,  with decreases 
from case 1 of 34 percent  f o r  CO and 3 7  percent  f o r  HC; NO, increased by 
83 percent.  
equivalence r a t i o s  t h a t  m e e t  a l l  EPA s tandards can be determined. This 
t o t a l  band ranges from a +tw of 1.02 t o  1.16. However, when case 2 is 
considered (un ins t a l l ed  s a f e t y  l i m i t s ) ,  t h i s  band is reduced t o  a 
range of 1.12 t o  1.16, which r e s u l t s  i n  a k1.75 percent  to le rance  band on 
fue l -a i r  r a t i o  f o r  t h e  complete seven-mode cycle.  

From f i g u r e  8-7 an estimated band of time-weighted, fue l -a i r  

+tw 

Tiara 6-285B emission l e v e l s  are  presented i n  f igu re  8-8. Tiara 
d i f f e r s  considerably from t h e  previous engines discussed (0-200A and 
IO-520D) i n  t h a t  the  HC l i m i t  never exceeded t h e  EPA s tandards.  The 
primary reason f o r  t h i s  is t h e  higher  engine speeds associated with a 
geared engine. 
b e t t e r  engine brea th ing  wi th  less shor t  c i r c u i t i n g  of t he  incoming charge 
and thus lower hydrocarbon emissions. The base l ine  mixture schedule re- 
s u l t e d  i n  a of 1.24, wi th  CO the  only po l lu t an t  over t h e  standard.  
Leaning t o  case 1 r e s u l t e d  i n  a of 1.13, with corresponding reduc- 
t i ons  from base l ine  of 33 percent f o r  CO and 26 percent f o r  HC; NO, i n -  
creased by 105 percent .  $tw 
of 1.10, with decreases from case 1 of 20 percent f o r  CO and 7 percent  
f o r  HC; NOx increased by 45 percent.  
1.10) ex i s t ed  where a l l  po l lu t an t s  w e r e  below the  EPA s tandard.  
t h i s  band w a s  l eane r  than the  unins ta l led  s a f e t y  l i m i t s .  

Increasing the  i d l e  and t a x i  engine speeds provides 

+tw 
+tw 

Additional leaning t o  case 2 r e su l t ed  i n  a 

A narrow band of $+w (1.04 t o  
However, 

Figure 8-9 represents  t h e  emission levels f o r  t he  TSIO-360C engine. 
This engine w a s  the  only engine t e s t e d  t h a t  exhib i ted  HC l e v e l s  h igher  
than the CO l e v e l s ,  as def ined by the  EPA s tandard.  Fuel-air ,  cyl inder-  
to-cylinder d i s t r i b u t i o n  is the  predominant f a c t o r  i n  t h e  high hydro- 
carbon l e v e l s .  
connecting tubes t o  t h e  respec t ive  cy l inder  po r t s  promotes va r i a t ions  i n  
a i r  d i s t r i b u t i o n .  
l a t i n g  flow wi th in  the  s h o r t  connecting tubes.  Cylinder-head temperature 
va r i a t ions  tend t o  support  t h i s  theory. Low-power, cylinder-head temper- 
a t u r e  va r i a t ions  are s i g n i f i c a n t l y  l a r g e r  f o r  t h i s  engine than f o r  t h e  
"spider" type of manifolds of the  Tiara o r  GTSIO-520K engines. The base- 
l i n e  mixture schedule r e su l t ed  i n  a of 1.34, with both CO and HC 
w e l l  over t he  standards.  The NO, values w e r e  t he  lowest recorded of the  
f i v e  engines t e s t ed .  Decreases of 51 percent  f o r  CO and 27 percent  f o r  
HC w e r e  observed when t h e  engine w a s  leaned t o  a +tw of 1.19 (case 1); 
NO, increased 630 percent  bu t  w a s  s t i l l  below the  standard.  Leaning t o  
case 2,  +m of  1.10, r e su l t ed  i n  a decrease from case 1 of 27 percent  
f o r  CO and 31 percent  f o r  HC. 
cen t ,  r e s u l t i n g  i n  a l e v e l  exceeding the  EPA standard.  
TSIO-360C engine could not reduce a l l  t h r e e  po l lu t an t s  below t h e  EPA 
limits. 

A "runner" type of induction system coupled wi th  s h o r t  

Fuel d i s t r i b u t i o n  can a l s o  be a f f ec t ed  by t h e  o s c i l -  

c$tw 

But the NOx emissions increased by 72 per- 
Leaning t h e  

Figure 8-10 i l l u s t r a t e s  t he  emission l e v e l s  assoc ia ted  with t h e  
GTSIO-520K engine. 
the HC and NOx l e v e l s  w e r e  below the EPA s tandard f o r  t he  th ree  mixture 

As i n  t he  case of the  o t h e r  geared engine (Tiara) 
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schedules tes ted .  Carbon monoxide, however, could not be  reduced below 
the l i m i t  whi le  t he  engine w a s  operat ing wi th in  the  un ins t a l l ed  s a f e t y  
l i m i t .  The base l ine  mixture schedule r e su l t ed  i n  a 4tw of 1.38, with 
CO t h e  only po l lu t an t  over t he  EPA standard.  
i n  a of 1.24, with corresponding reductions from base l ine  of 
24 percent f o r  CO and 14 percent  f o r  HC; NO, increased by 219 percent.  
Additional leaning t o  case 2 r e su l t ed  i n  a +tw of 1.08, with decreases 
from case 1 of 28 percent  f o r  CO and 24 percent f o r  HC; NOx increased by 

I 57 percent.  A narrow band of Cptw (0.98 t o  1.03) can be est imated where 
a l l  po l lu t an t s  are below the  EPA s tandard;  however, t h i s  band is l eane r  
than t h e  un ins t a l l ed  s a f e t y  limits. 

Leaning t o  case 1 resu l t ed  
4tw 

With t h e  s t i p u l a t i o n  tha t  n e i t h e r  production tolerances nor  the  
e f f e c t  of engine cumulative operat ion t i m e  have as y e t  been e s t ab l i shed ,  
the exhaust emissions l e v e l s  presented thus f a r  represent  t h e  po l lu t an t  
l e v e l s  associated with t h e  th ree  mixture-strength f u e l  schedules (base- 
l i n e ,  case 1, and case 2).  

Figures 8-11 t o  8-15 represent  the  e f f e c t  of modal equivalence r a t i o  
on CO,  HC, and NO, l e v e l s  f o r  each o f  t h e  engines tes ted .  
i l l u s t r a t e s  the  po l lu t an t  as a percent of the EPA standard as a funct ion 
of modal equivalence r a t i o  decrease from case 1. The curves c l e a r l y  show 
the e f f e c t s  of each mode on the t o t a l  cycle emission l e v e l  as t h e  modes 
are leaned beyond t h e  l ean  l i m i t  of the  engine model spec i f i ca t ions .  
Case 1 w a s  chosen as t h e  s t a r t i n g  poin t  from which the  leaning w a s  r e f e r -  
enced s ince  leaning  beyond case 1 has already been demonstrated as manda- 
tory i n  order  t o  reduce CO and HC t o  values below the  EPA s tandard.  Each 
modal curve has been i d e n t i f i e d  with symbols t h a t  a l so  l o c a t e  two impor- 
t a n t  po in ts  of reference,  case 2 (flagged symbols) and the  s to ich iometr ic  
fue l - a i r  r a t i o  (closed symbols). The closed symbols represent  t he  reduc- 
t i on  i n  modal equivalence r a t i o  required t o  provide a s to ich iometr ic  mix- 
tu re  and the  corresponding emission l e v e l  f o r  the  cycle. 
symbols represent  t h e  reduction i n  modal equivalence r a t i o  required t o  
lean  t o  the  un ins t a l l ed  modal s a f e t y  l i m i t .  
t i ons  of ava i l ab le  data .  

Each f igu re  

The flagged 

Dashed l i n e s  are extrapola-  

A s i g n i f i c a n t  amount of i n t e l l i g e n t  and usefu l  information can be 
From f igu re  8-ll(a) the  e f f e c t  of modal lean- 

decrease from case l), 

Any combination of modal lean ing  

derived from these  curves. 
i ng  on CO f o r  the  0-200A engine can be determined. 
the climb mode w a s  leaned t o  case 2 (A4 = 0.03 
the  CO percent of t h e  EPA s tandard would drop from 154 t o  140 percent ,  o r  
a change i n  reduction of 14 percent .  
can be predicted as i l l u s t r a t e d  i n  t a b l e  8-3, i n  which t h e  t a x i ,  climb, 
and approach modes are leaned t o  case 2. Note t h a t  t h e  r e s u l t a n t  CO 
emission level f o r  t h i s  example i s  approximately equal t o  the  case 2 
value f o r  the  o v e r a l l  cycle  ( f ig .  8-6). This can be r a t iona l i zed  by t h e  
r e l a t i v e  e f f e c t  t h a t  each mode has on the  o v e r a l l  cycle  r e s u l t s .  Climb, 
approach, and t a x i  are t h e  s i g n i f i c a n t  modes f o r  CO reduct ion,  while i d l e  
and takeoff have v i r t u a l l y  no e f f e c t .  
the  g r e a t e s t  e f f e c t  on CO, t a x i  becomes the  most promising mode f o r  lean- 

For example, i f  only 

Although climb and approach have 
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ing  when considerat ion is given t o  the  case 2 unins ta l led  s a f e t y  l i m i t s .  
This conclusion is f u r t h e r  supported when modal leaning e f f e c t s  on HC are 
analyzed ( f ig .  8-11(b)). HOwever, f i gu re  8-ll(c) shows t h a t  a penal ty  
must be accepted when considerat ion is  given t o  the  r e s u l t i n g  NO, levels, 

Figure 8-12 represents  t h e  modal leanout e f f e c t s  f o r  the  IO-520D 
engine. The predominant modes f o r  CO reduction w e r e  again climb and then 
approach. The taxi mode had l i t t l e  e f f e c t ,  as opposed t o  the 0-200 re- 
s u l t s .  Leaning the  climb mode alone will br ing  the  IO-520D engine wi th in  
the  CO limits i f  t he  modal i n s t a l l e d  s a f e t y  l i m i t  can be leaned below the  
present  un ins t a l l ed  s a f e t y  l i m i t .  This f a c t  w i l l  be pursued later during 
the ana lys i s  of our  f l i g h t  test results. 

Figure 8-13 i l l u s t r a t e s  t h e  e f f e c t  o f  modal lean ing  f o r  t he  Tiara 
6-285B engine. Since the  hydrocarbons w e r e  below the  s tandard f o r  a l l  
f u e l  schedules t e s t e d ,  t h e  modal leanout trade-off a f f e c t s  only CO and 
NO,. In case 2,  the only p r a c t i c a l  mode f o r  leanout  adjustments is 
climb, which comes very c lose  t o  meeting the  standard.  
reduction can be a t t a ined  by leaning the  approach mode. 

Some add i t iona l  

The TSIO-360C modal leanout  curves are presented i n  f igu re  8-14. 
Again, t h e  climb mode is t h e  most promising mode f o r  CO reduct ion;  how- 
ever, taxi is t h e  only mode f o r  considerat ion f o r  HC reduction. Leaning 
both climb and t a x i  t o  case 2 w i l l  s i g n i f i c a n t l y  reduce CO and HC; how- 
ever, HC and NO, w i l l  s t i l l  be over t he  EPA standard.  

From f i g u r e  8-15 the  GTSIO-520K engine resembles the  r e s u l t s  of the  
o ther  geared engine,  Tiara, i n  tha t  HC and NO, are within t h e  limits and 
climb is  t h e  predominant mode a f f e c t i n g  CO reduction. 

FLIGHT TEST RESULTS 

The modal leanout  curves present  a d e t a i l e d  p i c t u r e  of what is  
poss ib le  i n  modal leaning below the present  engine f u e l  flow spec i f i ca -  
t i ons  (case 1). To determine w h a t  reduct ions are poss ib le ,  t h e  d i f f e r -  
ence between un ins t a l l ed  and i n s t a l l e d  s a f e t y  limits must be understood. 
To accomplish t h i s ,  TCM modified f u e l  systems t o  s imulate  t h e  mixture 
s t r eng th  schedules of  case 1 and case 2. 
t o  Cessna f o r  the  0-200A t o  be f l i g h t  t e s t e d  i n  the  Cessna 150 and f o r  
the TSIO-360C t o  be f l i g h t  t e s t e d  i n  the  Cessna T337. Rockwell In t e r -  
na t iona l  received leaned systems f o r  t h e  GTSIO-520K t o  be f l i g h t  t e s t e d  
i n  the  Aero Commander 685. 
f l i g h t  t e s t i n g  on t h e  10-520 engine i n s t a l l e d  i n  a Cessna 210. 

Leaned systems were del ivered 

Under the  NAFEC con t rac t ,  TCM conducted 

Separate repor t s  by Cessna w i l l  cover the  r e s u l t s  of the  0-200A and 
TSIO-360C f l i g h t  tests. 
b r i e f  summary of t he  r e s u l t s  is given i n  t a b l e  8-4. 
have not been conducted on the  GTSIO-520K engine. 

For completeness of t h i s  r epor t ,  however, a 
To date, f l i g h t  tests 
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Teledyne Continental  f l i g h t  t e s t e d  the  IO-520D engine on the  base- 
l i n e  and case 2 mixture-strength schedules as defined i n  f igu re  8-2. The 
case 1 mixture schedule would be  t e s t e d  only i f  f l i g h t  test r e s u l t s  ind i -  
cated problems with case 2. Determining t h e  e f f e c t  of climatic con- 
s t r a i n t s ,  0' t o  looo F ambient temperature, w a s  considered mandatory dur- 
i ng  t h e  f l i g h t  tests. Cold weather t e s t i n g  w a s  conducted a t  Fargo, North 
Dakota; hot  weather t e s t i n g  w a s  conducted at D e l  Rio and Laredo, Texas .  
Instrumentation cons is ted  of an osc i l lograph  t h a t  recorded manifold pres- 
sure ,  f u e l  flow, engine speed, and t h r o t t l e  pos i t ion .  A temperature 
s t r ip-char t  recorder  monitored the  s i x  cy l inder  heads as w e l l  as t h e  ex- 
haust gas, i n l e t  and e x i t  cool ing air, induct ion a i r ,  ambient a i r ,  f u e l ,  
and o i l  temperatures. 
cooling-air  d i f f e r e n t i a l  p ressure ,  pressure a l t i t u d e ,  i nd ica t ed  and ver- 
t ical  airspeed,  o i l  p ressure ,  f u e l  pump pressure ,  f u e l  metered pressure,  
cowl f l a p  p o s i t i o n ,  wing f l a p  pos i t ion ,  and mixture con t ro l  pos i t ion .  

As discussed previously,  cylinder-head overheating w a s  t h e  unin- 
s t a l l e d  s a f e t y  l i m i t  encountered f o r  t he  climb and takeoff modes; inade- 
quate acce lera t ion  defined the  un ins t a l l ed  s a f e t y  l i m i t  f o r  t h e  i d l e ,  
t a x i ,  and approach modes. Figure 8-16 depic t s  a cold weather (30' F) 
acce lera t ion  test f o r  t he  base l ine  f u e l  schedule. The curves represent  
manifold absolu te  pressure,  engine rpm, and f u e l  flow as a funct ion of 
t i m e .  The acce lera t ion  test w a s  an instantaneous t h r o t t l e  bu r s t  from 
id l e .  Note t h a t  engine speed immediately responded from zero t i m e ;  and 
a f t e r  3 . 4  seccjnds had elapsed, t he  engine had a t t a i n e d  f u l l  speed and 
f u e l  flow. 
from i d l e  f o r  t h e  case 2 f u e l  schedule. As i n  the  preceding example, 
manifold pressure peaked i n  less than a second; however, engine speed 
and f u e l  flow began t o  r ise b u t  then decreased. 
t inue  t o  run a t  t h i s  low speed u n t i l  the  t h r o t t l e  w a s  brought back t o  
i d l e  and then slowly moved t o  t h e  f u l l - t h r o t t l e  pos i t i on ,  

Additional da ta  logged manually cons is ted  of 

Figure 8-17 i l l u s t r a t e s  a cold weather (30' F) t h r o t t l e  b u r s t  

The engine would con- 

A t  30' F ambient temperatures,  no acce lera t ion  problems occurred f o r  
the  t a x i  o r  approach modes. Further  t e s t i n g  a t  0' F w a s  t he re fo re  manda- 
tory  as colder  i n l e t  condi t ions w i l l  produce l eane r  fue l -a i r  r a t i o s  s ince  
the  present  fue l - in jec t ion  system is not temperature compensating. Suit-  
a b l e  environmental condi t ions could not be found, and as a r e s u l t  TCM 
funded r e n t a l  t i m e  a t  the  Eglin Air Force Base c l ima t i c  hangar. 
Eglin climatic hangar has  the  capab i l i t y  of maintaining 0' F and a wind 
ve loc i ty  s imulat ing the  approach mode. Resul ts  a t  0' F f o r  t he  base l ine  
f u e l  schedule w e r e  acceptable;  however, case 2 acce lera t ion  from t a x i  and 
i d l e  w a s  impossible as the engine would not opera te  a t  those f u e l  flows. 
Acceleration from the  simulated approach mode w a s  acceptable  f o r  t h e  
case 2 f u e l  system. As expected, no cylinder-head overheating occurred 
during any of t h e  cold ambient t e s t ing .  
ducted near  D e l  Rio and Laredo, Texas, i n  order  t o  provide t h e  requi red  
looo F ambient condi t ions.  
mixture), no acce lera t ion  problems occurred f o r  base l ine  o r  case 2 f u e l  
schedules a t  i d l e ,  t a x i ,  o r  approach. 

The 

Hot weather t e s t i n g  w a s  con- 

With the  less-dense induct ion air  ( r i c h e r  



Figure 8-18 depic t s  t he  case 2 f u e l  schedule r e su l t s  f o r  the  cool ing 
climb tests at  both cold- and hot-day condi t ions.  The maximum and minimum 
cylinder-head temperatures, as w e l l  as the  ou t s ide  air  temperatures,  are 
p lo t t ed  as a func t ion  of pressure a l t i t u d e .  
pera ture  of 3950 F occurred during the  hot-day t e s t i n g ,  w e l l  w i th in  the  
model spec i f i ca t ion  l i m i t .  
w a s  t he re fo re  acceptable.  

A maximum cylinder-head tem-  

The case 2 f u e l  schedule a t  takeoff  and climb 

The un ins t a l l ed  s a f e t y  l i m i t s  are compared with the a c t u a l  f l i g h t  
tests i n  t a b l e  8-5. Case 2,  as defined earlier, i s  the  f u e l  flow rate 
corresponding t o  the  l eanes t  fue l -a i r  r a t i o  
l i m i t  occurred with t h e  engine operat ing on 
flow rate w a s  t he  parameter def in ing  case 2 
tems do not meter as a func t ion  of fue l - a i r  
system meters f u e l  by sensing induction-air  
ven tu r i  and ambient pressure  ( f l o a t  bowl). 
fue l - in jec t ion  system cont ro ls  f u e l  flow i n  

obtainable  before  a s a f e t y  
a propel le r  test s tand.  Fuel 
s i n c e  t h e  present  f u e l  sys- 
mass r a t i o .  The carbureted 
pressure drop across  the  
The present ,  continuous-flow, 
response t o  changes i n  

t h r o t t l e  p l a t e  angle  and engine speed. Compressor discharge pressure  is 
a l s o  referenced on turbocharged engines Temperature, and the re fo re  a i r  
dens i ty ,  is not  a con t ro l l i ng  fac tor .  It i s  not  su rp r i s ing  the re fo re  
t h a t  the f l i g h t  test r e s u l t s  d i f f e r  from t h e  uninstalled-safety-limit 
(case 2) results. 

Using the  10-520 da ta  i n  t ab le  8-5 as an example, a l l  modes exhib i t -  
i n g  an acce le ra t ion  s a f e t y  l i m i t ,  except approach, became more of a hazard 
as temperature decreased, i nd ica t ing  leaner  fue l - a i r  r a t i o s  than case 2. 
The simulated approach made at 0' F temperature d id  not exh ib i t  an accel- 
e ra t ion  problem. This w a s  probably due t o  the  windmilling e f f e c t  of t he  
high-velocity a i r  across  t h e  propel le r  b lades ,  which a ids  the  engine i n  
acce le ra t ing  during a c losed- thro t t le  approach. As predic ted ,  cyl inder-  
head overheating d i d  not occur i n  the takeoff and climb modes f o r  t h e  
10-520 i n s t a l l a t i o n .  However, t h i s  w a s  not t r u e  fo r  the TSIO-360C in -  
s t a l l a t i o n .  Rel iab le  pro jec t ions  of un ins t a l l ed  cool ing da ta  t o  a c t u a l  
i n s t a l l a t i o n s  w i l l  r equ i r e  a de ta i l ed  understanding of t he  cool ing a i r  
d i s t r i b u t i o n  f o r  each i n s t a l l a t i o n .  However, s ince  climb operat ion may 
be conducted a t  speeds higher  than the  best-rate-of-climb speed, i t  is 
f e a s i b l e  t o  p r e d i c t  a mixture s t r eng th  a t  climb leaned t o  case 2. The 
takeoff mode, as discussed previously,  has l i t t l e  o r  no e f f e c t  on the 
emission l e v e l s  and therefore  should be set a t  base l ine .  Case 2 can 
therefore  be defined as the  i n s t a l l e d  s a f e t y  l i m i t s  f o r  t h e  IO-520/Cessna 
210 and TSIO-360C/Cessna T337 i n s t a l l a t i o n s ,  provided t h e  present  fue l -  
i n j e c t i o n  system is modified t o  schedule f u e l - a i r  r a t i o  and provided the  
airframe manufacturer can accept  ( i f  necessary) a performance penal ty  
during climb. 

Analysis of the  f l i g h t  tests and emission da ta  l e d  t o  t h e  following 
conclusions : 

(1) Baseline f u e l  schedules f o r  t he  engines t e s t e d  do not m e e t  the  
EPA exhaust emission s tandards . 
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(2) Case 1 f u e l  schedules f o r  the  engines t e s t e d  do no t  meet t h e  
EPA exhaust emission standards.  

(3) Case 2 f u e l  schedules f o r  t he  IO-520D and Tiara 6-285B engines 
m e t  t h e  EPA exhaust emission s tandards.  

(4)  Case 2 f u e l  schedules f o r  t h e  0-200A, TSIO-360C, and GTSIO-520K 
engines do not  meet t h e  EPA exhaust emission s tandards ,  

(5) Individual  modal lean ing  should be r e s t r i c t e d  t o  t h e  climb, 
approach, and taxi modes. 

(6) Carbon monoxide cont r ibu t ion  occurs p r inc ipa l ly  during t h e  climb 
mode. 

(7) Hydrocarbon cont r ibu t ion  occurs p r inc ipa l ly  during t h e  t a x i  mode. 

(8) Approach mode is t h e  second l a r g e s t  cont r ibu tor  t o  carbon mon- 
oxide and hydrocarbon emissions. 

(9) Uninstal led engine s a f e t y  limits (case 2) d i f f e r  from i n s t a l l e d  
engine s a f e t y  limits. 

POSSIBLE EMISSION REDUCTIONS 

The f l i g h t  test r e s u l t s  presented the problems assoc ia ted  with lean- 
ing  t h e  present  f u e l  systems t o  the case 2 f u e l  schedule. Some modes 
could be leaned t o  the  case 2 f u e l  schedule; o the r s  could be leaned be- 
tween case l and case 2. Using t h e  10-520 engine as an example, each 
mode can be analyzed f o r  poss ib le  emissions reduct ions,  
t a x i  modes the  mixture-strength r a t i o  i s  l imi t ed  t o  t h a t  which permi ts  
s a f e  t r a n s i e n t  response. The l e a n e s t  fue l - a i r  r a t i o  w i l l  occur on a cold 
day. However, 
leaning below case 1 w a s  poss ib le  i n  the  taxi mode, r e s u l t i n g  i n  a A 4  
of 0.07, approximately halfway between case 1 and case 2. Takeoff has an 
i n s i g n i f i c a n t  e f f e c t  on emissions and therefore  w i l l  not be  leaned out .  
Climb and approach could be leaned t o  the  case 2 f u e l  schedule.  

I n  t h e  i d l e  and 

Leaning below case 1 w a s  impossible f o r  t h e  i d l e  mode. 

A t o t a l  reduction from case 1 of 31 percent f o r  CO and 19 percent 
f o r  HC can be predicted (fig. ,8-12).  
81 percent  bu t  remain w e l l  below the l i m i t .  ItL E e r m s  of t h e  EPA limits, 
CO, HC, and N O x w i l l b e  86, 78, and 54 percent  of the standard.  
the  production to le rance  band, r e s u l t i n g  from t h e  base l ine  - case 1 f u e l  
schedules ( f ig .  8-2), t o  t h e  minimum i n s t a l l e d  f u e l  schedule reveals t h e  
nominal emission l e v e l s  t h a t  can be expected: 

Oxides of n i t rogen  w i l l  increase  by 

Applying 
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Fuel schedule Emission level, 
percent of EPA standard 

Minimum 
Nominal 
Baseline 

These pro jec t ions  do not  consider any engine-to-engine production t o l e r -  
ances o r  t he  e f f e c t  of engine cumulative t i m e .  The d i f fe rences  between 
the nominal and base l ine  levels represent  t he  reductions poss ib le  by 
modal lean ing  wi th in  t h e  i n s t a l l e d  s a f e t y  l i m i t s  f o r  t he  IO-520D/Cessna 
210 i n s t a l l a t i o n .  
engine. Approach could be leaned t o  case 2. Climb, although n o t  veri- 
f i e d  as y e t ,  w i l l  be  leaned t o  case 2 f o r  t h e  purpose of t h i s  ana lys i s  
by increas ing  t h e  a i r c r a f t ' s  rate-of-climb speed. 

A similar ana lys i s  can be made f o r  t he  TSIO-360C 

86 78 54 
150 115 24 
189 119 14 

From f igu re  8-14 a t o t a l  reduction from case 1 of 21 percent  f o r  CO 
and 2 percent f o r  HC can be expected. Oxides of n i t rogen  w i l l  increase  
by 7 1  percent ,  r e s u l t i n g  i n  absolute  percent  of EPA standards of 91  fo r  
CO, 177  f o r  HC, and 109 f o r  NO,. 
schedule to le rance  band ( f ig .  8-4) r e s u l t s  i n  the following emission 
levels : 

Applying the  base l ine  - case 1 f u e l  

Fuel schedule Emission level, 
percent  of  EPA s tandard 

NoX 
eo HC 

I 

Minimum 91 1 7  7 109 
Nominal 207 240 12 
Baseline 2 34 246 9 

Again, engine-to-engine production tolerances and the  e f f e c t  of engine 
cumulative t i m e  w e r e  no t  considered. Nominal and base l ine  d i f f e rences  
represent  t h e  reduct ion poss ib le  by modal leaning wi th in  the  pro jec ted  
i n s t a l l e d  s a f e t y  limits fo r  t he  TSIO-360C/Cessna T337 i n s t a l l a t i o n .  

Based on these  examples, i t  does not appear p r a c t i c a l  t o  pursue 
ind iv idua l  modal lean ing  f o r  each engine present ly  i n  production. The 
t i m e  involved t o  f l i g h t  test, modify, and r e c e r t i f y  a l l  production 
engines w i l l  delay development o f  more s i g n i f i c a n t  emissions reduct ion 
concepts . 
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DISCUSS ION 

Q - G. Kittredge: The main th ing  t h a t  s t ruck  m e  with your presenta t ion ,  
compared t o  t h e  preceding two by AVCO and NAFEC, is that the  engines 
you are t a lk ing  about inc lude  several which would be d r a s t i c a l l y  a f -  
fec ted  i f  EPA were t o  go ahead wi th  t h e  t e n t a t i v e  plans t o  e l imina te  
t h e  NO, and HC standards.  
were the  l h i t i n g  pol lu tan ts?  

A - B. Rezy: Y e s ,  t h a t  is  r i g h t .  

You did  have several engines where they 

Q - W. Westfield: George, I have t o  d i r e c t  th is  t o  you and a l s o  t o  
Bernie. 
fncrease i n  NOx f o r  one case? 

A r e  you r e f e r r l n g  t o  Bernle's statement about 630 percent  

A - G. Kittredge: Y e s .  

Q - W. Westfield: Is a percentage term t h e  r i g h t  term t o  use i n  t h i s  

A - B. Rezy: 1 th ink  he's  t a l k i n g  absolu te  numbers. We've indica ted  
case o r  should we be  t a l k h g  absolli te nunabers? 

t h a t  w e  went over t h e  limits as w e  leaned out .  

Q - W. Westfield: T realize t h a t ,  but you're 630 percent  over base l ine  
which was  w e l l  under. 
number. 

The i n i t i a l  curves t h a t  you presented showed basel ine,  
case 1 and case 2, where case 2 was  i d e n t i f i e d  as t h e  un ins t a l l ed  
s a f e t y  l i m i t .  There were several cases t h e r e  where i t  appeared t h e  
unins ta l led  s a f e t y  l i m i t  w a s  equivalent t o  t h e  l ean  production. Is 
t h a t  r i gh t?  

It w a s  very c lose  t o  t h e  l ean  production l i m i t .  

So you're t a lk ing  630 percent  of a very s m a l l  

A - L. Helms:  

A - B. Rezy: 

Q - L. H e l m s :  On your cold weather tests, could you t e l l  m e  how you 
d id  those? Spec i f i ca l ly ,  d id  you start t h e  engine, warm it up, then 
make the  adjustments and make t he  test  runs? 

A - B. Rezy: Y e s ,  t h a t  i s  co r rec t .  

Q - L. Helms: 
modified f u e l  metering system? 

A - B. Rezy: Y e s ,  we  d id  t r y  and i t  would not  start. We had t o  hea t  t h e  
engine t o  g e t  i t  t o  start. Once we could g e t  i t  s t a r t e d ,  w e  then 
conducted our tests. 

A t  any time did  you t r y  t o  s tar t  t h e  engine with the  

That 's  a t  00% 

Q - G. Kittredge: In  your cold weather t e s t ing ;  you i d e n t i f i e d  several 
condi t ions where you had acce le ra t ion  problems. How fundamental do 
you f e e l  t hese  problems are?  
amount of'developmental e f f o r t  o r  are they bas ic  t o  the f ixed  design 
of t h e  engine? 

s e n t  f u e l  i n j e c t i o n  systems cannot i n  t h e  ' I d l e / t ax i  modes, you then 
could run a t  those condi t ions.  
tolerances.  We don't know w h a t  t h e  t r u e  emission level would be i f  

A r e  they so lvable  w i t h  a reasonable 

A - B. Rezy: We f e e l  that i f  you can hold fue l -a i r  r a t f o ,  which these pre- 

That does not  inc lude  any production 
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w e  had a f u e l  i n j e c t i o n  system t h a t  could con t ro l  t h e  fue l -a l r  r a t i o  
i n  t h e  id l e / t ax imodes .  

Q - G. Kittredge: With the experience that you now have, do you feel you 
are g e t t i n g  good da ta  using t h e  emission test procedures that have 
gradual ly  evolved over t h e  3 years  of experience t h a t  you have? 

A - B. Rezy: Y e s .  

COMMENT - W. Westfield:  
t h a t  none of t h e  engines could m e e t  t h e  l i m i t  a t  case 1, but  then t h e  
next thing you s a i d  w a s  two engines could m e e t  t h e  1hit a t  case 2. 

On t h e  first c h a r t  of your conclusions you s a i d  

A - B. Rezy: That 's  t rue ,  case 2 i s  leaner  than case 1. 
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TABLE 8-2 

MODE NO. 

1 

2 

3 

4 

5 

6 

7 

TOTAL 

MODE 

T a x i  

- 

MODE NAXE 

Idle Out 

T a x i  Out 

Take-Off 

C l i m b  

Approach 

T a x i  In 

Idle In 

WEIGHTED TIME 
IN EACH MODE 

(Minutes ) 

1.0 

11.0 

0.3 

5.0 

6.0 

3.0 

1.0 

27.3 

ENGINE CONDITIONS 
Percent Propeller 
Power Speed 

- 600 RPN 

- 1200 RPM 

100% 100% of Max. RPM 

8077 90% of M a x .  RPM 

4wo 87% of Max. RPM 

- 1200 RPM 

- 600 RPM 

TABLE 8-3 

DELTA REDUCTION IN 
EMISSION LEVEL EMISSION LEVEL 

AT CASE 2 FROM CASE 1 
(Percent of EPA Standard) (Percent of  EPA Standard] 

11s. 36. 

Cl imb 140. 14. 

Approach 145. 9. 

59 * - CD~TAS - 
- Resultant Percent - c of EPA Standard 1 I CDFZTAS I -  

Li 1549. - 59% = 95% 
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TABLE 8-4 

ENGINl3 

0-2OOA 

TSIO-360 

TSIO- 
3602 

FUEL SCHEDULE 

Case 1 

Case 2 

Case 1 
The fuel schedule 
for Case 1 was 
slightly leaner 
than the desired 
schedule 

Case 2 

Case 2 

COMMENTS 

kcepta3le for a l l  conditions. 
luring throttle closure 

Minor backfiring 

Unacceptable, engine would not operate below 
1700 rpm and cylinder overheating occurred. 
Unsafe for flight tests 

Idle -Taxi - exhibited some roughness, 
acceleration marginally accepta3le 

rake-off - cylinder overheating 

BO"/, Climb - cylinder head temperature would 
be over limit i f  corrected to a 
1OWF day 

kC% Approach - acceleration acceptable 

Closed Throttle 
Approacli 

marginally acceptable, minor engine - stumble on simulated go-arounds 

Idle-Tai - engine rough, acceleration was poor 

Take-Off - not evaluated since Case 1 already 
exhibited cylinder overheating 

80% Climb - exceeded cylinder head tempera- 
ture l i m i t  without 100°F ambient 
day correction. 

40% Approach - acceleration acceptable 

Closed Throttle - unacceptable acceleration, 
Approach engine died on occasion 



Engine/Aircraft 

Mode 

0-200A/Cessna 150 
Idle 
Taxi 
Take-Of f 
Climb 
Approach 

TSIO-360C/Cessna 
T337 

Idle 
Taxi 
Take-Off 

Climb 
40% Approach 
Closed 

Throttle Approac 

IO-520/Cessna 210 
Idle 

Taxi 

Take -Off 
Climb 
40% Approach 
Closed 
Throttle 
Approach 
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TABLE 8-5 

Case 2 
Mixture Schedule 
Uninstalled Safety 

Hazard 

Acceleration Limit 
Acceleration Limit 
Cylinder Head Limit 
Cylinder Head Limit 
Acceleration Limit 

Acceleration Limit 
Acceleration Limit 
Cylinder Head Limit 

Cylinder Head Limit 
Acceleration Limit 

Acceleration Limit 

Acceleration Limit 

Acceleration Lhit 

Cylinder Head Limit 
CyliEder Bead Limit 
Acceleration Limit 

Acceleratfon Limit 

Case 2 
Mixture Schedule 
Installed Safety 

Results 

Unacceptable enghe operation, unsafe 
for flight tests 

Engine rough, poor acceleration 
Engine rough, poor acceleration 
Not evaluated since Case 1 at cylinder 

Exceeded cylinder head temperature 
Acceleration acceptsbla 

head limit 

Unacceptable acceleration, engine died 
on occasion 

Engine would not accelerate at 30' F 
Engine would not operate to Case 2 

Engine would not operate to Case 2 

Cylinder head tezperature within limits 
Cylinder head temperature within limits 
Sinalated approach at 00 F was acceptable 

Simulated approach 2t O3 F was acceptable 

idle fuel flois at Oo F 

taxi fuel flows at 0' F 
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/ 
BASELINE 

--- CASE 1 (LEAN LIMIT OF MODEL SPECIFICATION) 
-*- CASE 2 (UNINSTALLED SAFETY LIMIT) 
CCX? ESTIMATED BAND FOR MEETING EPA 

150 EMISSION STANDARDS 

TIME WEIGHTED FUEL-AIR EQUIVALENCE RATIO 

Figure 8-7 

''Or 

L 

A 
1.5 1.6 

TIME-WEIGHTED FUEL-AIR EQUIVALENCE RATIO 

Figure 8-8 
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--- CASE 1 (LEAN LIMIT O F  MODEL 
SPECIFICATION) --- CASE 2 IUNINSTALLEO SAFETY LIMIT) 

----- 

TIME.WEIGHTE0 FUEL-AIR EQUIVALENCE RATIO 

Figure 8-9 

250 

200 

2 
150 

0 

0 

CASE 1 (LEAN LIMIT OF MODEL SPECIFICATION) 
CASE 2 (UNINSTALLED SAFETY LIMIT) 
ESTIMATED BAN0 FOR MEETING ALL EPA STANDARDS 

0.8 0.9 1 .o 1.1 1.2 1.3 1.4 1 .5 1.8 
TIME-WEIGHTED FUEL-AIR EDUIVALENCE RATIO 

Figure 8-10 
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"Or 
150 

CARBON MONOXIDE 

loo 

SED SYMBOL - STOICHIOMETRIC 
GGED SYFjBOL - UMINhSTALLED MODAL SAFETY LlMl I 

SE 1 - LEAN LIMIT OF MODEL SPECIFICATION 
I I I I 1 1 I I 

I r TAKEOFF r IDLE 

50 

HYDROCARBONS 

0 
I 

0 

200 

c. 

P, 

2 
3 
v) 150 

w 
0 

c 

c 

w 

100 
Y 

I 1 I I 1 I 1 1 

1 
LEGEND: 
0 IDLE 
0 TAXI 
0 TAKEOFF 
A CLIMB 
b APPROACH * CASE 1 (ALL MODES) 

- 
OXIDES OF NITROGEN 

I I 1 -  f t I 1 J 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

M D A L  EC1UIVALENCE RATIO DECREASE FROM CASE 1 

(c1 

Figure 8-11 
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a 
0 
W 
r 
0 

8 

15'r NOTES: 
1. CLOSED SYMBOL - STOlCHlOhlETRlC 
2. FLAGGED SYMBOL - UNINSTALLED MODAL SAFETY LIMIT 
3.CASE 1 - LEAN LIMIT OF MODEL SPECIFICATION I rAPPROACH 

1 

P 
U c 

/- 

IDLE 7 .I( 

IDLE 
TAXI 

OXIDES OF NITROGEN 
I 0 I 

0.0 0.1 0.2 0.3 

MODAL EQUIVALENCE RATIO DECREASE FROM CASE 1 

(4 

Figure 8-12 
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I ’ \ CARBON MONOXIDE 

1. CLOSED SYMBOL - STOICHIOMETRIC 
2. FLAGGED SYMBOL - UMINSTALLED MODAL SAFETY LlMiT 
3.CASE 1 - LEAN LIMIT OF MODEL SPECIFICATION 

------I-- 

LEGEND: 
0 IDLE 
0 TAXI 
0 TAKEOFF a CLIMB 
b APPROACH * CASE 1 (ALL MODES) 

CLIMB 

--.---IC. -3  APPROACH OXIDES OF NITROGEN 

I 
I 1 I 1 .  

I 0.1 0.2 D. 3 0.4 0.5 0.6 

V0DA.L EQUIVALENCE RATIO DECREASE FROM CASE 1 

(c) 
Figure 8-13 
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3 150 :: P 
s 

f 

8 50 

w -- 6 loo 
+. 

- k CARBON MONOXIDE 

---- 
HYDROCARBONS 

1. CLOSED SYMBOL * STOICHIOMETRIC 
2. FLAGGED SYA,’BOL - UNINSTALLED MODAL SAFETY LIMIT 
3.CASE 1 - LEAN LIMIT OF MODEL SPECIFICATION 

200 
LEGEND: 

c. 

0 TAKEOFF 

b APPROACH 
-E CASE 1 (ALL MODES) 

8 
f 150 CLIMB 

s w 
0 
v. 

------ I loo 
OXIDES OF NITROGEN a 

Y 

60 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

MODAL EQUIVALENCE RATIO DECREASE FROM CASE 1 

( e )  

Figure 8-14 
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5 0 -  - h 
8 

150 

0 TAXI 
0 TAKEOFF 

CLIMB 
c?, APPROACH 

CASE 1 (ALL MODES) CARBON MONOXIDE 

1 I 1 I I I 

- I  ‘D 

6 1  0 IDLE 

0 1  1 I I I I I 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

MODAL EQUIVALENCE RATIO DECREASE FROM CASE 1 

Figure 8-15 
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9. FLIGHT TEST SUMMARY OF MODIFIED FUEL SYSTEMS 

Bruce G. Barrett 

Cessna A i r c r a f t  Company 
Wichita, Kansas 

INTRODUCTION 

During t h e  sp r ing  and summer of 1976,Cessna A i r c r a f t  Company, i n  
cooperation with Teledyne Continental  Motors, f l i g h t  evaluated two 
d i f f e r e n t  a i r c r a f t  designs,  each with two modified f u e l  con t ro l  sys- 
t e m s .  Each a i r c r a f t  w a s  evaluated i n  a given series of defined ground 
and f l i g h t  condi t ions while q u a n t i t a t i v e  and q u a l i t a t i v e  observations 
were made. During t h i s  program, some t e n  f l i g h t s  were completed, and 
a t o t a l  of about 13 hours of engine r u n  t i m e  w a s  accumulated by t h e  
two a i r p l a n e s .  
t hese  evaluat ions wi th  emphasis on t h e  ope ra t iona l  and s a f e t y  aspects. 

This r epor t  w i l l  b r i e f l y  summarize t h e  r e s u l t s  of 

DISCUSSION 

The f i r s t  aircraft  involved w a s  t h e  Cessna Model 150 ( f i g .  9-1). 
This i s  a single-engine t r a i n i n g  a i r c r a f t  powered by t h e  TCM 0-200-A 
normally a s p i r a t e d ,  carbureted engine. Instrumentation w a s  supplied 
i n  t h e  tes t  a i r c r a f t  t o  read engine rpm, manifold pressure,  and var ious 
operat ing temperatures,  as w e l l  as t h e  important atmospheric parameters. 
I n  add i t ion ,  t he  p i l o t  monitored t h e  general  func t iona l  behavior of t h e  
engine. 

The tes t  p r o f i l e  is summarized i n  f i g u r e  9-2. The i d l e  and t ax i  
condi t ions s imulate  t y p i c a l  ground operat ions wi th  t h i s  class a i rp l ane .  
The takeoff condition, as def ined here ,  i s  analogous t o  the  condi t ion 
f o r  engine cooling c a l l e d  out i n  t h e  Federal  a i rworthiness  require- 
ments. The climb condition, though no t  necessar i ly  completely repre- 
sentative of t h e  operat ion of a low power a i r p l a n e ,  w a s  included, 
o r i g i n a l l y ,  t o  allow evaluat ion of t h e  e f f e c t  of l eane r  mixtures a t  
lower power s e t t i n g s  on engine operat ing temperatures. The descent 
phase w a s  i nves t iga t ed ,  both wi th  p a r t i a l  power appl ied and wi th  power 
completely o f f ,  followed by simulated go-arounds t o  evaluate  engine re- 
sponse characteristics. F ina l ly ,  t h e  landing phase w a s  used t o  evaluate  
t h e  t y p i c a l  touch-and-go operat ions so prevalent  t o  t h e  t r a i n i n g  class 
a i rp l ane .  

209 
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The two f u e l  systems evaluated i n  t h i s  a i r p l a n e  r e su l t ed  from en- 
g ine  test s tand  da ta  developed by TCM. 
s u l t s  from use of today 's  l ean  l i m i t  production carbure tors .  
l eaner  case I1 system represented t h e  ground test "safe ty  l i m i t "  mix- 
t u r e  s t r e n g t h  found by TCM i n  t h e i r  test ce l l  runs.  
w a s  def ined by engine temperatures a t  t he  higher  powers and by accel- 
e r a t i o n  c h a r a c t e r i s t i c s  of t h e  engine i n  the  lower power range. 

The case I system simply re- 
The 

This  s a f e t y  l i m i t  

The r e s u l t s  of t h e  t e s t i n g  on t h e  Model 150 ind ica ted  t h a t  t h e  
case I system p r e t t y  w e l l  def ined t h e  l eanes t  system acceptable .  
t h e  case I carbure tor ,  a l l  f l i g h t  condi t ions  were found acceptable .  
The case I1 carbure tor ,  however, w a s  another  s t o r y .  I n  the  a i rp l ane ,  
engine opera t ion  could no t  be sustained below approximately 1700 rpm. 
A t  t h i s  rpm, t h e  engine began overheating r ap id ly  during ground opera- 
t i on .  
f i gu ra t ion ,  and no f l i g h t s  were made with t h e  case I1 carbure tor .  

With 

The a i r p l a n e  w a s  not considered a t  a l l  airworthy i n  t h i s  con- 

The second a i r c r a f t  involvedwas the  Cessna T337 ( f ig .  9-3). This 
twin-engine a i r p l a n e  is  powered by two TCM TSIO-360-C turbocharged, 
f u e l  i n j e c t e d  engines.  The engines are i n  tandem a t  e i t h e r  end of t h e  
fuselage.  The f r o n t  engine w a s  used here  t o  eva lua te  t h e  modified f u e l  
systems, while t h e  rear engine w a s  l e f t  i n  t he  standard configurat ion.  
Instrumentat ion w a s  suppl ied t o  read f r o n t  engine power parameters and 
operat ing temperatures,  t o  record t h r o t t l e  pos i t i on  and manifold pres- 
sure ,  and t o  read appropr ia te  atmospheric va r i ab le s .  I n  addi t ion ,  t h e  
p i l o t  monitored t h e  behavior of t h e  f r o n t  engine from purely a func- 
t i o n a l  s tandpoin t .  

The test p r o f i l e  i s  summarized i n  f i g u r e  9-4 f o r  t h i s  a i rp l ane .  
Again, t he  i d l e  and t a x i  condi t ions  represent  t y p i c a l  ground operat ions.  
The emergency, o r  s i n g l e  engine,  climb condi t ion represents  t h e  most 
severe condi t ion  with respect t o  FAA engine cooling requirements f o r  
t h i s  a i rp l ane .  
i n  t h i s  a i r p l a n e  conducted a t  a speed i n  excess of t h a t  f o r  bes t  climb 
performance. The descent phase w a s  i nves t iga t ed  i n  a way t o  s t imu la t e  
t y p i c a l  instrument approach condi t ions,  as w e l l  as with t h e  power back 
t o  i d l e .  I n  addi t ion ,  two speed ranges w e r e  evaluated and, as with t h e  
smaller a i rp l ane ,  go-arounds were simulated following a l l  descents .  
F ina l ly ,  t h e  landing phase included touch-and-go operat ions t o  observe 
engine response c h a r a c t e r i s t i c s .  

The normal climb represents  a t y p i c a l  c r u i s e  climb used 

The case I f u e l  system w a s  intended t o  represent  t h e  l eanes t  f u e l  
system using today 's  components which might r e s u l t  from using a f u l l  
r i c h  mixture f o r  a l l  opera t ions  with no supplement with an a u x i l i a r y  
f u e l  pump. However, t he  system a c t u a l l y  t e s t e d  w a s  somewhat lemer 
than intended a t  maximum continuous power. 
sented t h e  "safe ty  l i m i t "  f u e l  mixtures e s t ab l i shed  by TCM during t h e i r  
ground test s tand runs,  as descr ibed previously f o r  t h e  Model 150 tests. 

The case I1 system repre- 
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The approximate r e l a t i o n s h i p  of t h e  case I and case I1 f u e l  flows wi th  
those a c t u a l l y  used i n  t h e  present  production a i r p l a n e  is shown i n  f ig -  
ure  9-5 f o r  t h e  var ious  test  condi t ions.  A s  can be  seen, t h e  f u e l  
flows a c t u a l l y  spec i f i ed  f o r  opera t ion  of t h e  a i r p l a n e  i n  t h e  form of 
operat ing l i m i t a t i o n s  and i n s t r u c t i o n s  are cons i s t en t ly  r i c h e r  than 
e i t h e r  of the  modified systems. 

The r e s u l t s  of t he  case I ( a s  flown) and case I1 t e s t i n g  ind ica ted  
I n  t h e  i d l e  and both f u e l  systems t o  be unacceptable i n  s e v e r a l  areas. 

taxi ranges,some s u b t l e  engine roughness w a s  evident  with both f u e l  
systems. With t h e  t e s t e d  case I system, response c h a r a c t e r i s t i c s  were 
probably marginally acceptable .  The case I1 system, however, w a s  
not iceably slower t o  accelerate. I n  add i t ion ,  while  no s p e c i f i c  meas- 
urements were made, t he  p i l o t ' s  opinion w a s  t h a t  engine starts, par- 
t i c u l a r l y  with t h e  case I1 system, w e r e  s l i g h t l y  more d i f f i c u l t .  

The emergency climb condi t ion  w a s  unacceptable as flown with the  
case I system because of engine overheating due t o  t h e  lower than  
planned f u e l  flow. This is  i l l u s t r a t e d  i n  f i g u r e  9-6 where t h e  
t e s t ed  case I system produced engine temperatures near  t h e  l i m i t  im-  
mediately a f t e r  t h e  test w a s  s t a r t e d .  
s t i l l  w a s  not  evaluated i n  t h i s  condi t ion.  Cruise  climbs a t  a com- 
f o r t a b l e  a i r speed  higher  than t h e  maximum performance speed and wi th  
power set t o  80 percent  of maximum continuous w e r e  somewhat b e t t e r ,  
but  even here,  with t h e  t e s t e d  case I system, engine temperatures 
would be expected t o  exceed t h e i r  l i m i t s  i n  ISA + 40" F ambient 
temperatures due t o  t h e  s i g n i f i c a n t l y  lower f u e l  flows as compared t o  
production ( f ig .  9-5). With the  case I1 system, observed engine tem-  
pera tures  r ap id ly  exceeded allowable l i m i t s .  I n  add i t ion ,  some s u b t l e  
engine roughness w a s  evident  i n  t h i s  condi t ion wi th  the  case I1 sys- 
t e m .  

The case I1 system being leaner  

The approach condi t ions  evaluated revealed t h e  t e s t e d  case I sys- 
t e m  c h a r a c t e r i s t i c s  t o  be genera l ly  marginally acceptable ,  with the  
exception of some minor engine stumble on some simulated go-arounds. 
However, t he  case I1 system exhib i ted  unacceptably slow "spool up" of 
power, as i l l u s t r a t e d  i n  f i g u r e  9-7, where, on a missed approach, al- 
most twice as much t i m e  w a s  necessary t o  ob ta in  f u l l  power as i s  
needed with t h e  present  production a i rp l ane .  I n  add i t ion ,  very rap id  
t h r o t t l e  advancement ( t h r o t t l e  snaps) tended t o  cause t h e  engine t o  
d i e  almost every t i m e .  Stumble o r  h e s i t a t i o n  w a s  always evident  on 
the  case I1 system on simulated go-arounds. 

The ope ra t iona l  a c c e p t a b i l i t y  of a n  airplane, with respec t  t o  the 
subjec t  under quest ion,  f a l l s  i n t o  two major areas - s a f e t y  and func- 
t ion. 

Of p r ime  importance, of course,  are t h e  s a f e t y  aspec ts .  Any 
system must be t o l e r a n t  of mishandling t o  some degree as long as real 
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people are operat ing t h e  system. 
s k i l l  must be accommodated. 
should not  k i l l  t h e  engine. 
r ap id ly  t o  salvage a bad approach o r  i n  t h e  event an  i n t r u d e r  on a run- 
way n e c e s s i t a t e s  a n  aborted landing. The engine i n s t a l l a t i o n  must pro- 
v ide  adequate margins with r e spec t  t o  i t s  temperature l i m i t a t i o n s  t o  
accommodate a l l  p o t e n t i a l  use of t h e  a i rp l ane .  F ina l ly ,  t h e  engine in- 
s t a l l a t i o n ,  with a l l  of i t s  supporting systems, must b e  as r e l i a b l e  and 
foolproof as possible .  

A broad range of p i l o t  knowledge and 
Such th ings  as "jamming" i n  of a t h r o t t l e  
Engine power must always be a v a i l a b l e  

Functionally,  t h e  engine package must t o l e r a t e  widely varying 
atmospheric condi t ions.  Wintertime operat ions,  wi th  t h e  r e s u l t i n g  
l eane r  mixtures, must be con t r a s t ed  aga ins t  summer operat ions,  wi th  t h e  
r e s u l t i n g  higher operat ing engine temperatures. Engine roughness o r  
h e s i t a t i o n  w i l l  not  b e  t o l e r a t e d ,  and r i g h t l y  so ,  by t h e  majori ty  of 
p i l o t s ,  no matter how subdued, due t o  t h e  three-dimensional na tu re  of 
f l i g h t .  

These comments, then, a n d o t h e r s s i m i l a r ,  can form a b a s i s  f o r  judg- 
ing t h e  a c c e p t a b i l i t y  of t he  var ious f u e l  systems flown i n  t h i s  e a r l y  
evaluation. It w a s  found t h a t  wi th  t h e  p re sen t  Cessna Model 150 t h e  
case I f u e l  system rep resen t s ,  e s s e n t i a l l y ,  t he  l eanes t  acceptable  f u e l  
system. The case I1 system, being unairworthy i n  t h i s  a i rp l ane ,  w a s  
completely unacceptable from e i t h e r  s a f e t y  o r  func t iona l  s tandpoints .  

For t h e  Cessna Model T337, n e i t h e r  t h e  case I (as flown) nor t h e  
case I1 systems w e r e  acceptable.  However, an ana lys i s  does i n d i c a t e  
t h a t  t he  case I f u e l  system with t h e  s l i g h t l y  r i c h e r  mixtures o r ig i -  
n a l l y  intended might be expected t o  be marginally acceptable.  It i s  
poss ib l e  t h a t  some f u r t h e r  leaning could be t o l e r a t e d  f o r  t h e  power ap- 
proach case and, with an a t t endan t  penal ty  i n  climb performance, f o r  
t h e  c r u i s e  climb case, i f  a higher a i r speed  can be accepted. 
it should be noted t h a t  many p i l o t s  w i l l  be  uncomfortable if any ten- 
dency toward roughness i s  evident i n  t h i s  case, even i f  a i rworthiness  
is not  compromised. 
unacceptable from both func t iona l  and s a f e t y  viewpoints. 

However, 

I n  t h e  T337, t h e  case I1 f u e l  system w a s  found 

CONCLUSIONS 

While some improvements i n  exhaust emissions con t ro l  can be 
achieved through mixture con t ro l  on some a i rp l anes ,  t h e  tests on t h e s e  
two a i r p l a n e s  ind ica t ed  several important po in t s :  

1. Ground tests of t he  engine a lone  were not  a b l e  t o  p red ic t  ac- 
ceptable  l i m i t i n g  l e a n  mixture s e t t i n g s  f o r  t h e  f l i g h t  envelopes of 
t h e  Cessna Models 150 and T337. 
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2. The l ean  l i m i t s  e s tab l i shed  today f o r  t h e  Cessna Models 150 
and T337 approximately represent  t h e  l eanes t  mixtures t o l e r a b l e  from 
s a f e t y  and/or func t iona l  viewpoints. 

3. Further  leaning,  beyond today's l ean  l i m i t s ,  f o r  t h e  Cessna 
Models 150 and T337 f o r  t h e  purpose of emissions con t ro l ,  must be ac- 
companied by p o t e n t i a l l y  extensive development and r e c e r t i f i c a t i o n  
f l i g h t  t e s t i n g  t o  e l imina te  t h e  sa fe ty  and/or func t iona l  l i m i t a t i o n s  
found i n  t h i s  test series. 

4. Each a i r p l a n e  des igdeng ine  combination must be evaluated i n  
an ind iv idua l  e f f o r t  t o  develop acceptable  lean  l imi t ing  mixtures 
and i d e n t i f y  t h e  areas where ga ins  i n  emissions area are f e a s i b l e  f o r  
t h a t  a i rp lane .  
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DISCUSSION 

Q - D. Tripp: Does f i g u r e  9-7 show t h e  response under approach condi- 
t ions?  

A - B. Barrett: 
aborted landing approaches. 

This  w a s  t h e  response as recorded during one of our 
That i s  co r rec t .  

Q - D. Tripp: 

A - B. Barrett: 

Q - D. Tripp: 1s that t h e  normal condi t ion? 
A - B. Barrett: Y e s .  It is a normal condition. It may not  be com- 

I ' m  no t  a p i l o t ,  but do you normally have t h e  t h r o t t l e  a l l  
t h e  way closed during approach? 

This p a r t i c u l a r  one was a power of f  landing approach. 

p l e t e l y  normal f o r  t h i s  p a r t i c u l a r  a i rp l ane .  
case we s a w  as f a r  as t h e  power response goes. 
mentioned earlier t h a t  no matter how f a s t  o r  how slow you brought t h e  
t h r o t t l e  i n ,  i t  always stumbles t o  some degree o r  o ther  with t h i s  
p a r t i c u l a r  f u e l  system. 

This w a s  t h e  extreme 
And I might add, I 

COMMENT - L. H e l m s :  I ' ve  heard t h a t  t h i s  is the  normal condi t ion i n  the  
s tudent  t r a i n i n g  f i lm.  

A - B. Barrett: Y e s ,  i n  t h e  case of t h e  Cessna 150 i t  would be com- 
p l e t e l y  normal. 

Q - D. T r i p p :  It w a s  shown t h a t  under i d l e  condi t ions,  t he  condi t ion 
when t h e  t h r o t t l e  w a s  shoved forward a l l  t h e  way, t h e  engine stumbled, 
f e l l  o f f  i n  rpm, and d id  not  respond as i t  d id  f o r  t h e  normal car- 
bureted fue l - a i r  r a t i o  condition. Is t h a t  a s a f e t y  problem? What 
condi t ion would t h a t  represent  as a s a f e t y  problem when you are a t  
i d l e  and you shove the  t h r o t t l e  forward very  r ap ld ly  and i t  stumbled? 
I can ' t  conceive why t h a t  would be a s a f e t y  problem. 

d i r ec t ed  toward 0-320 engines, 1 be l i eve  i n  t h e  Cherokee, f o r  t h a t  
very sap.e reason. Power off  approach and aborted landing o r  f o r  some 
reason power would be appl ied and t h e  engine would hang. 
i t  would come ou t  of i t ,  but i t ' s  not  very i n s t j n c t i v e  f o r  a p i l o t  t o  
p u l l  h i s  power back of f  and t r y  to clear a n  engine and then t r y  t o  
put power back on. So i f  he jams i t  forward and i t  hangs, he's i n  
t rouble .  

A - C. Pr ice :  There w a s  an a i r  worthiness  d i r e c t i v e ,  about 2 years  ago, 

Sometimes 

Q - D. Tripp: Is t h a t  a s a f e t y  problem? 
A - L. H e l m s :  Y e s .  Take t h e  s p e c i f i c  example a t  i d l e  when t h e  t h r o t t l e  

i s  moved forward and t h e  engine coughs and spu t t e r s .  Consider t h e  
environment, a twin engine a i rp l ane  under a f reez ing  r a i n  o r  very 
c l o s e  t o  t h a t  temperature. The p i l o t  does not know whether he has  
ice i n  t h e  carburetor  o r  whether he has  ice i n  the  induction system. 
Therefore, t he  FAA has properly sa id ,  and w e  agree  wi th  them 100 per- 
cen t ,  no coughs and no s p u t t e r s  because t h a t t s  t h e  only way t h e  p i l o t  
can be s u r e  he has  an abso lu te ly  clean carburetor .  I 'd l ike  t o  make 
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another comment on t h e  example he  used on rate of climb. 
looked a t  i t  i t  would have sa id ,  "Is t h e  rate of climb of t h e  air- 
c r a f t  good enough t o  where i t  would not  have c rea ted  t h e  danger 
problem?" 
climb so now i f  w e  reduce t h e  rate of c l h b  s l i g h t l y  so t h e r e  i s  no 
danger problem, we have now put ourselves  back over onto t h e  o the r  
s i d e  of t h e  EPA problem where noise  l i m i t a t i o n s  are a func t ion  of 
rate of c l h b .  Therefore, by reducing t h e  rate of climb we go t  our- 
selves ou t  of a problem on emissions and put: ourselves  i n  a problem 
on noise .  The 84 PNdB allowed on climb is a d i r e c t  func t ion  of t h e  
rate of climb. So w e  can ' t  automaticalgy make these  adjustments and 
g e t  ou t  of our emissions because we can no longer meet t h e  no i se  re- 
q u i r  emen t s. 

I f  we had 

We ta lked  about t h e  horsepower r a t i n g  and t h e  rate of 

Q - G. Ki t t redge:  You made t h e  comment t h a t  each e n g i n e l a i r c r a f t  com- 
b ina t ion  r e a l l y  has t o  be considered as d s p e c i a l  case and you in- 
ves t iga ted  two examples very  thoroughly. Could you estimate f o r  
your company hswmany d i f f e r e n t  combinations of a i r c r a f t  and engines 
you would have t o  dea l  with? 

separate and d i s t i n c t  engine and airframe combinations. 
d iv i s ion  ac ross  town it  must be approximately a dozen. 

A - B. Barrett: I n  my d iv i s ion  of my company i t ' s  on t h e  order  of 25 
I n  t h e  o the r  

COMMENT - L. H e l m s :  For GAMA, t h e r e  are 64 d i f f e r e n t  a i r c r a f t  and 407 d i f -  
f e r e n t  engines. 
problem. 

P o t e n t i a l l y ,  t h i s  g ives  you an  order  of magnitude of t h e  

Q - D. Page: You indica ted  t h a t  you were going over l i m i t s  on your cool- 
ing  e f f ic iency .  Was t h i s  a s i n g l e  engine climb condi t ion,  and what 
recovery e f f i c i ency  are you g e t t i n g  on your p a r t i c u l a r  i n s t a l l a t i o n  
i n  t h e  337? 

running somewhere on t h e  order  of 3 t o  3 1/2 inches AP on cool ing 
a i r ,  bu t  I ' m  no t  p o s i t i v e  on tha t .  

A - B. Barrett: Y e s ,  i t  was  s i n g l e  engine clhnb, and I th ink  we're 

4 - D. Page: 

A - F. Monts: 

What i s  t h e  percentage of recovery? - I ' m  t ry ing  t o  es- 

1 th ink  normally w e ' l l  see a dynamic recovery of about 
t a b l i s h  whether t h i s  i s  the  most ava i l ab le  a t  that a i r  speed. 

0.75 t o  0.8 f o r  t h e  s i n g l e  engine climb speed of j u s t  over 100 m i l e s  
an hour. 
cowl f l a p  open and ga in  a b i t  more which f o r  t h i s  p a r t i c u l a r  in-  
s t a l l a t i o n  is about as good as our indus t ry  does a t  t h e  moment. 
have t o  show s i n g l e  engine climb a l l  t h e  way t o  approximately 20 000 
f e e t .  

T h a t ' s  a l i t t l e  over 5 inches of water. You can put  t h e  

W e  

Q - B. Houtman: Would you s p e c i f i c a l l y  descr ibe  what the hardware 
changes were made i n  going from the  b a s e l i n e t o  case 1 and then 
again t o  case 2 t o  achieve t h e  configurat ion you used?  

j e c t i o n  system and set up t h e  f u e l  metering system with a p a r t i c u l a r  
pump and t h r o t t l e  body. 

A - B. Rezy: What w e  d id  on t h e  engine w a s  t o  take  a s tandard f u e l  in- 

We c u t  a t h r o t t l e  p l a t e  cam, such t h a t  we 
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could con t ro l  t h e  cases  1 and 2 t o  those  condi t ions.  We also had a 
modified f u e l  pump pressure  t o  hold i t  there .  It took our f u e l  l a b  
w e l l  over a month t o  develop each one j u s t  t o  be a b l e  t o  hold i t  
there.  
i t  should have been on case 1. 

When w e  f i n a l l y  got  i t  i n  t h e  a i r p l a n e  i t  wasn't r e a l l y  what 

Q - E. Kempke: It's been sa id  that t h e  case 1 t h a t  was  flown missed t h e  
But i n  l i s t e n i n g  t o  t h e  pre- t a r g e t  s l i g h t l y  on the  fue l -a i r  r a t i o .  

s en ta t ion  t h e r e  w a s  a s t rong  impression l e f t  that i f  t h e  case 1 had 
made t h e  fue l -a i r  r a t i o  i t  w a s  extremely marginal. Is t h a t  t h e  im- 
pression t h a t  one should come away with? 

A - B. Barrett: Y e s .  

Q - E. Kempke: 

A - B. Barrett: The case 1 as flown is, f n  f a c t ,  t h e  engine manufactur- 

Is t h e  case 1 not t h e  l e a n  l i m i t  of a production f u e l  h- 
j e c t i o n  system? 

er's lean  lbit, t h e  bottom l i n e  of t h e  engine spec. 
t i c u l a r  a i r p l a n e  w e  have, i n  e f f e c t ,  es tab l i shed  a l ean  l i m i t  f o r  t h e  
i n s t a l l a t i o n  t h a t  is r i c h e r  than the  l ean  lhit demanded by t h e  engine 
manufacturer . 

On t h i s  par- 

Q - D. Tripp: I s t i l l  have a question on that approach a t  closed t h r o t t l e ,  
and maybe someone from EPA could comment on t h i s ,  too. Since t h e  EPA 
LTO cyc le  s p e c i f i e s  40 percent  power on approach, somehow t h e r e  seems 
t o  be an  anomaly here  i n  t h a t  we're saying f o r  t he  test procedure use 
40 percent  power. 
f requent ly  flown is  with a closed t h r o t t l e .  
f o r  it? 

a reasonable spec i f i ca t ion  f o r  conducting your emissions t e s t ing .  It 
2s probably a reasonable s imulat ion of an  approach i n  many of t h e  
l a r g e r  a i rp l anes .  But t he re ' s  nothing t h a t  says t h e  p i l o t  i s  going 
t o  f l y  every approach t h a t  way. It's d i f f i c u l t  p a r t i c u l a r l y  i n  t h e  
f i n a l  s t ages  of approach t o  be much lower i n  power than t h e  40 per- 
cent.  

However, you're saying t h e  way these  planes are 
What's t h e  explanation 

A - B. Barrett: The 40 percent  power i s  reasonable,  i f  you want t o  ass ign  

COMMENT - H. Nay: The approach is 6 minutes. I n  t h e  t r a f f i c  p a t t e r n  i n  
t h e  approach t o  the  a i r p o r t ,  i n  t h a t  6 minutes, 40 percent  i s  not an  un- 
r ep resen ta t ive  power condition. 
of approach, and t h i s  goes f o r  high performance a i rp l anes  t o  some exten t  
as w e l l  as low performance a i rp l anes ,  you go t o  completely closed thro t -  
tle. From t h a t  po in t  when t h e  cow walks ou t  i n  t h e  g r a s s  s t r i p ,  a j e t  
taxis out  i n  f r o n t  of you, o r  you have a foulup of some s o r t ,  you've got  
t o  have immediate power from closed t h r o t t l e  t o  40 percent  power o r  
higher.  
people pointed out. 

The poin t  is t h a t  i n  t h e  f i n a l  s t ages  

That 's  an absolu te ly  e s s e n t i a l  s a f e t y  requirement as t h e  FAA 

COMMENT - F. Monts: 
40 percent  approach power used i n  the  EPA cycle.  
tem is devised t o  m e e t  t he  emissions l i m i t ,  i t  must also work from a cold 

1 th ink  t h e  f a c t s  are being confused about t h e  
Whatever metering sys- 
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t h r o t t l e  posi t ion.  The complete f l i g h t  envelope of t h e  a i r p l a n e  and not  
j u s t  t h e  EPA LTO emission cyc le  must be considered. 

Q - D. Tripp: 
A - B. Barrett: It's a good average. 

I w a s  j u s t  wondering how 40 percent  w a s  a r r ived  a t ?  

COMMENT - G. Banerlan: 
signed t o  be a minimum f ixed  and s h p l e  type. 
both t h e  Avco-Lycoming and TCM c o n t r o l l e r s  a simple over r ide  f e a t u r e  
could be incorporated such t h a t  i n  a t r a n s i e n t  mode it would automatical ly  
go t o  a r i c h  condition. 
have a cy l inder  head heat ing problem but Cesana's tests d id  i n d i c a t e  a 
cooling problem. 

I r e a l i z e  t h a t  t h e  c o n t r o l s  being used are de- 
It seems t o  be that i n  

The o ther  f l i g h t  tests reported earlier d id  not  

COMMENT - B. Barrett: That ' s  an ind ica t ion ,  too,  of  t h e  ind iv idua l i t y  of 
each and every i n s t a l l a t i o n .  

COMMENT - B. Rezy: 
engine t r a n s i e n t  response between s teady-state  leaned condi t ions.  One 
example of items which w i l l  be evaluated i s  t h e  use of an  acce le ra to r  
Pump * 

TCM w i l l  d i scuss  tomorrow poss ib le  ways of improving 

Q - G. Banerian: Maybe I d idn ' t  no t i ce  i t ,  but  I w a s  anxious t o  see a 
comparison of NAFEC d a t a  with the  da ta  taken a t  the  con t r ac to r s  
f a c i l i t i e s  and a l s o  t h e  0-3QO work done a t  Lewis .  A r e  t h e r e  some 
base l ine  emission da ta  w e  can compare? 
today. 

A - E. Becker: 
NAFEC. The da ta  l i ned  up, t h e r e  were no s i g n i f i c a n t  d i f fe rences .  

I d idn ' t  see t h a t  comparison 

The p l o t s  I had up were f o r  t h e  TSIO-360 tests a t  both 

COMMENT - L. H e l m s :  We haven't found any d i f fe rences .  

Q - G. Banerian: Have t h e  d i f f e rences  t h a t  have been reported been i n  
t h e  i d l e  mode? 

A - E. Becker: Most of i t  is  due t o  l a r g e  scatter i n  f u e l - a i r  r a t i o s .  
A s  NASA-Lewis pointed out  earlier, the  s ign i f i cance  of temperature 
and humidity e f f e c t s  on hydrocarbons are a l s o  q u i t e  pronounced i n  
t h e  i d l e / t a x i  modes. 

COMMENT - G. Banerian: We can then conclude that t h e  measuring methods, 
even though they are d i f f e r e n t ,  a t  the  var ious  sites are s u f f i c i e n t l y  
similar i n  resu l t s .  

Q - T. Cackette: Both Avco and TCM da ta  show t h a t  t h e r e  i s  a f a i r l y  
l a r g e  d i f f e rence  i n  CO, due t o  the  lean and r i c h  production l i m i t s ,  
which implies  t h a t  t h e r e  i s  a l a r g e  fue l -a i r  r a t i o  d i f f e rence  on t h e  
production items. Could TCM o r  Bendix comment on what t h e  causes of 
t he  l a r g e  production to le rances  are and possibly i f  they are an t i -  
c ipa t ing  taking any a c t i o n  t o  reduce those as a method of con t ro l l i ng  
emissions? 
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A - B. Rezy: You have to  understand t h a t  both engine compa 
t e s t s  d i f f e r e n t l y .  
l i m i t s .  
and t h e  l e a n  l i m i t .  

Lycaming ran  f u l l  production 
TCM ran  as base l ine ,  t he  average f u e l  f low between the  r i c h  

That's why you see those  d i f fe rences .  

COMMENT - S. Jedrziewski:  Speaking f o r  AVCO, our production l i m i t s  are 
of t h e  order  of 7 percent  of f u e l  flow r l g h t  now. 
on j u s t  manufacturing to le rances ,  r ep roduc ib i l i t y ,  a i r f l o w  sensing, e t c .  
We are engaged i n  programs t r y i n g  to  reduce these  lhits-. 
time w e  don't know how much they can be reduced. 

These l i m i t s  are based 

A t  t h e  present  
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10. INTRODUCTION TO NASA CONTRACTS 

Erwin E. Kempke, Jr. 

L e w i s  Research Center 
Nat ional  Aeronautics and Space Administration 

Cleveland , Ohio 

The d iv i s ion  of a c t i v i t i e s  t h a t  w a s  agreed upon between the  FAA 
When NASA agreed t o  p a r t i c i p a t e  and NASA is  described i n  paper 6. 

with t h e  FAA i n  t h e  j o i n t  program previously described, NASA a l s o  
decided t o  i n v e s t i g a t e  more advanced technology concepts f o r  exhaust 
emissions reduction. A s  a f i r s t  s t e p ,  t he  NASA L e w i s  Research Center 
issued Requests f o r  Proposal (RFP) t o  Avco Lycoming and Teledyne Con- 
t i n e n t a l  Motors (TCM) f o r  a cont rac tua l  e f f o r t  t o  e s t a b l i s h  and demon- 
strate engine modif icat ions t o  reduce exhaust emissions s a f e l y  with 
minimum adverse e f f e c t s  on c o s t ,  weight, and f u e l  economy. I n  addi- 
t i o n ,  although t h e  emphasis of t h e  e f f o r t  i s  on emissions reduct ion as 
a primary t h r u s t ,  it has a t  t he  same t i m e ,  t h e  secondary ob jec t ive  of 
reducing f u e l  consumption. NASA s t ruc tured  the  program such tha t ,  
according t o  t h e  RFP,an i n i t i a l  t a s k  would be t o  screen and assess 
10 concepts wi th  emissions reduct ion p o t e n t i a l .  A preliminary l i s t  of 
candidate concepts contained i n  t h e  RFP is shown i n  f i g u r e  10-1. 
t h ree  most promising concepts would be designed, f ab r i ca t ed ,  and in- 
s t a l l e d  on an experimental engine o r  engines. 
would then be performed by t h e  cont rac tor  a t  h i s  f a c i l i t i e s .  
o ther  RFP requirement w a s  t ha t  one of t he  t h r e e  concepts r equ i r e  a 
major engine design modification and the  o the r  two concepts r equ i r e  
r e l a t i v e l y  minor engine modification. 

The 

Ver i f ica t ion  t e s t i n g  
One 

Cost-shared con t r ac t s  t o  TCM and Avco Lycoming were l e t  October 10, 
1975. Each cont rac t  has a t o t a l  estimated cos t  of $1.2 mi l l ion ,  with 
t h e  cont rac tors  share  being 20 percent.  The per iod of perforinance f o r  
each con t r ac t  is approximately 3 years.  One d i f fe rence  from what w a s  
previously s t a t e d  i s  t h a t  Avco Lycoming e lec ted ,pr ior  t o  the  award of 
con t r ac t , t o  perform t h e  screening and assessment t a s k  using t h e i r  own 
funds. 
agreed as t o  which t h r e e  concepts Avco Lycoming would pursue. 
are discussed i n  more d e t a i l  i n  paper 1 2 .  

Accordingly, a t  t h e  start of t h e  c o n t r a c t , i t  w a s  mutually 
These 
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CAND I DATE EM I SS ION REDUCT I ON TECHNIQUES 

1. ENGINE GEOMETRY MODIF~CATIONS 
A. COMBUSTION CHAMBER CONFiGURATlON 
B. COMPRESSION RATIO 
C. INTAKE MANIFOLD 
D. VALVE TIMING, INCLUDING VARIABLE C A M S H A n  
E. IGNITION TIMING 
F. IMPROVED COOLING 

2. FUEL DISTRIBUTION AND IGNITION SYSTEM 
A. ULTRASONIC FUEL VAPORIZATION 
B. THERMAL FUEL VA POR I ZAT I ON 
C. CRACKING CARBURETOR 
D. IMPROVED FUEL INJECTION SYSTEM 
E. HIGH ENERGY-MULTIPLE SPARK IGNITION 

3. EM1 SS ION CONTROL ADD-ON 
A. A I R  INJECTION 
B. WATERIALCOHOL INJECTION 
C. THERMAL REACTOR 
D. CATALMI C REACTOR 

4. FUEL ADDITIVES 
A. HYDROGEN INJECTION 
B. MBHANOL 

Figure 10-1 



11. TCM AIRCRAFT PISTON ENGINE EMISSION REDUCTION PROGRAM* 

Bernard Rezy 

Teledyne Continental  Motors 
Mobile , Alab am 

INTRODUCTION 

Teledyne Continental  Motors is cur ren t ly  under cont rac t  with t h e  
National Aeronautics and Space Administration t o  e s t a b l i s h  and demon- 
strate t h e  technology necessary t o  s a f e l y  reduce general  a v i a t i o n  p i s ton  
engine exhaust emissions t o  m e e t  the  EPA 1980 Emission Standards with 
minimum adverse e f f e c t s  on cos t ,  weight, f u e l  economy, and performance. 
The cont rac t  is  intended t o  (1) provide a screening and assessment of 
promising emission reduct ion concepts, and (2) provide f o r  the prel imi-  
nary design and development of those concepts mutually agreed upon. 
These concepts w i l l  then go through f i n a l  design, f ab r i ca t ion ,  and i n t e -  
gra t ion  wi th  a prototype engine(s) .  
performed a t  our f a c i l i t y .  

Ver i f i ca t ion  t e s t i n g  w i l l  then be  

Teledyne Continental  Motors has completed t h e  f i r s t  por t ion  ( task  11) 
of the  NASA con t r ac t  (NAS3-19755): "Screening and Assessment Analysis 
and Select ion of Three Emission Reduction Concepts ." 
is  being prepared and is expected t o  be published during t h e  l as t  quar te r  
of 1976 ( r e f .  CR-135074). 

A t echn ica l  r e p o r t  

A systems ana lys i s  study and a decis ion making procedure w e r e  used 
by TCM t o  evaluate ,  t rade  o f f ,  and rank t h e  candidate concepts from a 
list of 1 4  a l t e rna t ives .  Cost,  emissions, and 13 o ther  design cri teria 
considerat ions were defined and t raded off  aga ins t  each candidate concept 
to  e s t a b l i s h  i ts  m e r i t  and emission reduction usefulness.  
program documented i n  NASA TN X-53992 w a s  used t o  a i d  t h e  eva lua tors  i n  
making the  f i n a l  choice of t h ree  concepts. 

A computer 

The following i s  a summary of t he  Task I1 study. 

APPROACH 

The ob jec t ives  of Task I1 w e r e  t o  conduct a screening ana lys i s  on a 

* 
NASA Contract NAS3-19755. 
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minimum of t e n  promising concepts and select th ree  f o r  f u r t h e r  develop- 
ment. The approach used t o  f u l f i l l  t he  objec t ives  w a s  f i ve fo ld :  

(1) Selec t  a preliminary l ist  of concepts 

(2) Conduct a d e t a i l e d  l i t e r a t u r e  search 

(3) Contact f irms f o r  add i t iona l  da t a  

(4) Define criteria and method of eva lua t ion  

(5) Rank concepts based on a cons i s t en t  set of weighted cost-  
e f f ec t iveness  cri teria 

The f i r s t  t h ree  s t eps  of the  approach r e su l t ed  i n  a l ist  of fourteen 
concepts which w e r e  inves t iga ted  during the  remainder of Task 11. 
promising concepts are l i s t e d  i n  order  of general  category: 

The 

S t r a t i f i e d  charge combustion chambers: 
Honda compound vor tex  cont ro l led  combustion 
Texaco cont ro l led  combustion system 
Ford programmed combustion 

Improved cool ing combustion chamber 
Diesel combustion chambers : 

4-stroke, open chamber 
2-stroke, McCulloch 

Variable camshaft timing 
Improved f u e l  i n j e c t i o n  system 
Ul t rasonic  f u e l  atomization - Autotronics 
Thermal f u e l  vaporizat ion - Ethyl TFS 
Ign i t ion  systems: 

Mult iple  spark discharge 
Variable  timing 

Hydrogen enrichment 
Air i n j e c t i o n  

Step four  of the  approach w a s  accomplished by s e l e c t i n g  and def in ing  t h e  
decis ion f a c t o r s  ( c r i t e r i a ) .  The criteria chosen i n  the  eva lua t ion  of 
the  concepts w e r e  as follows: 

c o s t  Integra ti on 
R e l i a b i l i t y  Producib i l i  t y  
Safety Fuel economy 
Technology Weight and s i z e  
Performance Main ta inabi l i ty  and maintenance 
Cooling Emissions 
Adaptabi l i ty  Operational c h a r a c t e r i s t i c s  
Materials 

Each decis ion f a c t o r  w a s  f u r t h e r  defined by l i s t i n g  s p e c i f i c  quest ions 
which w e r e  used i n  eva lua t ing  each concept. 
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The ranking of t he  concepts,  s t e p  (5),  was  accomplished wi th  a com- 
puter  program t h a t  he lps  a decis ion maker t o  make cons is ten t  dec is ions  
under condi t ions of both c e r t a i n t y  and uncertainty.  The model a i d s  i n  
obtaining cons i s t en t  rankings of t h e  decis ion criteria and of the con- 
cepts  relative t o  each of t he  criteria. The emphasis c o e f f i c i e n t s  as- 
signed t o  each criteria, the  merit scores  assigned t o  each concept rela- 
tive t o  each cri teria,  and the  associated unce r t a in t i e s  determined the  
o v e r a l l  m e r i t  c o e f f i c i e n t  f o r  each concept. These m e r i t  coe f f i c i en t s  
defined t h e  concept ranking which w a s  used as a guide i n  the  f i n a l  selec- 
t i o n  of t h ree  concepts. 

EMISSION RESULTS 

Through t h e  d e t a i l e d  l i t e r a t u r e  search and contac t  with firms con- 
s idered  exper t  i n  t h e i r  respec t ive  f i e l d ,  r a w  emissions da ta  a t  t h e  spe- 
c i f i c  a i r c r a f t  modal condi t ions w e r e  acquired f o r  many of the  concepts. 
These r a w  emissions da ta  w e r e  input  t o  the  TCM a i r c r a f t  cycle  emissions 
deck. Where adequate r a w  emissions da ta  w e r e  no t  ava i l ab le ,  concepts 
were evaluated by analyzing t h e i r  impact on emissions as appl ied t o  the  
IO-520-D engine. The IO-520-D engine opera t ing  at the  l e a n  f u e l  flow 
l i m i t  of t he  model s p e c i f i c a t i o n  (case 1) w a s  chosen as r ep resen ta t ive  
of a high volume production engine. 

Figure 11-1 represents  t h e  emission l e v e l s  f o r  t he  concepts evalu- 
a t ed  using r a w  emissions data.  Shown fo r  reference are the emission 
l e v e l s  f o r  t h e  IO-520-D engine and two automotive engines ,  a conventional 
high production Chevrolet 350 C I D  V-8 engine and a high performance BMW 
123 C I D  1-4 engine. 
c a t a l y t i c  converter ,  exhaust gas r ec i r cu la t ion ,  o r  secondary air  in j ec -  
t ion.  
devices. Neither engine met  t h e  EPA a i r c r a f t  emission s tandard.  While 
CO and HC w e r e  wi th in  the  limits, the oxides of  n i t rogen  w e r e  w e l l  over 
the  allowable emissions as compared t o  30 percent  of  t h e  allowable emis- 
s ions  f o r  t h e  IO-520-D engine. 

The Chevrolet engine w a s  a 1975 model without a 

The BMW engine w a s  a 1973 model lack ing  the  same po l lu t ion  con t ro l  

Graphical representa t ion  of  engine emissions versus time-weighted 
fue l - a i r  equivalence r a t i o  from f igu re  11-1 and four cu r ren t  production 
TCM engines r e su l t ed  i n  the  generalized curves presented i n  f igu re  11-2. 
Data from the  four  TCM engines,  IO-520-D, GTSIO-520-K, 0-200-A, and 
Tiara 6-285-B, opera t ing  a t  th ree  mixture s t r eng th  schedules w e r e  u t i -  
l i z e d  i n  developing the  r i c h  end of t he  curves. 
chamber-4-stroke Otto cycle  engines evaluated adhered very c lose ly  t o  
these  trends.  
equivalence r a t i o s ,  1.03 t o  1.13, e x i s t s  where a l l  th ree  regulated pol- 
l u t a n t s  are a t  o r  below the  EPA limits. 

Emissions from a l l  open- 

Note that only a narrow band of 7-mode time-weighted 

The s p e c i f i c  emission reduction conclusions f o r  each concept are now 
p r e s  en ted. 
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Honda Compound Vortex Controlled Combustion (CVCC) 

Raw emission da ta ,  received f o r  t h e  Honda CVCC, w e r e  based on oper- 
a t i o n  wi th  t h e  s tandard exhaust system. The exhaust manifold w a s  de- 
signed with an inne r  l i n e r  t o  increase  exhaust gas residence t i m e  and 
provide an in t ake  manifold "hot spot." 
t i o n  and thermal f u e l  vaporizat ion are therefore  inherent  i n  t h e  data .  
Honda CVCC m e t  a l l  EPA emission s tandards and w a s  t h e  b e s t  s t r a t i f i e d  
charge concept evaluated on o v e r a l l  emission reduction (see t a b l e  11-1). 

Some b e n e f i t s  of HC and CO oxida- 

Ford Programmed Combustion (PROCO) 

Ford PROCO emission da ta  ind ica ted  high oxides of ni t rogen emissions 
(32 percent over EPA l i m i t )  a t  a r e l a t i v e l y  l ean  0.5 time-weighted equiv- 
a lence r a t i o .  Hydrocarbons and carbon monoxide, a t  less than 10 percent 
of t he  EPA s tandard ,  w e r e  t yp ica l  of l e a n  operat ion ( f i g .  11-1). 

Texaco Controlled Combustion Systems (TCCS) 

Three sets of r a w  emission da ta  w e r e  evaluated on the TCM a i r c r a f t  
cycle  emissions deck. Almost a l l  r e s u l t i n g  time-weighted equivalence 
r a t i o s  w e r ?  t h e  same. 
while t he  t h i r d  case used d i e s e l  fue l .  
comparable f o r  a l l  t h ree  cases and exceeded EPA l i m i t s  up t o  38 percent.  
Carbon monoxide emissions were below t h e  s tandard but  not  as cons is ten t  
as NO, o r  CO, varying from 1 2  t o  58 percent  of t he  EPA l i m i t  ( f i g .  11-1). 

In two cases t h e  engines w e r e  operated on gasol ine 
Oxides of n i t rogen  emissions w e r e  

Improved Cooling Combustion Chambers 

No r a w  emissions da ta  were ava i l ab le  f o r  eva lua t ing  an improved 
cool ing combustion chamber. 
r e a l i z i n g  t h a t  improved cooling during climb and takeoff  w i l l  permit 
l eane r  fue l - a i r  r a t i o s  while maintaining engine power. 
t h i s  theory t o  IO-520-D da ta  r e su l t ed  i n  emission l e v e l s  of 106, 95, and 
44 percent of t he  EPA standard f o r  CO, HC, and NO,, r espec t ive ly .  These 
levels r e f l e c t  a 16 percent CO decrease and a 47 percent  NOx increase .  
Hydrocarbons w e r e  not s i g n i f i c a n t l y  reduced s ince  climb and takeoff con- 
t r i b u t e  only a small amount of the  t o t a l  HC emissions f o r  t h e  ove ra l l  
cycle.  

Exhaust emission l e v e l s  w e r e  projected by 

Application of 

McCulloch Two-Stroke Diesel 

Raw emissions da t a  f o r  t h i s  concept w e r e  evaluated on the  TCM air- 
c r a f t  cycle  emissions deck. 
and 54 percent  of t h e  EPA s tandard fo r  CO, HC, and NO,, r espec t ive ly .  
These HC and NOx l e v e l s  compare t o  47 and 163 percent  of t he  EPA s tandard,  
respec t ive ly ,  f o r  a conventional four-stroke open chamber d i e s e l  

The r e s u l t i n g  emission levels w e r e  10,  140, 
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( t a b l e  11-11. 
chamber and p is ton  design and the fue l -a i r  mixture burning/quenching 
process. 
carbons. It should be  noted t h a t  t h e  HC level is conservative s i n c e  
f u l l  power da ta  w e r e  no t  ava i l ab le  and the r a t ed  power was  reduced ac- 
cordingly. 
d i t i ons .  

The l o w  NOx level r e s u l t s  from the  unique combustion 

This quenching process may a l s o  account f o r  t h e  high hydro- 

Hydrocarbons should decrease f o r  t h e  higher  speed/load con- 

Four-Stroke Open Chamber Diesel 

Raw d a t a  from th ree  four-stroke open chamber d i e s e l s  w e r e  evaluated 
on the TCM a i r c r a f t  cycle  emission deck. Data from one engine,  a Datsun, 
is suspect due t o  the  extremely low NOx emissions ( f ig .  11-1). Oxides of 
ni t rogen f o r  the  o ther  two cases  exceeded EPA limits by up t o  90 percent ,  
This level r e s u l t e d  from the high peak temperatures normally assoc ia ted  
with d i e s e l  engines. Carbon monoxide and HC w e r e  below EPA standards f o r  
a l l  cases. 

Variable Camshaft Timing 

Emission predic t ions  for  va r i ab le  camshaft timing w e r e  based on 
Tiara 6-285-B engine d a t a  f o r  i d l e ,  t a x i ,  and approach modes, and on 
IO-520-D case 1 data  f o r  climb and takeoff modes. Tiara da ta  w e r e  con- 
s idered  representa t ive  of HC emissions t h a t  could be expected on t h e  
IO-520-D f o r  low valve overlap i n  low speed modes. This is  due t o  
higher  engine speeds of  a geared engine i n  these  modes and because of 
the comparatively low Tiara valve overlap. The Tiara emission da ta  w a s  
taken at IO-520-D fue l -a i r  r a t i o s  f o r  t he  respec t ive  modes and corrected 
for  flow rate d i f fe rences .  No exhaust emission reduct ion b e n e f i t s  from 
exhaust gas r e c i r c u l a t i o n  w e r e  assumed f o r  t h e  IO-520-D because t h e  
design po in t  f o r  valve overlap i s  a t  high engine speed; t h a t  i s ,  l a r g e  
valve overlap a l ready  e x i s t s  on the  IO-520-D and no increase  i n  i n t e r n a l  
exhaust gas r ec i r cu la t ion  would be expected from va r i ab le  camshaft t iming 
Consistent with the  l i t e r a t u r e ,  the  CO remained e s s e n t i a l l y  unchanged, 
exceeding t h e  EPA l i m i t  by 27 percent.  
49 percent of t he  EPA s tandard (from 97 t o  48 percent)  r e l a t i v e  t o  t h e  
IO-520-D engine. 
changed a t  33 percent  of the  EPA standard.  

Hydrocarbons w e r e  reduced by 

Oxides of n i t rogen  emissions remained e s s e n t i a l l y  un- 

Improved Fuel In j ec t ion  System 

Projected emission l e v e l s  f o r  an improved f u e l  i n j e c t i o n  system w e r e  
determined by eva lua t ing  a system which would alleviate the  a t tendant  
opera t iona l  problems assoc ia ted  with carbureted o r  conventional a i r c r a f t  
f u e l  i n j e c t i o n  systems. That i s ,  the  system m u s t  provide a b e t t e r  homo- 
geneous fue l -a i r  mixture and decrease cy l inder  t o  cy l inder  fue l -a i r  r a t i o  
var ia t ions .  It w a s  f u r t h e r  required t h a t  the system would be compensated 
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t o  maintain lean fue l -a i r  r a t i o s  within a reasonable band regard less  of 
t he  a i r  dens i ty .  
t a ined  w a s  defined as a time-weighted equivalence r a t i o  range of 1.03 t o  
1.13. 
( f ig .  11-3), r e s u l t i n g  i n  absolu te  emission levels of 55, 90, and 58 per- 
cent of t he  EPA standard f o r  HC, CO, and NO,, r espec t ive ly .  

The actual range of fue l - a i r  r a t i o s  t h a t  could be main- 

Exhaust emission reductions w e r e  based on the  IO-520-D engine 

Ultrasonic  Fuel Atomization 

No r a w  emission da ta  w e r e  obtained f o r  t h i s  concept. It w a s  assumed 
t o  have the  s a m e  emission reduction p o t e n t i a l  as the  thermal f u e l  vapori- 
za t ion  concept. This approach w a s  taken because both concepts have 
e s s e n t i a l l y  t h e  same end r e s u l t ,  homogeneous fue l - a i r  mixture with de- 
creased cy l inder  t o  cy l inder  fue l -a i r  r a t i o  va r i a t ion ,  

T h e r m a l  Fuel Vaporization - Ethyl TFS 

Raw emissions d a t a  from two engines,  an American 350 C I D  V-8 and a 
European four cy l inder  1-4 were obtained and evaluated on the  TCM air- 
c r a f t  emissions cycle  deck. The r e s u l t s  w e r e  i ncons i s t en t  f o r  t he  two 
engines ( f ig .  11-1). Resul ts  f o r  t he  American V-8 seemed more reason- 
ab le  because of t h e  pred ic tab le  i n s i g n i f i c a n t  e f f e c t  on NO,, whereas fo r  
t he  European engine t h e  NO, w a s  reduced by almost 60 percent.  The re- 
s u l t s  of t he  American V-8 da ta  ana lys i s  were used. 
reduced 39 percent  (with t h e  addi t ion  of t h e  turbulen t  flow system) with 
i n s i g n i f i c a n t  e f f e c t s  on CO and NO,. 

Hydrocarbons w e r e  

Variable Timing Ign i t ion  System 

Variable t iming i g n i t i o n  w i l l  not s i g n i f i c a n t l y  reduce exhaust emis- 
s ions  f o r  t h e  a i r c r a f t  emission cycle. However, t he  a b i l i t y  t o  provide 
va r i ab le  i g n i t i o n  at i d l e ,  taxi, and the  approach modes w i l l  decrease the  
acce lera t ion  problem assoc ia ted  with lean ing  these  modes. 
emission reduct ions of 11 percent  f o r  HC, 8 percent  f o r  60, and an in-  
crease of 1 7  percent  f o r  NO, based on IO-520-D d a t a  r e su l t ed  i n  absolu te  
CO, HC, and NO, emission levels of 116, 86, and 35 percent  of  EPA stand- 
ards ,  respect ively.  These levels were predicated on va r i ab le  t iming 
i g n i t i o n  improving t r a n s i e n t  operat ion a t  i d l e ,  t a x i ,  and approach modes. 
The quant i ty  of improvement w a s  defined as t h a t  required t o  alleviate ac- 
ce l e ra t ion  problems at  t h e  r i c h e s t  fue l -a i r  r a t i o  a t  which t r a n s i e n t  
problems w e r e  encountered during lean-out t e s t i n g  on an un ins t a l l ed  
engine. 
s a f e t y  limits but  l e a n e r  than b e s t  power fue l - a i r  r a t i o s  (case 1) f o r  the 
previous modes. Best power fue l -a i r  r a t i o s  w e r e  used f o r  climb and take- 
o f f  modes. 
because a t  the  fue l -a i r  r a t i o s  chosen only t r a n s i e n t  h e s i t a t i o n  w a s  noted 
r a t h e r  than complete response f a i lu re .  
e a s i l y  provide at  least the  minimum improvement required f o r  s a t i s f a c t o r y  

Projected 

This  method r e su l t ed  i n  fue l -a i r  r a t i o s  r i c h e r  than e x i s t i n g  

The r e s u l t i n g  exhaust emissions are considered conservat ive 

Variable timing i g n i t i o n  should 
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t r a n s i e n t  operat ion a t  t h e  previous conditions.  

Multiple Spark Discharge Ign i t ion  System 

Multiple spark discharge i g n i t i o n  systems provide a leaner m i s f i r e  
l i m i t  than do t h e  conventional i g n i t i o n  systems. No emission reduct-ion 
capab i l i t y  w a s  demonstrated i n  the  l i t e r a t u r e  over a s i z a b l e  range of 
fue l - a i r  r a t i o s  except f o r  hydrocarbons which d i f f e r e d  beyond the  poin t  
of i n c i p i e n t  misf i re .  For the purpose of ranking a mul t ip le  spark d i s -  
charge i g n i t i o n ,  based on emission reduction p o t e n t i a l ,  t h i s  theory w a s  
adhered t o ,  t h a t  is ,  emissions would not be a f f ec t ed  f o r  a given fuel-  
a i r  r a t i o  above t h e  l e a n  l i m i t  of a conventional system. The IO-520-D 
engine case 1 emission levels were assumed t o  be t h e  s tandard ( t a b l e  11-1). 

Hydro gen En r i chmen t S y s t e m  

No r a w  d a t a  w e r e  ava i l ab le  f o r  determining the  exhaust emission re- 
duction p o t e n t i a l  f o r  an a i r c r a f t  p i s ton  engine using the  hydrogen en- 
richment method. The Jet Propulsion Laboratory predicted emission char- 
a c t e r i s t i c s  on an opposed a i r c r a f t  engine using hydrogen enrichment. 
p red ic t ions  were based on the  assumption t h a t  the  co r re l a t ions  of ind i -  
cated s p e c i f i c  emission production with equivalence r a t i o  are va l id .  
data base used i n  generat ing these  representa t ions  a t  r i c h e r  equivalence 
r a t i o s  (A.1) w a s  f o r  a TCM IO-520-D engine. Data f o r  u l t ra - lean  opera- 
t i on  w e r e  obtained by JPL f o r  a 350 C I D  V-8 engine opera t ing  w i t h  both 
s t r a i g h t  gasol ine and mixtures of gasol ine and hydrogen-rich gases from a 
hydrogen generator.  
j oine d 

The 

The 

Reasonable coalescence occurred where the  d a t a  sets 

Id l e ,  t a x i ,  and approach modal indicated s p e c i f i c  emission rates 
(lbm po l lu t an t / i nd ica t ed  horsepower hr )  w e r e  defined a t  0.6 equivalence 
r a t i o .  The corresponding values of  ind ica ted  horsepower were ca l cu la t ed  
from known brake horsepower and f r i c t i o n  horsepower c h a r a c t e r i s t i c s  f o r  
the  IO-520-D engine. Hydrogen enrichment w a s  assumed nonoperational 
during takeoff and climb s o  t h a t  engine power could be maintained. Emis- 
s ion  levels f o r  takeoff  and climb were taken d i r e c t l y  from IO-520-D d a t a  
f o r  case 1. Applying hydrogen enrichment t o  t h e  IO-520-D r e s u l t e d  i n  CO, 
HC, and NOx levels of 68, 43, and 30 percent of  the  EPA standards,  respec- 
t i v e l y  ( t a b l e  11-1). 

Air In j ec t ion  

The exhaust emission reduction p o t e n t i a l  of secondary a i r  i n j e c t i o n  
w a s  evaluated using d a t a  from a TCM 0-200 engine. The r e s u l t s  of that 
ana lys i s  w e r e  converted i n t o  terms t h a t  express the  change i n  each po l lu t -  
an t  pe r  quant i ty  of  air i n j e c t e d  as a funct ion of equivalence r a t i o .  / 

These e f f e c t s  were appl ied t o  an IO-520-D engine, case 1 emission data 
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with t h e  appropriate  time-weighted equivalence r a t i o ,  assuming an a i r  
i n j e c t i o n  flow rate equal  t o  20 percent of the  engine i n l e t  a i r  flow 
rate. Twenty percent  w a s  s e l ec t ed  on the  b a s i s  of minimum a i r  i n j e c t i o n  
flow rate necessary t o  m e e t  EPA emission s tandards f o r  a l l  t h ree  po l lu t -  
ants a t  reasonable pump s i z e  and power requirements. 

Expected reduct ions of  33 percent f o r  HC, 23 percent  f o r  CO, and an 
increase  of 13 percent  f o r  NO, w e r e  projected r e s u l t i n g  i n  absolu te  
levels f o r  HC, CO, and NO, of 6 5 ,  9 7 ,  and 34 percent of the  EPA stand- 
ards ,  respect ively.  

CRITERIA DEVELOPMENT AND METHOD OF EVALUATION 

The s e l e c t i o n  of cos t  and design emission reduct ion criteria w a s  
made a f t e r  ex tens ive  documentation review and i n t e r n a l  discussion.  Fur- 
thermore, t he  cri teria (defined as "decision factors")  are t r aceab le  t o  
the  NASA. Request f o r  Proposal (LeRC RFP No. 3-4997864).  A l ist  of solu-  
t i on  a t t r i b u t e s  ( ind ica t ing  a f u r t h e r  breakdown of po l i cy ,  monetary, and 
technical i s sues  pe r t inen t  t o  the c r i t e r i a )  w a s  generated and used f o r  
eva lua t ing  t h e  merit and usefulness  of emission reduct ion concepts. A 
so lu t ion  a t t r i b u t e  is defined as a subset  of knowledge, considerat ions,  
and thoughts (sometimes in t ang ib le  o r  i l l -def ined)  t h a t  i d e n t i f i e s  par- 
t i c u l a r i z e s ,  o r  supplements t h e  meaning of the criteria. Solut ion attr i-  
butes  ac tua l ly  d r ive  the  d e f i n i t i o n  of criteria elements. Sample list- 
ings of the  a t t r i b u t e s  f o r  cos t  and s a f e t y  are shown i n  f igures  11-4 
and 11-5. 

Four eva lua tors  w e r e  asked t o  make c r i t i c a l  value judgments concern- 
i n g  t h e  relative importance of the  criteria as they would be used t o  
ass ign  m e r i t  t o  the  emission reduction a l t e r n a t i v e  concepts. A combined 
t o t a l  of 42 years  of i n d u s t r i a l  experience i n  combustion a n a l y s i s ,  equip- 
ment design, rec iproca t ing  and turbine engine development, and systems 
engineering i s  noted f o r  t h e  evaluat ion t e a m .  

Each eva lua tor  reviewed t h e  c r i t e r i a  and t h e  assoc ia ted  a t t r i b u t e s .  
He was  then asked t o  choose between criteria elements as t o  their rela- 
tive importance. For example, given any pairwise combination of c r i t e r i a  
elements, which one i s  prefer red?  A r e  t h e  c o s t  cri teria more important 
than the  emissions cri teria? Figure 11-6 shows the  process used by each 
evaluator.  The c r i t e r i a  choices w e r e  denoted by rows and columns, C r i -  
teria comparison choices w e r e  numerically recorded i n  each cel l  f o r  t he  
a t tending  row and column. By d i s t r i b u t i n g  a value (whose i n t e r v a l  l ies 
between [O,l] among criteria ith, criteria jth, and t h e  assoc ia ted  un- 

i ts  importance t o  him. Thus, t h e  following equation below illustrates a 
formal statement of t he  value assignment procedure between any p a i r  of 
proper t ies  and the  assoc ia ted  uncertainty:  

c e r t a i n t y  i j  h , the  eva lua tor  l o g i c a l l y  o rde r s  the  criteria t o  emphasize 
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Rela t ive  r l a t i v e  - ~ s o c i a t e d  uncer ta in ty  ] 
importance = 1 - importance 
of property j of property of property i j  

Property ith value assignment is recorded i n  the  upper l e f t  por t ion  of 
the matrix cell,  property jth value assignment i s  ca lcu la ted  as the  com- 
pliment of t h e  matrix cell,  and the  assoc ia ted  uncer ta in ty  between t h e  
proper t ies  i s  recorded i n  the  lower r i g h t  por t ion  of t he  cel l  as shown i n  
f igu re  11-6. Hence, by s u b s t i t u t i n g  a r b i t r a r y  values  f o r  cos t ,  rella- 
b i l i t y ,  and the  assoc ia ted  uncer ta in ty ,  i t  follows t h a t  

R e l i a b i l i t y  ( j )  = 1 - Cost ( i )  - Uncertainty ( i j )  
= 1 - 0.6 - 0.1 
= 1 - 0.7 
= 0.3 

were the  s p e c i f i c  values assigned according t o  f igu re  11-6. 
105 pairwise choices w a s  made. A simple l o g i c  check, based on the  theory 
of t r a n s i t i v i t y ,  was made on the  eva lua tor ' s  choices t o  ensure cons is ten t  
pairwise value judgments. 
assigned and consistency e s t ab l i shed ,  a second computer program w a s  used 
t o  rank h i s  multidimensional complex c r i t e r i a  set. The cri teria ranking 
emphasis c o e f f i c i e n t  is  based on the  theory of combinations a s  used t o  
normalize t h e  r e l a t i v e  importance and uncer ta in ty  scores .  An emphasis 
coe f f i c i en t  is  assoc ia ted  with each criteria element and i t  is  defined as 
the  sum of t h e  importance scores  f o r  t h a t  element normalized by the  t o t a l  
number of pairwise comparisons made. 

A t o t a l  of 

Once the  eva lua tor ' s  value judgments w e r e  

A similar ana lys i s  w a s  conducted f o r  eva lua t ing  each concept rela- 
t i v e  t o  each cri teria element. 
each evaluator .  That is, given the  choice among a l t e r n a t i v e  concepts, 
when t raded of f  aga ins t  t he  criteria, which ones are prefer red?  Is the  
improved cool ing combustion chamber concept p re fe r r ed  over t he  a i r  in jec-  
t i on  concept when considering emission b e n e f i t s ,  advantages , and disad- 
vantages? These are the  fundamental quest ions answered by each evaluator .  
The choice among pairwise so lu t ion  a l t e r n a t i v e s  w e r e  depicted numerically,  
By d i s t r i b u t i n g  a value among a l t e r n a t i v e  ith, a l t e r n a t i v e  j th,  and t h e  
assoc ia ted  uncer ta in ty  i j th,  the  eva lua tor  l o g i c a l l y  ordered the  concepts 
to  emphasize t h e  importance t o  him. A t o t a l  of 1365 pairwise choices 
(91  dec is ions  f o r  each of t he  15  criteria elements) w e r e  made by each 
evaluator .  
order ing of t he  eva lua tor ' s  preferences.  
lates t h e  eva lua tor ' s  merit scores  (associated with h i s  comparison of 
concepts and cri teria elements) w a s  enabled a f t e r  consistency w a s  estab- 
l i shed .  
t h a t  of t he  cri teria,  as explained previously.  
mr i t  c o e f f i c i e n t  f o r  each concept is simply a summation of t h e  product 
of cri teria emphasis c o e f f i c i e n t s  and the  concept merit scores .  
m e r i t  c o e f f i c i e n t  y i e l d s  the  r e s u l t a n t  ranking. 
comparison trade-off eva lua t ion  f o r  one of t h e  evaluators  i s  shown i n  f ig -  
ure  11-8. 

Figure 11-7 shows the  process used by 

Again, a consistency check w a s  made t o  ensure a l o g i c a l  
A second program t h a t  calcu- 

The procedure f o r  ranking the  a l t e r n a t i v e  concepts is  similar t o  
The ca lcu la t ion  of  the 

The 
An example of a concept 
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CONCEPT RANKING AND SELECTION OF THREE CONCEPTS 

Afrer each eva lua tor  e s t ab l i shed  h i s  ind iv idua l  criteria set and 
design concept preference ranking (and assoc ia ted  m e r i t  scores) ,  he  w a s  
d i r ec t ed  t o  m e e t  wi th  h i s  colleagues and select an optimized criteria 
and concept d a t a  set t h a t  r e f l e c t s  t he  consensus of t h e  group. This w a s  
accomplished by arguing i n  favor of a general ized o r  e x p l i c i t  i n t e rp re t a -  
t i o n  of t h e  a t t r i b u t e s / c r i t e r i a  elements, amalgamating ideas  , compromis- 
i n g  ind iv idua l  d i f fe rences ,  and forming an opinion t h a t  w a s  t o l e r a t e d  by 
the  evaluat ion group. 
and then the group assembled an optimized concept d a t a  set. 
flow process is  schematical ly  shown i n  f igu re  11-9. 

The optimized cri teria d a t a  set w a s  s e l ec t ed  f i r s t  
The d a t a  

The optimized emission reduction criteria ranking i s  shown i n  f ig -  
ure  11-10. Inspect ion of f igu re  11-10 shows t h a t  emissions,  performance, 
and f u e l  economy rank wi th in  the  top 40 percen t i l e  of 15 cr i ter ia  ele- 
ments. Emissions is ranked f i r s t ;  performance, t h i r d ;  and f u e l  economy, 
s ix th .  The previous criteria elements are considered congruent wi th  
respec t  t o  t h e  decis ion c r i t e r i o n  since they are e x p l i c i t l y  s t a t e d  i n  
the  primary and secondary objec t ives  as t h e  needs t o  be s a t i s f i e d .  
Safety (ranked second) , coal ing ( fou r th ) ,  and weight and s i z e  ( f i f t h )  
are important cr i ter ia  design considerat ions t h a t  are a l s o  included i n  
the  upper 40 percen t i l e .  
ered t h e  dominant requirements t h a t  have t h e  g r e a t e s t  in f luence  on t h e  
s e l e c t i o n  of so lu t ion  a l t e r n a t i v e s .  

The f i r s t  seven criteria elements are consid- 

Table 11-1 depic ts  a f i n a l  l i s t i n g  of the  order ing  f o r  t he  fourteen 
concepts evaluated on the b a s i s  of emission usefulness .  Table 11-2 pre- 
s e n t s  a co r re l a t ion  matr ix  t h a t  depic t s  t h e  r e s u l t s  of t he  concept versus 
c r i t e r i a  t radeoff  rank and m e r i t  scores  as the  r e s u l t  o f  t he  eva lua tors  
combined value judgments. The concepts are l i s t e d  i n  order  of t h e i r  
f i n a l  ranking f o r  t h e  optimized preference ana lys i s .  The numbers shown 
at  each i n t e r s e c t i o n  poin t  represent  t he  order  of concept ranking based 
on the  merit scores  when compared with the  criteria element. 
cooling combustion chamber design concept is ranked f i r s t  because i t  
scored w e l l  among the  dominant cri teria elements - t h a t  is ,  f i r s t  f o r  
s a fe ty ,  cooling, and weight and s i z e ,  and moderately w e l l  among t h e  re- 
maining four  dominant criteria. 
ranked n in th  with the  emissions criteria, but  the  inf luence of t h e  re- 
maining dominant cri teria elements forced t h i s  design concept t o  be the  
top ranked candidate. 

The improved 

The improved cooling combustion chamber 

The improved f u e l  i n j e c t i o n  systems and a i r  i n j e c t i o n  design con- 
cepts  are ranked second and t h i r d ,  respec t ive ly .  Inspection of dominant 
cri teria (see t a b l e  11-2) shows a r e l a t i v e  high rank scoring f o r  t hese  
two candidates when compared against  t he  remainder of design concepts. 
It becomes apparent t h a t  t h e  f u r t h e r  one proceeds down the  l i s t  of  design 
concepts t he  corresponding numerical ranking values increase  i n  magnitude 
f o r  t he  criteria elements, thus ind ica t ing  lower u t i l i t y .  
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Based on the results  of the concept-criteria trade-off analysis,  the 
following three concepts have been approved by NASAILewis Research Center 
for further development: 

Improved fuel  injection system 

Improved cooling combustion chamber 

Air injection 
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DISCUSSION 

Q - w. Houtman: What would your se l ec t ion  have been i f  t h e  hydrocarbon 

A - B. Rezy: Tf CO was  t h e  only po l lu t an t  being considered, t h e  emis- 
and NO, requirements were removed? 

s ions  ranking would change s ign i f i can t ly .  
t h e  lowest CO emissions; however, t h e  inf luence  of t he  remaining cri- 
teria has been shown t o  have a g r e a t  e f f e c t  on t h e  o v e r a l l  ranking. 
A s  s t a t e d  earlier, the  hydrogen enrichment concept b e s t  s a t i s f i e d  the  
emission criteria; however, i t  ranked e igh th  i n  t h e  o v e r a l l  prefer-  
ence ana lys i s .  
o v e r a l l  preference a n a l y s i s  would change i f  only CO w a s  considered. 
W e  w i l l ,  however, r epor t  these  f ind ings1  as p a r t  of t h e  proceedings 
from t h i s  symposium. 

The d i e s e l  concept has  

Therefore, T cannot make a statement as t o  how the 

Q - G. Kittredge: Could you t e l l  m e  whether t h e  PROCO and TCCS strati- 
f i e d  charge engines t h a t  you showed w e r e  ve r s ions  t h a t  employed 
c a t a l y s t s  and exhaust gas  recPrculat ion? 

A - B. Rezy: They d id  not.  

Q - H. Gold: When you say improved f u e l  i n j e c t i o n  system, what kind of 

A - B. Rezy: 
improvements do you have i n  mind? 

An improved f u e l  i n j e c t i o n  system w i l l  cons i s t  of a timed, 
a i r f low s e n s i t i v e  system capable  of supplying f u e l  a t  moderate pres- 
su re  t o  t h e  i n j e c t o r s .  
required t o  ensure a f u e l  m i s t  wi th  adequate cy l inder  d i s t r i b u t i o n  
as opposed t o  t h e  present  continuous flow, low pressure  system. An 
a i r f low (or speed-density) s e n s i t i v e  system is required t o  maintain 
the  des i red  fue l - a i r  r a t i o ,  which w i l l  con t ro l  t h e  emission levels, 
and, togehter  with proper cy l inder  d i s t r i b u t i o n ,  w i l l  provide b e t t e r  
engine t r a n s i e n t  response. 
mechanical cont ro l led  system and an e l e c t r o n i c a l l y  cont ro l led  system. 

A timed, moderate f u e l  pressure system is  

W e  are cu r ren t ly  evaluat ing a servo- 

Connnent on f ind ings  by B. Rezy following t h e  Symposium: Table 
11-3 presents  t h e  emission ranking f o r  each concept based on t h e  EPA 
standards f o r  CO only. 
d i f f e rences  i n  t h e  two rankings. 
on changing'only t h e  emission cri teria is shown i n  t a b l e  11-4. 
the s t rong  e f f e c t  of t h e  remaining criteria t h e  four  top tanking concepts 
d id  not  s i g n i f i c a n t l y  change. 
fou r th  pos i t i on  s ince  t h e  emission ranking f o r  t h i s  concept changed con- 
s iderably  when only CO w a s  considered. However, t h e  t h r e e  concepts 
s e l ec t ed  f o r  f u r t h e r  evaluat ion would not  change i f  only CO w a s  consid- 
ered as t h e  emission criteria. 

1 

Referr ing t o  t a b l e  11-1 reveals t h e  s i g n i f i c a n t  
The o v e r a l l  preference ana lys i s  based 

Due t o  

A i r  i n j e c t i o n  d id  decrease from t h i r d  t o  
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TABLE 11-3 

E M I S S I O N S  RANKING BASED ON E P A  STANDARDS FOR CQ ONLY 

CONCEPT 

&STROKE D I E S E L ,  OPEN CHAMBE3 

FORD PROCO 

TEXACO CCS 

2-STROKE D I E S E L ,  MC CrXLOCH 

HONDA CVCC 

HYDROGEN ENRICHMENT, JPL 

IMPROVED FUEL I N J E C T I O N  SYSTEMS 

A I R  IN.JECTION 

IMPROVED COOLING COMBUSTION CHAM3ER 

VARIABLE I G N I T I O N  TIM’ING 

TIIERMAL FUEL VAPORIZATION, E T H n  

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

MULTIPLE SPARK DISCHARGE SYSTJDf 

VARIABLE CAMSHAFT T I X I N G  

RANK 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 
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TABLE 11-4 

COXCEPT PREFERENCE ANALYSIS 
SASED ON E P A  STNIDAIRDS FOR CO ONLY 

CONCEPT 

DIJ?ROVED COOLING COMBUSTION CHAMBER 

IMPROVED FUEL I N J E C T I O X  SYSTEMS 

MULTIPLE SPARK DISCHARGE SYSTEM 

A I R  I N J E C T I O N  

VARIABLE I G N I T I O N  TIMING 

ULTRASONIC FUEL ATOMIZATION, AUTQTRONIC 

THERMAL FUEL VAPORIZATION, ETHYL 

HYDROGEN ENRICHMENT, JPL 

2-STROKE D I E S E L ,  MC CJLLOCH 

TEXACO CCS 

FORD PROCO 

HOI?iJA CVCC 

VARIABLE CAMSHAFT TIMING 

4- STROKE D I E S E L  OPEN CItClMBER 

JuxK 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 
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12.  AVCO LYCOMING/NASA CONTRACT STATUS 

Larry C. Duke 

Avco Lycoming 
Williamsport, Pennsylvania 

Avcc Lycoming and Teledyne Continental  are cooperating w i t h  the  
NASA L e w i s  Research Center i n  a study of ways t o  reduce emissions 
from a i r c r a f t  p i s t o n  engines. This  study i s  based on t h e  standards 
promulgated by t h e  Environmental P ro tec t ion  Agency (EPA) f o r  carbon 
monoxide (CO) , unburned hydrocarbon (HC) , and oxides-of-nitrogen (NO,) 
emissions. 
motive industry and a l s o  on p r a c t i c a l  experience. For example, 1973 
and 1974 c a r s  experience a c c e l e r a t i o n  problems, p a r t i c u l a r l y  i n  ac- 
c e l e r a t i n g  from s t o p l i g h t s .  Simple leaning procedures and spark ad- 
vance changes were ru l ed  out as s u i t a b l e  emission reduct ion methods. 
Our pas t  experience showed t h a t  these methods can cause h e s i t a t i o n  
problems. And when t r i e d  by t h e  automotive indus t ry ,  leaning pro- 
cedures degraded f u e l  economy t o  a c e r t a i n  extent. These f a c t o r s ,  
plus  concern f o r  diminishing f u e l  reserves, emphasize t h e  importance 
of t h e  ob jec t ives  set f o r t h  i n  t h e  NASA Request f o r  Proposal (RFP). 

W e  drew on many concepts t h a t  have been used i n  t h e  auto- 

The con t r ac t  c a l l e d  f o r  design and t e s t i n g  of a i r c r a f t  p i s t o n  en- 
gines t o  determine t h e  e f f e c t s  of hardware changes on exhaust e m i s -  
s i ons ,  f u e l  consumption, s a f e t y ,  weight, performance, ma in ta inab i l i t y ,  
and so f o r t h .  S p e c i f i c a l l y ,  t h e  inves t iga t ion  w a s  designed t o  docu- 
ment po l lu t an t  y i e l d s ,  namely unburned hydrocarbons, CO, and NO,, 
from a i r c r a f t  p i s t o n  test engines. These engines would be modified 
t o  include a major redesign of t h e  engine as w e l l  as two r e l a t i v e l y  
minor changes. The RFP w a s  a l i t t l e  broader than t h a t ;  i t  allowed 
more than two minor changes t o  be made t o  t h e  engines. W e  have com- 
bined two minor concepts i n t o  one t o  make a v i a b l e  system i n  i t s e l f .  
Also, w e  wanted t o  document t h e  e f f e c t s  of t h e s e  changes on f u e l  con- 
sumption and t o  look a t  s a f e t y ,  c o s t ,  weight, and t h e  o t h e r  s i g n i f i c a n t  
f a c t o r s .  F ina l ly ,  we  wanted t o  e s t a b l i s h  some ope ra t iona l  l i m i t s  i n  
which these  concepts may be used s a f e l y  and i n  good engineering prac- 
t i c e .  

An in-house study reduced our  o r i g i n a l  10 concepts t o  t h r e e  t h a t  
we considered worthy of f u r t h e r  t e s t i n g  and inves t iga t ion .  The f i r s t  
concept, a major one, w a s  v a r i a b l e  valve timing. High-power, high- 
speed engines such as TIGO-541, which i s  r a t e d  a t  450 horsepower and 
3200 rpm, have high valve overlap.  Bringing t h a t  engine back t o  i d l e  

255 
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o r  off-speed condi t ions from t h a t  ra ted  power s e t t i n g  causes too much 
valve overlap and shor t  c i r c u i t i n g  of t h e  in take  charge. The r a w  f u e l  
coming i n t o  t h e  engine thus goes d i r e c t l y  i n t o  t h e  exhaust. As men- 
t ioned i n  an earlier paper, t h e  higher power turbocharged engines were 
over t h e  EPA hydrocarbon l imf t s .  A breakdown of t he  emissions con- 
t r i bu ted  by each mode shows t h a t  most of t h e  hydrocarbons come from 
the  t a x i  mode, which is  e s s e n t i a l l y  a low-power mode where t h e  e f f e c t  
of high valve overlap i s  very pronounced. A var i ab le  valve timing sys- 
t e m  allows t h e  timing t o  be optimized a t  each power condition. A t  
i d l e / t a x i  condi t ions t h e  timing can be optimized f o r  emissions cont ro l .  
A t  c r u i s e  condi t ions,  which are a l s o  considered i n  component develop- 
ment, t h e  timing can be optimized t o  produce fuel- lean condi t ions with- 
out t h e  need t o  compromise as much f o r  t he  power condi t ion.  

Two minor concepts w e r e  a l s o  considered. One w a s  u l t r a son ic  f u e l  
atomization. This concept i s  d i r ec t ed  uniquely t o  carbureted engines. 
Some carbureted engines have cylinder-to-cylinder d i s t r i b u t i o n  prob-' 
l e m s  a t  p a r t  t h r o t t l e .  The cylinder-to-cylinder d i s t r i b u t i o n  of a i r  
ac tua l ly  makes t h e  engine run i n  condi t ions t h a t  are not i d e a l  f o r  i t .  
One cy l inder  may be running lean ,  and another one r i c h .  Therefore, i n  
c r u i s e  condi t ions,  when the  p i l o t  is "leaning out'' t o  ob ta in  f u e l  
economy, he w i l l  e s s e n t i a l l y  be l imi ted  by the  leanes t  cy l inder  i n  the  
engine, t h a t  is, t h e  one t h a t  starts t o  g e t  rough f i r s t .  That cyl inder  
w i l l  l i m i t  how much he  can l e a n  out and thus l i m i t  f u e l  economy. I n  
t h e  u l t r a son ic  atomization concept, b e t t e r  breakup of t h e  f u e l  should 
d i s t r i b u t e  f u e l  d rop le t s  more evenly, o r  minimize the  quant i ty  of l a r g e  
f u e l  drople t s ,  and a c t u a l l y  d i r e c t  them o r  allow them t o  flow with the  
airstream t o  each cy l inder .  

The second minor change w e  considere'd w a s  t o  t h e  i g n i t i o n  system, 
where several changes were combined i n t o  one concept. 
multiple-spark discharge system, bas i ca l ly  a modified magneto, w a s  
combined with spark plug t i p  pene t ra t ion  tests. A t  low power, igni-  
t i o n  of t h e  in t ake  charge i s  not always as good as desired.  
i g n i t i o n  w i l l  not only lower both CO and hydrocarbon emissions but 
a l s o  improve f u e l  economy. 

A high energy, 

Better 

VARIABLE VALVE T I M I N G  SYSTEM 

Each concept has gone through i t s  i n i t i a l  design s tage .  Figure 
12-1 shows a product of t h e  i n i t i a l  design s t age  of t h e  va r i ab le  valve 
timing system. This is  the  camshaft of t h e  engine, which is e s s e n t i a l l y  
t h e  hea r t  of t h e  va lve  timing system. Bas ica l ly ,  t he  camshaft i s  made 
of two concentr ic  sha f t s .  There are two d i sks  with several holes  i n  
them a t  the  r i g h t  end of t he  sha f t .  One d i s k  is  connected t o  the  inner  
s h a f t  and one i s  connected t o  t h e  outer  s h a f t  through a sequence of 
holes.  The pos i t i ons  of these  two s h a f t s  czn ac tua l ly  be changed with 
respect  t o  one another.  One s h a f t  has pinned t o  it a l l  t he  in t ake  
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lobes of t h e  camshaft. 
haust lobes of t h e  camshaft. 
sha f t s :  one con t ro l l i ng  exhaust lobes,  one con t ro l l i ng  in t ake  lobes.  
The intake-to-exhaust-valve overlap can be var ied  by tufn ing  t h e  
s h a f t s  relative t o  one another.  I n  a s tandard engine, camshafts pro- 
duce valve overlaps of about 35 t o  50 s h a f t  degrees.  The va r i ab le  de- 
s ign  allows t h e  overlap t o  be va r i ed  from e s s e n t i a l l y  no overlap,  t o  a 
degree o r  so of overlap,  t o  about half  again as much as t h e  standard 
overlap.  This i s  a f a i r  range (approx 70 crankshaft  degrees),and by 
a simple c u t t i n g  o r  remachining process t h a t  range can be extended a 
l i t t l e  f u r t h e r .  

The ou te r  s h a f t  has pinned t o  i t  a l l  t h e  ex- 
So e s s e n t i a l l y  w e  have two concentr ic  

A t  the  l e f t  end of t h e  camshaft ( f ig .  12-1) i s  another set of 

The 
disks .  These d i sks  are a l s o  connected t o  two concentr ic  sha f t s :  one 
d i r e c t l y  t o  the  d r i v e  gear ,  the  o ther  t o  t h e  camshaft proper. 
gear i n  t h e  accessory housing of t h e  engine is the  a c t u a l  dr iv ing  gear 
f o r  t h e  camshaft. Changing the  pos i t i on  of one of these d i sks  changes 
the  timing of t he  opening of t h e  in take  valve.  Both the  in take  and ex- 
haust valve openings can be s h i f t e d  r e l a t i v e  t o  t h e  engine timing. The 
f i r s t  set of d i sks  regula tes  t h e  occurrence of the  valve ac t ion ;  t h e  
second set r egu la t e s  t he  r e l a t i v e  ac t ion  of one valve t o  t h e  o the r .  

This va r i ab le  valve timing system is  now being incorporated i n t o  
an engine. This engine w i l l  i n i t i a l l y  be t e s t e d  on a dynamometer. 
Since i t  i s  a new type of engine, some work must be done on i t  p r i o r  t o  
emissions and performance t e s t i n g .  Essen t i a l ly ,  w e  have t o  run through 
a to r s iona l  survey t o  ensure t h e  i n t e g r i t y  of t h e  dynamic r o t a t i n g  sys- 
t e m .  

Variable valve timing i s  a major redesign of t h e  engine, and as is 
evident from t h e  type of f ab r i ca t ion ,  i t  is  not  an automatical ly  con- 
t r o l l e d  system. Because df t he  s l i p  disks ( the  ones with t h e  p ins  i n  
them), t he  engine must be physical ly  stopped, changed t o  t h e  next con- 
d i t i o n ,  and then s t a r t e d  again t o  ge t  s eve ra l  da t a  poin ts .  The var i -  
ab l e  overlap d i s k  a c t u a l l y  protrudes from t h e  f r o n t  of t h e  engine, 
while t h e  va r i ab le  timing d i sk  is  i n  the  accessory housing a t  the  rear 
of t h e  engine. Further  development programs i n  t h i s  NASA-funded e f f o r t  
w i l l  examine ways of automating t h i s  system once t h e  optimum condi t ions 
and timing are defined. 

I 
ULTRASONIC F'IJEL ATOMIZATION 

The second concept t h a t  w e  are studying i s  u l t r a son ic  f u e l  atomiza- 
t ion.  The atomizer has been adapted t o  a ve r t i ca l -d ra f t  engine. It 

system is contained wi th in  t h e  o i l  sump. 
on an  Autotronics Control Corporation engine. 
the  carburetor  and the  sump i n  t h i s  development s t age  and is  cont ro l led  

I b o l t s  t o  t h e  o i l  sump and in take  arrangement. The in t ake  d i s t r i b u t i o n  
Figure 12-2 shows t h i s  adaption 

The atomizer f i t s  between 
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by a separa te  d r ive  power u n i t  t h a t  is mounted elsewhere on t h e  test 
stand. 
u r e  12-2 as t h e  c i r c u l a r  tube protruding toward t h e  g l a s s  window. A 
power d r i v e  u n i t  mounted on t h e  s i d e  opposi te  t h e  window v i b r a t e s  t h e  
tube at u l t r a son ic  f requencies ,  
d i r ec t ed  onto t h e  tube by two venturi-type wedges t h a t  are mounted 
i n s i d e  t h e  u l t r a s o n i c  atomizer. 
t h i s  tube,  be atomized by the  u l t r a son ic  a c t i o n  of t h e  tube, and then 
continue i n t o  t h e  sump i n  a normal manner and ou t  t o  each in t ake  pipe.  
I n  f u r t h e r  development work, i f  t he  concept seems beneficial.,  t h i s  
engine-atomizer combination w i l l  be  appl ied t o  a cur ren t  a i r c r a f t  de- 
s ign.  That is, t h e  sump w i l l  be  modified so t h a t  t he  u l t r a son ic  atom- 
i z e r  can f i t  i n t o  it. Then t h e  carburetor  can be returned t o  i t s  
standard loca t ion  so t h a t  t h e  o v e r a l l  physical  s i z e  of t h e  engine w i l l  
remain the  same. 

The atomizer is  about 4 inches long and is v i s i b l e  i n  f ig -  

Fuel coming from the  carburetor  is 

Any l a r g e  f u e l  d rop le t s  should h i t  

Of course,  t h i s  is s t i l l  f a r  i n  the  fu tu re .  So f a r ,  we have 
t e s t e d  t h i s  engine-atomizer combination on a dynamometer. 
t he re  has  been no de ta i l ed  ana lys i s  y e t ,  t h e  v e n t u r i  wedges seem t o  be 
l imi t ing  t h e  f u l l - t h r o t t l e  manifold pressure,  causing a penal ty  i n  
power output on the  order  of 3 percent.  W e  expected a penal ty  but 
wanted t o  make su re  of i t s  magnitude. A s  examination of brake s p e c i f i c  
f u e l  consumption on t h e  dynamometer test  showed t h a t  t h e  f u e l  consump- 
t i o n  c h a r a c t e r i s t i c s  have remained unchanged. However, t he re  w e r e  some 
ind ica t ions  of improved cylinder-to-cylinder d i s t r i b u t i o n .  No f i n a l  
conclusions on t h i s  w i l l  be made u n t i l  a f t e r  emissions t e s t i n g  has been 
performed. 
up i n  emissions t e s t i n g  but  may not be r e f l e c t e d  e i t h e r  i n  f u e l  consump- 
t i o n  o r  power measurements. Thus, t h e  u l t r a son ic  f u e l  atomization con- 
cept  i s  halfway through i t s  development s tage .  

Although 

Fine tuning cylinder-to-cylinder d i s t r i b u t i o n  should show 

I G N I T I O N  SYSTEM CHANGES 

The f i n a l  concept is i g n i t i o n  system changes. 
a s tandard spark plug used i n  a i r c r a f t  p i s ton  engines. 
philosophy t h a t  w a s  used is apparent.  
s m a l l  cove adjacent  t o  t h e  combustion chamber but  protected from t h e  
combustion chamber i t s e l f .  
detonat ion and high-power running tests, where it w a s  found t h a t  pro- 
j e c t i n g  the  spark plug t i p  too f a r  i n t o  the  chamber could cause detona- 
t ion .  The spark plug loca t ion  i s  a l s o  d i c t a t ed  by t h e  physical  space 
ava i l ab le  t o  i n s t a l l  it. However, i t  may be t h a t ,  by pro jec t ing  the  
nose core forward i n t o  t h e  chamber, detonat ion can be used t o  provide 
both lower emissions and g rea t e r  f u e l  economy. Cer ta in ly ,  a t  low- 
power condi t ions where t h e  combustion chamber pressures  are not high 
and t h e r e  i s  appreciable  exhaust gas d i l u t i o n ,  a spark plug t h a t  does 
not protrude s u f f i c i e n t l y  i n t o  t h e  combustion chamber cannot provide 
an e f f e c t i v e  spark t o  t h e  gases i n  the  chamber. 

Figure 12-3 shows 
The design 

The spark plug i s  ac tua l ly  i n  a 

This  design c r i t e r i o n  w a s  developed i n  
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Figure 12-4 shows t h e  nose core extended so t h a t  i t  begins t o  pro- 
ject i n t o  the  combustion chamber proper. Figure 12-5 shows t h e  nose 
core extending f u r t h e r  i n t o  t h e  combustion chamber. This is a proto- 
type system on which s u b s t a n t i a l  work w i l l  be  required.  
problems have been i d e n t i f i e d  i n  t h e  p a s t ,  and w e  are reexamining them 
t o  see where detonat ion and emissions reduct ion can be traded o f f .  
The i g n i t i o n  system i s  t o  t h e  po in t  where t h e  engine i s  b u i l t  and ready 
t o  run as soon as a test: stand is  ava i l ab le .  

Detonation 

CONCLUDING REMARKS 

When w i l l  t he se  innovations be a v a i l a b l e  commercially? They are 
They are f a i r l y  r a d i c a l  systems, d i f f e r e n t  a l l  "down t h e  road" i t e m s .  

from standard p r a c t i c e ,  and r e q u i r e  much in-service t e s t i n g  t o  f u l l y  
assess them. Figure 12-6 is  a schedule showing roughly when each of 
t hese  systems might come i n t o  use. 
two p a r t s :  t h e  major concept, v a r i a b l e  valve timing; and t h e  two minor 
concepts together ,  u l t r a s o n i c  f u e l  atomization and i g n i t i o n  system 
changes. The NASA con t r ac t  is  s t ruc tu red  as a 3-year program. The 
program s t a r t e d  i n  October 1975 and w i l l  continue t o  August o r  Septem- 
ber  1978. I n  t h a t  period, component development tests w i l l  have 
brought t hese  concepts t o  a po in t  where they are app l i cab le  t o  air- 
c r a f t .  Ce r t a in ly ,  a major amount of engine development w i l l  b e  re- 
quired af ter  t h e  NASA con t rac t  i s  completed, e s p e c i a l l y  on the  major 
concept. This concept w i l l  need t o  be endurance t e s t e d  so t h a t  i t  can 
be c e r t i f i e d  as v i a b l e  f o r  usg i n  an a i r c r a f t .  
t i o n a l  in-house work w i l l  be needed t o  make s u r e  t h a t  every parameter 
is  covered and t h a t  t h e  system compensates f o r  t h e  v a r i a b l e  valve t i m -  
ing automatically.  This  w i l l  r equ i r e  an  engine c e r t i f i c a t i o n  program 
including anautomatic c o n t r o l  system. D i f f i c u l t  problems w i l l  have t o  
be s tudied and solved. For t h e  minor concepts, a f a i r l y  s h o r t  period 
of about an  a d d i t i o n a l  1 /2  year w i l l  be  needed f o r  engine c e r t i f i c a t i o n .  
Next, t hese  concepts w i l l  be service t e s t e d  and then c e r t i f i e d  i n  
manufacturers'  a i r f rames.  The major concept w i l l  r equ i r e  a new air- 
craft design, e s p e c i a l l y  i n  t h e  cowling area. The las t  s t e p  w i l l  be  
production release, production tool ing,  and a c t u a l  marketing of t h e  
product. 

The program has been divided i n t o  

1 About 2 7 y e a r s  of addi- 

I n  conclusion, f o r  t h e  minor concepts, i t  w i l l  be perhaps 1982 o r  
1983 before  e i t h e r  i s  on t h e  market. For t h e  v a r i a b l e  valve timing 
system, which i s  a r a d i c a l  change, i t  w i l l  b e  1986 o r  1987 before  i t  
w i l l  be a v a i l a b l e  commerically. O f  course, t h i s  is  merely a rough 
estimate of t h e  t i m e  needed t o  develop these  concepts. 
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DISCUSSION 

COMMENT - E. Kempke: 
of concepts t h a t  are being pursued i n  these  two cont rac ts .  
concepts we feel e x h i b i t s  good p o t e n t i a l  bene f i t s .  
k inds of work wi th  no assurances of success but  t h e  p o t e n t i a l  b e n e f i t s  
are t h e r e  and w e  f e e l  t h a t  t h e  wide v a r i e t y  of concepts should g i v e - u s  a 
good assessment of where t h e  technology s tands  wi th  regard t o  making im- 
pac t s  on t h e  reduct ion of emissions i n  t h e  fu tu re .  

NASA is  extremely pleased with t h e  wide v a r i e t y  
Each of the 

They're chal lenging 

Q -  

A -  

Q -  

A -  

Q -  

H. Nay: The implementation development schedule you showed had 
q u i t e  a number of engines: If one of t hese  concepts, e i t h e r  t h e  
major concept o r  one of t h e  minor ones, appears t o  be a t t r a c t i v e  
and you want t o  implement it, are t h e  saying you can r e c e r t i f y  
a l l  of your engines i n  t h a t  period of t i m e ?  
L. Duke: No, t h a t ' s  a good poin t  which T f a i l e d  t o  br ing out .  A s  
you can see, these  concepts are r e a l l y  designed toward a s p e c i f i c  
engine - e i t h e r  a carbureted type or a unique engine. I've t r i e d  t o  
ca r ry  the  theme implying t h a t  a l l  of t hese  implementations are going 
t o  be designed along those  s e e  l i n e s  as .tf f o r  one s p e c i f i c  engine. 
This i s  e spec ia l ly  t r u e  f o r  t h e  va r i ab le  valve timing system where 
w e  f e e l  t h a t  each system w i l l >  have t o  be developed on its own f o r  
each p a r t i c u l a r  engine o r  enging model. 
g ine  out  you can start  shr inking '  t hese  implementation schedules, 
but  e s s e n t i a l l y  t h i s  i s  one engine class type. 

Af te r  you g e t  t h e  f i r s t  en- 

H. Nay: How many bas ic  types of engines front a sepera te  development 
s tandpoint  are you looking a t ?  
production but  those break down i n t o  s p e c i f i c  configurat ions as 
a f fec t ed  by emissions, types,  changes, ete. \vow many d i f f e r e n t  
classes relative t o  t h a t  c r i t e r i o n ?  
L. Duke: We have approximately 25) Type C e r t i f i c  s (TC's), 
which would cover engines from carbureted up t o '  
geared. I f  you want t o  d iv ide  them i n t o  four  o r  classes, you 
could say of t h e  order  of f i v e  o r  six engines may be covered by one 
type of concept. 

I: know you have some 384 models i n  

charged 

H. Nay: Am I co r rec t  i n  concluding t h a t  t h e r e  would be 29 separa te  
c e r t i f i c a t i o n  programs required and varying amounts of development 
leading up t o  t h e  establishment of t he  configuTacion t h a t  you're 
going t o  c e r t i f i c a t e  under those 29 TC's? \ 

A - L, Duke: T h a t ' s  r i g h t ,  

COMMENT - N, Nay: 
a i r f r a m e / a i r c r a f t  Ce r t i f i ca t ion .  
a i r c r a f t .  
64 sepa ra t e  and d i s t i n c t  a i r c r a f t  involved. 

I j u s t  might expand r i g h t  here  and t a l k  about t h e  
The bar t h a t  you show represents  an  

There &e., as f a r  as t h e  indus t ry  is  concerned, about 



Q -  

A -  

Q -  
A -  

H. Nay: 
velopments on a t i m e  schedule bas i s .  
a i r c r a f t  engines. 
r e c e r t i f i c a t e  a year  i f  you had a l l  the  b a s i c  technology i n  hand and 
had it developed and proven f o r  one of t hese  major concepts on an  
engine? 
S. Jedrziewski:  I would say a maximum of 2, and t h a t  would r e a l l y  
be pushing i t .  

M r .  H e h s  made t h e  poin t  about t h e  capac i ty  of handling de- 
L e t ' s  t a l k  about your 29 TC 

How many engines would you estimate you could 

H. Nay: Xn o the r  words, i f  t h i s  was  t h e  only th ing  in-house, so t o  
speak, you could do about 2 a year? 
L. Duke: Right. 

COMMENT - H. Nay: That ties i n  p r e t t y  w e l l  wi th  t h e  air f rame p a r t  of t h e  
thing. I've had conversat ions with M r .  H e l m s  and M r .  Rgmbleski and we 
looked at t h i s  f n  t h e  p a s t  i n  some d e t a i l .  Tn each of t h e  major a i r c r a f t  
d iv i s ions  w e  f igured  that we could do about 2 t o  m y b e  a maximum of 3 
TC's wi th  some considerable  expansion of f a c i l i t i e s  and c a p a b i l i t i e s .  
We are t a lk ing  b a s i c a l l y  about a 10-year cyc le  f o r  t he  indus t ry  t o  g e t  
up t o  d a t e  on a major change of t h i s  type. 

Q -  

A -  

Q -  
A -  

Q -  

W. Westfield: On u l t r a son ic  f u e l  vaporPzation, you s a i d  that you 
had seen some improvement i n  cy l inder  t o  cy l inder  d i s t r i b u t i o n .  Is 
t h i s  on an a c t u a l  engine o r  on a flow-type r i g ?  
L. Duke: This w a s  on t h e  a c t u a l  engine on t h e  dynamometer. It w a s  
not emissions da ta ,  but  i t  w a s  based on exhaust temperature data .  
It showed less of a spread ind ica t ing  some b e t t e r  improvement i n  
cy l inder  t o  cy l inder  d i s t r ibu t ion .  Before w e  make t h e  f i n a l  assess- 
ment, w e ' l l  have t o  test i t  on an  emissions s tand where w e  are 
planning t o  do cy l inder  t o  cyl inder  d i s t r i b u t i o n  s tud ie s .  

W. Westfield: Could you descr ibe  how you do cy l inder  t o  cy l inder  
s t u d i e s  o the r  than by the  temperature pa t t e rns?  
L. Duke: 
but ion i n  a i r c r a f t  work we're ta lk ing  about cy l inder  head tempera- 
t u r e s  and where t h e  maximum temperatures of each cy l inder  occur 
with respec t  t o  fue l -a i r  r a t i o .  That i s  an ind ica t ion  of what t h e  
cy l inder  t o  cy l inder  d i s t r i b u t i o n  is i f  you want a macroscopic view. 
When we go t o  t h e  test stand, we're t a lk ing  about looking a t  cy l inder  
t o  cy l inder  d i s t r i b u t i o n s  wi th  exhaust a n a l y s i s  equipment. These are 
microscopic analyses.  
intent is t o  c o r r e l a t e  t h e  two. 

Generally when we talk about cy l inder  t o  cy l inder  d i s t r i -  

We are taking measurements both ways and our 

I). Page: I understand t h e  va r i ab le  valve p ro jec t  is d i r ec t ed  p r i -  
mari ly  toward t h e  turbo supercharged engine i n  order  t o  reduce hydro- 
carbons. This approach is addressing only a p a r t  of the problem on a 
c e r t a i n  class of engine. This concept w i l l  have t o  be in tegra ted  i n t o  
t h e  e n t i r e  family of engines, which i n  turn must be in t eg ra t ed  i n t o  
t h e  e n t i r e  family of a i rp lanes .  
of cooperation wi th in  t h e  entire industry.  
what you expect t o  do and where you expect t o  come out?  

It's going t o  involve a l a r g e  amount 
Have you any comments on 
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A - L. Duke: You've made a poin t  t h a t  t hese  concepts are not intended 
t o  s a t i s f y  emission limits. They a 
i ts  but  the concept by i t s e l f  w i l l  
cy l inder  t o  cy l inder  d i s t r i b u t i o n  
make a carbureted engine m e e t  t he  
cont r ibu t ion  t o  general  a v i a t i o n  i 
so that anything that we do i n  t h i  
p l i c a b l e  t o  anyone who wants t o  us 

COMMENT - L. H e l m s :  H e  raises an  exce 
it 's evident  that a c e r t a i n  amount of 
throughout t h e  last 2 days because t h i  
be, emissions. 
s ions  t o  o the r  items which are c lassed  wi th  equal  p r i o r i t y  by o ther  
equal ly  i n s i s t e n t  governmental o f f i ces .  Sometimes T'm of t en  s t ruck  by 
t h e  var ious  o f f i c e s  t h a t  c l o i s t e r  themselves i n  t h e i r  own environment. 
W e  i n  indus t ry  are being cont inua l ly  pressed very  hard f o r  f u e l  con- 
serva t ion  e f f i c i ency ,  which is i n  tune wi th  leaning. There are some 
indiv idua ls  who imply t h a t  w e  can aerodynamically cool  t h e  engtne. How- 
ever, you have t o  consider that more cooling a i r  means a l a r g e r  cowling, 
which means more drag i n  c ru i se ,  and thus poor f u e l  economy. I men- 
t ioned yesterday t h a t  increase  i n  drag a l s o  reduces our rate of climb 
and pu t s  us  down t o  t h e  poin t  where we can ' t  make the  84 dB curve f o r  
noise .  Now we're back t o  t h e  same pos i t l on  with EPA on noise.  We say 
t h a t  w e  can increase engine rpm and help t h e  cooling flow, but t h a t  in- 
creases the  t i p  Mach number of t h e  propel le r .  So now w e  have t h e  same 
no i se  problem We i n  indus t ry  would p re fe r  t o  decrease t h a t  rpm t o  ge t  
t h e  no i se  down. Outside of t h e  technica l  areas, w e  have t h e  National 
Transportat ion Safety Board (NTSB), pressing u s  f o r  systems f n r  ex- 
panded safe ty .  We obviously f e e l ,  as w e  know most of you do, t h a t  
s a f e t y  should be paramount. 
quirements of t h e  In t e rna t iona l  C iv i l  Aviation Organization (ICAO), 
agreements which are handled by other  segments of t h e  government and 
t o  which w e  must respond. 
us  f o r  more export  sales because general  a v i a t i o n  is  a real gold mine 
f o r  them. W e  have about a $2 hundred mi l l i on  a year favorable  balance 
of t rade .  I cont inua l ly  ge t  comments from t h e  Commerce Department and 
S t a t e  Department on w h a t  can you fellows do t o  do b e t t e r .  
is t h a t  our resources  are not  limitless and, as such, some of them are 
very foo l i sh ly  expended because of t h e  var ious  government agency re- 
quirements. The b e s t  example I can think of is  our  new Lakeland p l an t  
where w e  d id  an  i n d u s t r i a l  engineering survey which r e su l t ed  i n  t h e  in- 
s t a l l a t i o n  of red l i g h t s  a t  eye level t o  warn our employees of a poten- 
t i a l  of f i r e .  A group from OSHA came i n  and sa id  t h a t  people may no t  
be looking and wanted b e l l s ,  very  l a r g e  b e l l s ,  mounted on t h e  w a l l  
wi th  an automatic alarming sensoring system. We took ou t  t he  l i g h t s  and 
put  t h e  b e l l s  on t h e  w a l l s .  It took us 6 months and c o s t  u s  some $15 t o  
$20 thousand. 
noisy even though w e  had the  small ear plugs. 
ones so w e  furnished those. 
with ear muffs couldn't  hear those b e l l s .  Now t h e  r e s u l t  of t h i s  w a s  a 

We've given l i t t l e  o r  no considerat ion i n  our discus- 

A l l  of those d iscuss ions  exclude the  re- 

The Commerce and S t a t e  Department are pushing 

A key i t e m  

Another group came i n  and s a i d  t h e  environment w a s  too 
They wanted t h e  l a r g e  

A t h i r d  group came i n  and s a i d  those people 



study i n  which they came with t h e  so lu t ion  of g e t t i n g  r i d  of t he  b e l l s  
and pu t t ing  eye level l i g h t s  on t h e  plant .  
and they ' re  not  casual .  
yet  i n t e r a c t i n g  on another  is something which w e  have t o  l ive with day 
t o  day. 
j u s t  one engine, one a i r c r a f t ,  and one c e r t i f i c a t i o n  e f f o r t .  

My remarks are not capr ic ious  
The i s o l a t i o n  of one segment of the government 

A very good poin t  w a s  r a i sed  about t h e  t o t a l  problem r a t h e r  than 

Q - C. Renbleske: W i l l  t h e  requirements for the i n s t a l l a t i o n  of engfnes 
incorpera t ing  your concepts be changed i n  such a way t h a t  e x l s t i n g  
airframes w i l l  not  adapt t o  t h a t  concept? 

A - L. Duke: No. As f a r  as t h e  ex i s t ing  a i r f rame goes, I ' m  su re  t h a t  
i t  w i l l  adapt t o  products l i k e  t h i s  i f  w e  could change cowling o r  
mount configurat ion.  Personally,  I th ink  t h a t  i t  is  a good oppor- 
t u n i t y  f o r  t he  a i r f rame manufacturers t o  incorpo/rate new ideas  on 
t h e i r  own as f a r  as aerodynamics or whatever s ince  t h e r e  is  a re- 
c e r t i f i c a t i o n  required here. 
but  t h a t  does present  itself as an apportunfty.  

You may not  be i n  agreement with t h a t ,  

COMMENT - C. Rembleske: Many times we u t i l i z e  t h e  same type of engine 
o r  t h e  same engine with minor modifications i n  seve ra l  of our  air- 
c r a f t .  Each and every one of those  a i r c r a f t  2 s  an ind iv idua l  a i r c r a f t  
and as such must be t r e a t e d  throughout t he  c e r t i f i c a t i o n  program as a 
separa te  and d i s t i n c t  problem, While we map  u t i l i z e  t h e  s a m e  engine, 
w e  very o f t en  f ind  t h a t  t h e r e  are rad fca l  d i f f e rences  between installa- 
t i o n  i n  d i f f e r e n t  a i r c r a f t  models wi th in  our own plant .  Turbine pow- 
ered a i r c r a f t  do not  have t h a t  problem. 
es tab l i shed  t h a t  w i l l  work f o r  one turb ine  engine w e  have found t h a t  
i t ' s  a r e l a t i v e l y  simple t a sk  t o  transform that i n s t a l l a t i o n  t o  another  
a i r c r a f t .  This has not proven t o  be the  case  i n  t h e  rec iproca t inq  type 
i n s t a l l a t i o n s .  There we have found t h a t  only minor v a r i a t i o n s  o r  chan- 
ges i n  t h e  f i n a l  a i r p l a n e  c h a r a c t e r i s t i c s  have es tab l i shed  complete new 
programs and have changed requirements from one a i r c r a f t  model t o  t h e  
other .  It's not a s i m p l e  problem taking one engine and pu t t ing  it i n t o  
a s i m i l a r  a i r c r a f t .  
areas. 

Once a conf igura t ion  has  been 

W e  do have major problems i n  those development 

COMMENT - W. Mirsky: I n  re ference  t o  your u l t r a son ic  carburetor ,  I d id  
q u i t e  a b i t  of work on u l t r a son ic s .  Before 1 did  t h e  work my hearing 
w a s  good. Some years  later my hearing w a s  bad and 1 don't know i f  t he  
u l t r a son ic s  w a s  respons ib le  f o r  t h i s  decrease i n  hearing. I th ink  i t  
might be worth your while t o  ge t  i n  touch wi th  some medical people who 
may have expertise i n  t h i s  area t o  see what t h e  p o t e n t i a l  hea l th  haz- 
a rd  would be when you are exposed t o  t h e  u l t rasonics .  
not hear i t ,  you don't know how much energy i s  involved and you don't 
know what p o t e n t i a l  damage may be occurring t o  your hearing. 

Because you can- 

COMMENT - L. Duke: 
w a s  los ing  my hearing o r  not .  

When w e  w e r e  running t h e  tests T kept wondering i f  I 
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Q - G. Kittredge: I have a quest ion about your v a r i a b l e  valve timing 
p ro jec t  which touches on some o f  t h e  comments t h a t  M r .  Helms  j u s t  
made. It seems t o  me  that t h i s  is a bas ic ,  complex, and presumably 
more c o s t l y  engine change than t h e  o the r  two engine concepts you're 
looking at. It looks as though i t  might have t o  have more arguments 
going f o r  i t  t o  sell t h a t  kind of a change than j u s t  meeting t h e  emis- 
s ions ,  p a r t i c u l a r l y  t h e  C0,-standard.  It would seem reasonable t h a t  
v a r i a b l e  valve t i m e  would a l s o  r e a l i z e  some b e n e f i t s  i n  terms of 
p a r t  t h r o t t l e  f u e l  consumption. Have you looked a t  this i n  your 
ana lys i s  o r  w i l l  1 have t o  w a i t  f o r  experimental data? 

As p a r t  of t h e  a n a l y s i s  i n  NASAVs program, we have looked 
a t  t h e  EPA cyc le  and t h e  variious power levels as t o  w h a t  f u e l  econ- 
omies you can have, pr imar i ly  f o r  level c r u i s e  conditions.  
goa l  is  emissions, but w e  put  an  equal emphasls on f u e l  consumption 
as t o  what we're t ry ing  t o  reduce or  improve. 

A - L. Duke: 

Our f i r s t  

Q - G. Kittredge: 

A - L. Duke: Y e s ,  we do. 

Do you th tnk  t h a t  v a r l a b l e  valve t h i n g  might have 
some payoff f o r  you i n  t h a t  a rea?  

Q - F. Monts: You mentioned t h a t  t he  v a r i a b l e  valve timing concept would 
r equ i r e  new i n s t a l l a t i o n  requirements and perhaps d i f f e r e n t  i n s t a l l a -  
t i o n  concepts. What has  v a r i a b l e  valve timing t o  do with our present  
c o n s t r a i n t s  i n  i n s t a l l a t i o n ?  

A - L. Duke: As I see it, t h e  cont ro l l ing  f a c t o r  is t h e  ac tua t ing  mech- 
anism. If w e ' r e  t a lk ing  about something tha t ' s  automatical ly  con- 
t r o l l e d  and can be contagned wstthin t h e  e n g h e  that's one thing. I f  
w e ' r e  t a lk ing  about an e l e c t r o n i c  con t ro l  t h a t  has t o  be separated 
o r  divorced from t h e  engine, t ha t ' s  q u i t e  something else. The prob- 
lems may not  be metal bending but could be new problems of i n s t a l l i n g  
t h a t  c o n t r o l  u n i t  i n  an  a i r c r a f t ,  regard less  of whether it's e l ec t ron ic  
o r  hydraul ic .  

Q - F. Monts: W i l l  t h e  u l t r a son ic  concept t o  make carbure tors  vaporize 
f u e l  b e t t e r  work with a hor izonta l  type of carburetor  as w e l l  as an 
updraf t  carburetor?  

although it may r equ i r e  a l i t t l e  modif icat ion t o  t h e i r  design. 
A - L. Duke: Y e s ,  from a l l  ind ica t ions  we have from Autotronics i t  w i l l  

Q - H. Nay: Is one i n s t a l l a t i o n  e f f e c t  of t h e  v a r i a b l e  valve timing a 

A - L. Duke: Y e s ,  I n  t h i s  design we're t a l k i n g  about a cam s h a f t  t h a t  
s i g n i f i c a n t  weight increase? 

has  doubled i n  weight. 
about a heavier  i n s t a l l a t i o n  r i g h t  now. 

This is an e a r l y  deslgn so we are t a lk ing  

Q - H. Nay: I n  your presenta t lonayes te rday  on 10-360 work you showed it  
as being b a s i c a l l y  high idea l ized ,  under labora tory  condi t ions,  with 
t h e  f u e l  c o n t r o l  ad jus ted  a f t e r  t h e  engine w a s  warmed up. 
condi t ions,  t h e  EPA standards levels of emissions could be m e t .  1 
didn ' t  see any allowance f o r  t h e  real world production tolerances.  
Could you g ive  us  a n  estimate of w h a t  those  production to le rances  

Under those 
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I I  

would be? 
dependent on a y e t  t o  be developed automatic mixture  con t ro l  device 
t o  use  %n the low power range as w e l l  as the app l i ca t ion  of e x i s t i n g  
technology i n  automatic mixture  con t ro l  devices  appl,icable t o  t h e  
higher power range, . I'd a l s o  l ike you t o  connaent s p e c i f i c a l l y  on t h e  
production to le rances  expected with t h e  auttmatic mixture con t ro l  
devices.  

A - L. Duke: 
t o  98 percent  of t h e  CO l i m i t .  There w e r e  no production to le rances ,  
no real world s i t u a t i o n s .  
which w a s  t h e  o the r  case shown on t h a t  graph, caused the CO t o  go up 
t o  140 percent  of t h e  l i m i t .  With no compensa'tion a t  a l l ,  you were 
up t o  some 40 percent  over t h e  l i m i t .  Adding gn t h e  production t o l -  
erances of t h e  i n j e c t o r s  t h a t  are being produced now, t h a t  140 per- 
cen t  would be t h e  minimum obtainable.  An engineering estjmate of 
t h e  CO with a r i c h  l i m i t  system would be 160 OK 170 percent  of t h e  
l i m i t .  The production band spread that we , s a w  i n  t h e  normally as- 
p i r a t ed  engine t e s t e d  showed a 20 t o  30 percent  v a r i a t i o n  i n  t h e  
emissions a t  t h e  same mode. 
being anywhere from 100 t o  200 percent of t h e  l i m i t .  
as much as a 100-percent spread i f  you took away a l l  of t hese  nicit ies 
t h a t  were shown. 
automatic mixture  con t ro l  because it's not  a pe r fec t  i t e m  and w i l l  
have v a r i a t i o n s .  
2 t o  3 percent  v a r i a t i o n  on fue l -a i r  r a t i o .  
number as t o  w h a t  the o v e r a l l  r e f l e c t e d  emissions would be, but  it 
could be some 20 percent. 

Also, t h e  reduct ion  in CO w i t h  t,hat qpproach .Is t o t a l l y  

W e  d i d  show an idea l ized  case f u l l y  compensated t h a t  came 

Taking of f  t h e  Gompensating hardware, 

Essentially ' ,  we're t a l k i n g  about t h e  CO 
There could be 

Some to le rance  band s t i l l  exists on i n s t a l l i n g  t h e  

I would guess those v a r i a t i o n s  have on t h e  order  of 
I c a n t t  come up with a 

Q - L. Helms: The u l t r a son ic  f u e l  vaporizat ion device was  shown mounted 
ex te rna l ly  down below t h e  oil sump. 
would be buried i n s i d e  the  o i l  pump i n  a f i n a l  configurat ion.  
te rday ' s  d i scuss ion  showed t h e  o i l  temperature r i s i n g  i n  t h r e e  cases 
to  an  unacceptable level, which was  very  su rp r i s ing  t o  me. 
t h e  displacement wi th in  t h e  sump of even that amount of o i l  r equ i r e  
a l a r g e r  sump? 
problem which e n t a i l s  a major o i l  cooler  development? 

we're t a lk ing  about. 
horsepower engine; here  we're ta lk ing  about carbureted engines, pre- 
sumably of t h e  lower hp range. 
there .  But t h a t ' s  something t h a t ' s  so f a r  down t h e  road we have not  
even s t a r t e d  t o  consider  i t  y e t .  

It w a s  s t a t e d  that t h e  device 
Y e s -  

Would 

Secondly, is i t  poss ib le  t h a t  w e ' r e  c r ea t ing  a new 

A - L. Duke: I don't  know t h e  answer because of t h e  d i f f e rence  i n  engines 
Before we were t a lk ing  about an  10-360, 200 

W e  could d e f i n i t e l y  have a problem 

Q - G. Rembleske: I n  t h i s  u l t r a s o n i c  f u e l  vapor iza t ion  system t o r  car- 
bureted engines, what e f f e c t  w i l l  t h a t  have on t h e  ice forming char- 
acteristics on t h e  var ious ' types  of carbureation-type systems w e  
have today? 

It is a poten&al problem, but  i t  is far down t h e  develop- 
ment s t a g e  and i t  is  something that is  i n  t h e  service and engine 
c e r t i f i c a t i o n  t e s t i n g  area. 
answer on a test s tand;  i t  has  t o  come from in - f l i gh t  t e s t ing .  

A - L. Duke: 

It i s  something t h a t  w e  cannot r e a l l y  
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Q - C. Rembleske: 

A - L. Duke: I do not.  

Do you know of any work t h a t  has  been a c t u a l l y  done 
i n  that area relative t o  t h i s  type of carbure t ion  system? 

Q - C. Gonzalez: Have you considered coupling t h e  v a r i a b l e  valve timing 
wi th  t h e  i g n i t i o n  t iming changes s ince  they both involve an accessory 
o r  gear  case s h i f t i n g  device on t h e  back of t h e  engine? 

We are approaching t h e  program as i f  t h e r e  are separa te  
and ind iv idua l  concepts t o  be studied. A t  t h e  end of t h e  program 
the re  may be an  opportuni ty  t o  combine high energy spark with var- 
i a b l e  valve timing o r  even changing t h e  timing of t h e  ign i t ion .  I f  
Continental  can show progress  i n  v a r i a b l e  i g n i t i o n  timing, perhaps 
t h a t ,  i n  conjunction with our improved spark,  would be a good over- 
a l l  system. 

A - L. Duke: 

Q - C. Gonzalez: 
system, w i l l  i t  f a i l  i n  such a way t h a t  t h e  system w i l l  develop f u l l  
power? 

It would haye t o  f a i l  $n f u l l  power s ince  s a f e t y  is one of 
our critersta. 

En t h e  event of a malfunction on t h e  valve timing 

A - L. Duke: 

Q - C. Gonzalez: If you go t o  a vapor iza t ion  system, obviously you need 
an  electrical source. 
consequences of t h i s  electrical source becoming i n a c t i v e  and re- 
s u l t i n g  i n  t h e  u l t r a son ic  device becoming inoperat ive? 
considering an  automatic enrichment under those  conditons? 

lean  t h a t  w e  s a w  w e  were i n  t rouble  i f  w e  turned t h e  u l t r a son ic  vap- 
o r i z e r  o f f .  We have conducted tests on t h e  dynamometer where we r an  
with t h e  vaporizer  on and o f€  and d id  not  see any measurable power 
d i f fe rence .  My f i r s t  impression i s  t h a t  t h e  vapor izer  does not  a f f e c t  
a gross  term such as horsepower as  it does the  m'inuscule term of 
emissions. 

A r e  you considering one? What would be t h e  

A r e  you 

A - L. Duke: We've not  gone as f a r  as  running l ean  o r  as running so 

There is  no power penal ty  t o  pay. 

Q - D. Page: It looks l i k e  we're a t tack ing  t h i s  problem piece  m e a l .  
I u l t imate ly  fo re see  an engine with both t h e  v a r l a b l e  cam timing 
and t h e  u l t r a s o n i c  carburetor .  It could be poss ib le  t h a t  you'd wish 
t o  have an i d l e  range carbure tor  and run t h e  engtne under power con- 
d i t i o n s  wi th  a f u e l  i n j e c t i o n  system. The FAA, of course,  i s  going 
t o  look a t  i t  with an extremely jaundiced eye. I f  i t  w e r e  my region 
I would probably g ive  t h e  manufacturer a real physical  f i t n e s s  pro- 
gram. 
rangles  me. I ' m  saying maybe w e ' l l  g e t  down t o  t h e  year  1982 o r  
1984 and then w e ' l l  d iscover  we can't f i r e  what we've got  i n  t h e  
cylznder.  You don't  know what t h e  
g i r l  looks l i k e  till you g e t  t h e  last  p iece  i n  t h e  puzzle and i t  
scares m e  t o  start  out  on a program l i k e  t h i s  without knowing t h a t  
all pieces of t h e  puzzle are i n  the  box. Do you have any comments 
as t o  what you conceive might be out  t h e r e  t h a t  you haven't even 
through of ye t ?  

There's something about t he  development schedule shown that 

This i s  l i k e  a j igsaw puzzle. 
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A - L. Duke: Those kinds of ques 
have a d e f i n i t e  progr 
engines. I f  I want t 
t o  one c e r t i f i  
I know w h a t  go 
t e l l  you i n  3 
programs are d i f f e ren t .  T 
is no one answer t o  a l l  t h e  questions.  
sume that if everything go 
happen. 

COMMENT - G. Baneriaq: 1 th ink  that there ' s  a b i  
t he  real motivation of NASA research  is. Most of you know t h a t  NASA re- 
search, l i k e  m i l i t a r y  research,  is d i rec t ed  t o  long range so lu t ions .  W e  
want t o  provide a good d a t a  bank f o r  decis ionmaking f o r  f u t u r e  systems. 
Unfortunately, from yesterday 's  v i r t u a l l y  tweaking of t h e  engine, t o  to- 
day's r a d i c a l  changes, t h e r e  i s  confusion t h a t  seems t o  imply t h a t  our 
main motivation fs t o  help tndus t ry  t o  comply with t h e  1979 standards.  
That's not our main reason t o  be i n  business.  
doing th ings  that may be adaptable;  f o r  instance,  u l t r a son ic  f u e l  vapor- 
i z a t i o n  may be adopted i n  time. 
behind our research.  
which is downstream and t h e  d a t e s  of implementatkm. 
fac tory  complet2on are contingement on t h e  success of t h e  technica l  pro- 
gram and t h e  amount of funds t h a t  are put i n t o  i t ,  
and eventua l ly  we w i l l  have systems t h a t  are t o t a l l y  in tegra ted ,  t h i s  in -  
c ludes t h e  i g n i t i o n  and t h e  carbure t ion  systems. Even thQWLh S12m de- 
ments may be heavier  than t h e  cam s h a f t ,  u l t ima te ly  they should lead t o  
a higher e f f i c i ency  system with t h e  po l lu t ion  a spec t s  taken care of con- 
cur ren t ly .  
necessa r i ly  t o  he lp  you comply wi th  t h e  1979 standards.  

t 

- 

Now, i t ' s  true that we are 

But t h a t ' s  not  t h e  main motivation 
W e  want t o  e s s e n t i a l l y  t e l l  you about t he  technology 

The da te s  of satis- 

W e ' l l  uncover problems 

Our program is  e s s e n t i a l l y  a long range one and not  meant 
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13. FUT'RE DEVELOPMENT PROGRAMS 

L e s  Waters 

Teledyne Continental  Motors 
Mobile, Alabama 

The programs conducted t o  d a t e  by TCM have provided use fu l  infor-  
mation on a i r c r a f t  engine emissions c h a r a c t e r i s t i c s  and on the  p o t e n t i a l  
f o r  reduct ions obta inable  by leaning of cur ren t  f u e l  systems. /The work 
completed t o  da t e  allows us t o  draw important conclusions a t  t h i s  t i m e ,  
t he  most s i g n i f i c a n t  being t h a t  none of t h e  engines t e s t ed  i n  t h e  pro- 
gram, which covers a s i g n i f i c a n t  group of our bas i c  engine types,could 
meet Pa r t  87 of EPA regula t ions  on a production b a s i s  and within s a f e t y  
of f l i g h t  l i m i t s .  A s  s t a t e d  i n  an earlier TCM presenta t ion ,  some re- 
duct ions are poss ib l e  but  they are small compared t o  base l ine  emissions 
of cur ren t  engines. 

I n  considering our present  knowledge of exhaust emissions a t  TCM 
and t h e  work t h a t  l i e s  ahead of u s  t o  achieve t h e  s u b s t a n t i a l  emission 
reduct ions needed t o  meet P a r t  87, we have planned a company program 
which has a main d r i v e  t o  develop those emission reduct ion concepts t h a t  
have t h e  promise of earliest success.  These programs w i l l ,  i n  general ,  
attempt t o  enhance e x i s t i n g  engine systems, exp lo i t i ng  t h e i r  p o t e n t i a l  
f o r  emission reduct ion as f a r  as i s  compatible with r e t a in ing  the  w e l l  
es tab l i shed  f e a t u r e s  i n  them t h a t  are w e l l  understood and i n  cur ren t  
production. This approach w i l l  minimize development t i m e s  and r e t a i n  
much of ex i s t ing  know-how t h a t  i s  always v i t a l  i n  ensuring technica l  
performance i n  production engines. 

This program of d i r e c t  development of emission reduction requi res  
complementing by an  add i t iona l  very s u b s t a n t i a l  e f f o r t  t o  provide a wide 
spectrum of information t o  f u l l y  circumscribe t h e  problems of u l t imate ly  
producing a i r c r a f t  engines t h a t  meet Pa r t  87 .  

The intended programs i d e n t i f i e d  t o  da t e  i n  t h e  area of new concepts 
are 

(1) Upgrading t h e  TCM f u e l  system. Temperature and a l t i t u d e  com- 
pensation c a p a b i l i t y  w i l l  be developed f o r  t h e  system. 
bene f i t  of b e t t e r  fue l - a i r  r a t i o  con t ro l  over a temperature range would 
be, f o r  ins tance ,  i n  reducing i d l e / t a x i  mode fue l - a i r  r a t i o  which pre- 
s e n t l y  i s  set f o r  operat ion a t  the  co ldes t  day and i s  r i c h e r  than 
necessary f o r  engine operat ion a t  higher temperatures.  

The p o t e n t i a l  
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(2) Evaluation of acce le ra to r  pump. W e  have seen t h a t  a l i m i t a -  
t i o n  i n  leaning t h e  i d l e  and t a x i  modes i s  t h e  i n a b i l i t y  t o  accelerate 
from those condi t ions.  
a t i o n  pumps may have t h e  p o t e n t i a l  t o  provide s a f e  operat ion i n  t h e  
t r a n s i e n t  condi t ion between s teady-s ta te  leaned condi t ions.  

Temporary augmentation of f u e l  flow by acceler- 

(3) Reduced cooling requirement. Cylinder head overheating a l s o  

These are means 
imposes l i m i t a t i o n s  on leaning. W e  are the re fo re  inves t iga t ing  the  
p o t e n t i a l  f o r  improved cooling using two approaches. 
f o r  reducing thermal loading of t h e  cy l inder  assembly and secondly i m -  
proved hea t  d i s s ipa t ion .  
s t u d i e s  show promise. 

Hardware evaluat ion w i l l  fol low i f  present  

( 4 )  Variable spark timing. The lean  m i s f i r e  l i m i t s  can be ex- 
tended by varying the  i g n i t i o n  timing. 
imposed a l i m i t a t i o n  on leaning,  w e  be l i eve  i t  is  poss ib le  t h a t  t h i s  
l i m i t  w i l l  be m e t  as we attempt f u r t h e r  leaning. 
t r o l l e d  va r i ab le  spark timing could be bene f i c i a l ,  probably i n  t r a n s i e n t  
condi t ions.  No such s y s t e m s  are present ly  a v a i l a b l e  f o r  a i r c r a f t ,  and 
a considerable  development program would be involved i n  a t t a i n i n g  pro- 
duct ion s t a t u s  of t h i s  idea.  

Although mis f i r ing  has  not ye t  

An automatical ly  con- 

The following programs are intended t o  provide t h e  information w e  
be l ieve  i s  needed f o r  a f u l l  d e f i n i t i o n  of t h e  emission reduct ion t a sk  
i n  TCM engines. 

(1) Survey of base l ine  emissions of TCM engine range. The base l ine  
must be determined; case 1 and case 2 emission l e v e l s  f o r  t h e  bas ic  en- 
gine models have not  been t e s t e d  t o  da te .  

(2) Determine e f f e c t  of production to le rances .  W e  have seen i n  t h e  
d i f fe rence  between base l ine  and case 1 emissions t h a t  t h e  effect of f u e l  
flow to le rance  i s  very s i g n i f i c a n t .  
are s i g n i f i c a n t  a l s o ,  one p o s s i b i l i t y  being varying hydrocarbon emis- 
s ions  having as a source the  lub r i ca t ing  o i l  which passes i n t o  t h e  com- 
bust ion chamber. The cons is ten t  con t ro l  of l ub r i ca t ing  o i l  i n  t h e  f i r s t  
few hours of engine l i f e  i s  notor iously d i f f i c u l t  e spec ia l ly  i n  a i r  
cooled engines. An inves t iga t ion  of t h e  e f f e c t  and understanding of t o l -  
erances i s  c l e a r l y  v i t a l .  

It i s  probable t h a t  o ther  e f f e c t s  

(3) Effec t s  of cumulative opera t iona l  t i m e .  Several  areas of de- 
t e r i o r a t i o n  may be expected t o  a f f e c t  emissions as an engine wears o r  
l o s e s  i n i t i a l  c a l i b r a t i o n .  Fuel c a l i b r a t i o n ,  p i s ton  sea l ing ,  and lub- 
r i c a t i n g  o i l  consumption are obvious p o s s i b i l i t i e s  t h a t  could a f f e c t  
emission c h a r a c t e r i s t i c s .  

( 4 )  Fl igh t  t e s t i n g .  The f l i g h t  t e s t i n g  conducted t o  d a t e  has been 
e f f e c t i v e  i n  demonstrating opera t iona l  l i m i t s  on leaning. 
ing  i n  cooperation with air f rame manufacturers is needed t o  provide in-  

Further test- 
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formation on t h e  performance p e n a l t i e s  incurred by improved cooling. 
Also, f u r t h e r  da t a  are required t o  enable us  t o  p ro jec t  un ins t a l l ed  
engine r e s u l t s  f o r  t h e  a c t u a l  a i r c r a f t  i n s t a l l a t i o n .  F l i g h t  service 
t e s t i n g  w i l l  a l s o  be required t o  assess t h e  e f f e c t  on eqgine TBO and 
r e l i a b i l i t y .  

(5) Ef fec t  of i n l e t  manifold tuning. Aircraft engines extensively 
u t i l i z e  tuning of i n l e t  manifolds t o  improve volumetric e f f ic iency .  
This arrangement can, however, produce inconsistency of fue l - a i r  r a t i o  
between cy l inders  during low speed operation. 
ing for its impact on emissions. 

This e f f e c t  needs study- 

( 6 )  F a c i l i t i e s .  W e  in tend t o  upgrade our emission test f a c i l i t y  
by t h e  addi t ion  of equipment t o  cont ro l  t h e  temperature and humidity of 
engine induct ion a i r .  This con t ro l  w i l l  improve r e p e a t a b i l i t y  of e m i s -  
s ion  determinations and al low us t o  study e f f e c t s  of temperature and 
humidity. 

We have shown t h a t  s m a l l  improvements i n  emissions i n  two TCM en- 
gine types are poss ib le  by leaning i n  two modes. Those two engines 
cover only a f r a c t i o n  of our t o t a l  production, and f u r t h e r  work would 
be involved t o  production release even these gains.  Development of 
production hardware, s e rv i ce  tests, and engine and airframe c e r t i f i -  
ca t ion  work would be necessary. 

We be l i eve  t h a t  implementing these small improvements would be a 
The e f f o r t  could be b e t t e r  expended i n  the  pro- Pyrrhic  achievement. 

grams mentioned previously,which have t h e  promise of more worthwhile 
gains.  

It is abundantly c l e a r  t h a t  s eve ra l  years  of work and l a r g e  ex- 
pendi tures  are required before  t h e  emission levels prescr ibed i n  
P a r t  87 can be achieved. Although it  is not poss ib l e  t o  p lan  the  de- 
t a i l e d  program required t o  achieve regulated emission levels, w e  have 
attempted a conservat ive estimate of t he  cos t  impact of doing s o .  

If we apply present ly  known technology and p ro jec t  progress t y p i c a l  
of our indus t ry ,  w e  would a n t i c i p a t e  a cos t  increase  per  engine of 1 5 t o  
20 percent based on amort izat ion of engineering development, production 
f a c i l i t i e s ,  and t h e  u n i t  c o s t  increase .  This increase  arises only from 
engine changes. It can reasonably be expected t h a t  engineering develop- 
ment and c e r t i f i c a t i o n  c o s t s  a r i s i n g  from a i r f rame changes t o  accommodate 
the emission conforming engine w i l l  be  similar t o  t h e  increase  i n  engine 
pr ice .  
20 percent  of t h e  s e l l i n g  p r i c e ,  t he  inerease  i n  cos t  of t h e  a i r p l a n e  
w i l l  be approximately 6 t o  8 percent.  

Since the  cos t  of engine(s) i n  an a i r c r a f t  is  approximately 

Af te r  t h e  t i m e  t h a t  engine development t o  EPA requirements would be 
achieved, w e  estimate t h a t  an add i t iona l  3 years  would be needed t o  re- 
i d e n t i f y  a l l  engine models i n  t h e i r  emission reduced vers ions.  
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T e s t  f a c i l i t i e s  would r e q u i r e  extending t o  achieve t h i s ,  and w e  
estimate t h a t  one-time expenditures of $800,000 would need t o  be made. 
These f a c i l i t i e s  would be surp lus  t o  our needs a t  the  completion of 
work. 

This discussion of c o s t s  i s  based on TCM pro jec t ions .  

Sales of p i s ton  powered general  a v i a t i o n  a i r c r a f t  is  soon expected 
t o  be 1 b i l l i o n  d o l l a r s ;  thus,  w e  are fac ing  an annual expenditure of 
60 t o  80 mi l l i on  d o l l a r s  t o  m e e t  prescr ibed emission levels. It is  a 
l a r g e  sum f o r  our indus t ry  and w e  s e r ious ly  q t i o n  t h e  cos t  bene f i t  
t o  t h e  community. W e  recognize t h a t  w e  have an ob l iga t ion  t o  the  
country t o  act responsibly toward upgrading and preserving the  q u a l i t y  
of l i f e  i n  a l l  t h a t  t h i s  i m p l i e s .  
b e t t e r  be served by expenditure of our t echn ica l  e f f o r t  i n  t he  d i r e c t i o n  
of improving t h e  f u e l  economy and r e l i a b i l i t y  of a i r c r a f t .  

But w e  be l i eve  t h a t  t h i s  end would 
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DISCUSSION 

Q - C. Rembleske: You mentioned something t o  t h e  e f f e c t  that i t  would 

Is t h a t  a l l  60 models o r  30 models? 
take  approximately 3 years  t o  r e c e r t i f y  t h e  engines you now have i n  
production. 

A - L. Waters: It 's 30 OEM models. 

Q - C. Rembleske: One of t h e  problems t h a t  concerns us  i n  t h e  a i r f rame 
indus t ry  i s  t h e  f a c t  that you today s t i l l  bui ld  engines f o r  a i r c r a f t  
which have long been out  of production. The way we i n t e r p r e t  t h e  
r u l e s  today, and I f e e l  they ' re  r a the r  clear, i s  t h a t  a l l  newly 
manufactured engines are going t o  have t o  meet these  spec i f i ca t ions .  
How are w e  going t o  handle the  engines f o r  t h e  a i r c r a f t  which are 
no longer being produced but  which are covered by t h e  ru l e s?  
are a s i g n i f i c a n t  number of engines models, as you s a i d  30 of your 
own, which f a l l  i n t o  t h i s  c l a s s i f i c a t i o n .  That means the re  are 
probably double t h a t  number of a i rp l anes  i n  the  f i e l d ,  models of 
a i rp l anes ,  t h a t  w i l l  have t o  be considered. We do not  expect these  
people t o  junk these  a i rp l anes ,  and I'm s u r e  t h a t  w i l l  not  be  done. 

models. Moreover, t h e  technology we would develop during the work 
t o  be done f o r  our OEM models wouldn't apply EO t he  o lder  ones. 
Many of t h e  o lde r  engines are q u i t e  d i f f e r e n t .  It would be a messy 
problem. 
the  o lde r  engines made f o r  a i rp l anes  no longer i n  production. This 
obviously would be a massive, unrewarding task.  

There 

A - L. Waters: That is  a very important point .  There are another 30 

I would hope t h a t  t he re  would be r e l i e f  from c e r t i f y i n g  

COMMENT - C. Rembleske: That w a s  t h e  purpose of my bringing i t  out. 
It needs t o  be concerned when t h e  EPA and FAA consider t h i s  matter. 
Also, we need t o  se r ious ly  th ink  about what we are going t o  do about 
those a i r c r a f t  which are st i l l  f l y i n g  and must be re-engined per iodi-  
c a l l y  with new engines. 

Q - G. Kit t redge:  I don't t h ink  I ' m  i n  a pos i t i on  t o  g ive  you a 
r e a l l y  s a t i s y i n g  response t o  t h i s  point.  Certainly,  as t h e  r u l e s  
are l a i d  out  now, newly produced engines f o r  i n s t a l l a t i o n  i n  any 

. s o r t  of a i r c r a f t  would be required t o  comply. 
ta lked about t h i s  problem within the  government, we have not re- 
solved i t  ye t .  1 th ink  t h a t  what we need t o  d i g  i n t o  is  t h e  reason 
why is  it  not  poss ib l e  t o  i n s t a l l  an emission con t ro l  equipped en- 
g ine  i n  such o lde r  a i r c r a f t .  It would be q u i t e  u se fu l  t o  the  EPA 
i f  TCM could break t h e  15 t o  20 percent estimated c o s t  increase  
i n t o  t h e  var ious  components that went i n t o  i t  - that is, t h e  spe- 
c i f i c  new emission con t ro l  system devices,  whatever they are, t h e  
projected market f o r  t h e  engines, etc. 

c e r t a i n l y  can t e l l  you t h e  elements that we took i n t o  account and 
I can t e l l  you why I use t h e  word conservative.  
w e  had used i n  t h i s  s tudy are t h e  engineering development cos t ,  
people, materials, and f a c i l i t i e s  covering t h e  programs I have men- 
tioned. Bernie Rezy s a i d  we may have t o  go t o  a more sophis t ica ted  

Although we have 

A - L. Waters: 1 can ' t  break t h e  numbers down i n  t h a t  d e t a i l ,  but I 

The elements that 
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Q -  

A -  

A -  

timed in j ec t ed  f u e l  system. Our own f u e l  system is  not  timed. So 
we are covering t h e  programs I have mentioned p lus  <he p o s s i b i l i t y  
of an  element of a new timed FIE system and t h e  development of 
new cooling cy l inder  heads. 
engines. 
and these  cel ls  w i l l  have t o  be more f u l l y  equipped f o r  emission 
regulat ion.  On t h e  u n i t  c o s t  s ide ,  t h e  cos t  of t h e  new f u e l  in jec-  
t i o n  system, t h e  cos t  of t h e  improved new cyl inder  heads, and t h e  
extra "break i n  time" of t h e  engines w e r e  included. 
run engines f o r  about 3 t o  3 1 / 2  hours. 
10 hours o r  even more f o r  t h e  l u b r i c a t i n g  o P 1  consumption t o  f a l l  
fu r the r .  
engines, w e  have run a t  least 1 0  hours t o  s t a b i l i z e  the  l u b r i c a t i n g  
o i l  consumption because of i t s  e f f e c t  on hydrocarbons. I f  t he  con- 
t r o l  of hydrocarbons s t a y s  i n  t h e  EPA standard,  t h e r e ' s  l i t t l e  doubt 
t h a t  t he  engines w i l l  have t o  be run longer during t h e  break-in 
period. The conservatism is  t h a t  w e  d id  not  include i n f l a t i o n  over 
these  years  f o r  t h e  c o s t  of the engineering o r  materials, and, sec- 
ondly, w e  d id  not  include any unknowns. Inevi tab ly  o the r  programs 
w i l l  arise t h a t  we w i l l  have t o  look in to .  We d id  not  include any 
of these  i n  our estimate. 

Remember we have six d i f f e r e n t  bas i c  
I n  production f a c i l i t i e s  more test ce l l s  w i l l  be needed 

Present ly ,  w e  
It's common over t h e  next  

For a l l  the  emission t e s t i n g  t h a t  w e  have done on our 

C. Rembleske: I th ink  one of t h e  b ig  th ings  w e  have t o  recognize 
i s  that even though t h e  engine manufacturer comes up wi th  an  engine 
t h a t  might m e e t  c e r t a i n  emission requirements, that is  by far a 
long way from g e t t i n g  t h e  FAA t o  approve t h a t  i n s t a l l a t i o n  i n  a spe- 
c i f i c  a i rp lane .  They may have a pe r fec t ly  good and s u i t a b l e  engine. 
However, t o  demonstrate t h e  c a p a b i l i t y  of meeting the r i g h t  f e d e r a l  
r egu la t ions  wi th  t h a t  engine i n s t a l l e d  i n  an a i r c r a f t  is going t o  
mean going out  i n t o  t h e  f i e l d ,  g e t t i n g  one of t hese  o ld  a i rp l anes ,  
some of which may be 15 yea r s  o ld ,  and t ry ing  t o  g e t  t h a t  a i r p l a n e  
r e c e r t i f i e d .  
way? 
N. Krull:  
r a t h e r  than f l i g h t  standards.  
ind iv idua l  c e r t i f i c a t i o n .  
t h a t  are going t o  come up with these  emission s tandards and t h e  
problems i n  c e r t i f y i n g  not  only new engines but  overhauled engines 
as w e l l  as engines with var ious  modifications.  We w i l l  be contin- 
uing t o  work with the  EPA on developing these  requirements t o  a 
poin t  where they can be appl ied within t h e  Industry.  
w a s  a discuss ion  concerning t h e  time l a p s e  f o r  c e r t i f i c a t i o n .  I n  
our r o l e  of promoting av ia t ion ,  w e  w i l l  c e r t a i n l y  be working t o  
minimize t h e  requirements i n  terms of c e r t i f i c a t i o n  of add i t iona l  
engine models and t o  c u t  t h a t  t i m e  span as much as w e  poss ib ly  can 
wi th in  t h e  l i m i t a t i o n s  of sa fe ty .  
Standards l i k e  t o  comment on t h e  r e c e r t i f i c a t i o n  of o ld  a i r c r a f t ?  
6. Pr ice:  
o r  any s u b s t a n t i a l  change a t  a l l ,  i t  would r equ i r e  a r e c e r t i f i c a t i o n  
of t h e  a i r c r a f t  as w e l l  as t h e  engine. 

Could t h e  FAA comment on whether they have another 

We happen t o  be i n  t h e  o f f i c e  of pol icy  development 
They're much more involved with t h e  

We're very much aware of t h e  problems 

Earlier the re  

Would somebody from F l i g h t  

A s  t h e , r u l e s  present ly  requi re ,  i f  t h e r e  i s  a model change, 

The cur ren t  r u l e s  are P a r t  33 
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f o r  t h e  engine and probably Pa r t  23 f o r  t h e  a i r c r a f t .  
change t h e  f u e l  schedule you change power, and you change cooling 
requirements - a l l  of t h i s  has t o  be r e c e r t i f i e d  on t h e  a i r c r a f t .  
The r id i cu lous  example I used f o r  an i l l u s t r a t i o n  w a s  an A-65 engine 
and a 5-3 Cub. 
5-3 Cub under t h e  present  s i t ua t ion .  

When you 

It is conceivable that w e  would have t o  r e c e r t i f y  a 

COMMENT - L. Waters: I would l i k e  t o  make one point .  There seems t o  be 
no doubt t o  u s  a t  TCM t h a t  our f i n a l  developed engine, our f i n a l  emission 
new old  model engine, w i l l  most c e r t a i n l y  need f u l l  r e c e r t i f i c a t i o n .  The 
design changes w i l l  be profound. 

COMMENT - L. Helms: I can ' t  help but pick up t h e  example he used and 
pose t h e  quest ion t o  t h e  group - who do w e  expect t o  pick up t h e  c o s t s  
of engineering t o  r e c e r t i f y  t h e  5-3 Cub? The 5-3 Cub, inc iden ta l ly ,  
has been ou t  of production f o r  about 25 years.  

Q - C. Pr ice :  An A-65 engine could conceivably come off  i n  1980 from 
h i s  remanufactured o r  r e b u i l t  engine line. 
do something with t h a t  engine? 

A - L. Waters: Under present  r u l e s ,  t h a t ' s  r i g h t .  

And w e  would now have t o  

COMMENT - L. Helms: 
nated t h e  STC, t h e r e  would have t o  be engineering t o  i n s t a l l  t h a t  en- 
gine. And who wants t o  do engineering on an a i r p l a n e  t h a t ' s  25 years  
old? 

Even i f  t h e r e  were changes and even i f  FAA elimi- 

COMMENT - D. Page: 
product. 
$5000 a i rp lane .  
have a $30,000 a i rp l ane .  
museum, o r  pay t h e  money. 

The owner pays f o r  everything t h a t  does i n t o  any 
I f  he has a 3-3 Cub, i t  is  on the  market new as a $4000 t o  

I f  he had t o  pay a $25,000 c e r t i f i c a t i o n  f o r  i t ,  he'd 
He  could put i t  i n  t h e  barn, g ive  i t  t o  a 

COMMENT - C. Pr ice :  Under t h e  current r u l e ,  a Supplemental Type Certi- 
f i c a t i o n  (STC) would have t o  be issued t o  any model engine change and t o  
the  a i r c r a f t  change f o r  each ind iv idua l  a i r c r a f t  t h a t  comes under t h i s  
s o r t  of thing.  Now, of course,  you could g e t  blanket  STC's, which could 
cover a number of a i r c r a f t  under a s p e c i f i c  model change. 
modifying a i r c r a f t  engines constant ly .  They have a pe r fec t  r i g h t ,  under 
the  ru l e s ,  t o  do so provided they s t a y  within t h e  f l i g h t  standard ru les .  

People are 

COMMENT - L. Waters: Quite  c l e a r l y ,  t he  work involved i n  reducing emis- 
s ion  f o r  t h e  30 engines i n  our case that belong t o  t h e  a f t e r  market and 
the  re-engineering of these  engines i n t o  t h e  a i r p l a n e  r e c e r t i f i c a t i o n  is 
an astronomical task.  Hopefully, t h i s  w i l l  be  removed. 

Q - H. Nay: Les ,  a po in t  of c l a r i f i c a t i o n  on your c o s t  estimates. You 
r e f e r  t o  them as conservative.  Does t h a t  mean these  are upper l i m i t s  
o r  not? 
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A - L. Waters: There are lower limits. The  element of conservatism w a s  
t h a t  w e  d id  not  put  i n  i n f l a t i o n  f o r  t h e  years  of esca la t ion .  
used 1976 d o l l a r s  and we d id  not  inc lude  any new programs wi th  unknown 
problems that w e  might run  in to .  

W e  

The f i g u r e s  are low. 

COMMENT - L. He lms :  I might comment on that because i t  might help t h e  
o the r  people i n  t h e  audience. 
Lycoming to select, on t h e i r  own, two d i f f e r e n t  approaches and come up 
with t h e i r  own ideas .  Obviously, i n  t h e  GAMA technlcal pol icy  comdttee, 
w e  considered t h i s  f o r  some t i m e .  The indus t ry  people sa id ,  "Well, w e  
don't know how t o  do tha t .  It's not  defined. W e  don't know what t h e  
requirements are going t o  be." 
w e  can't do it, c e r t a i n l y  w e  can't expect t h e  government t o  do it. So 
now that you've heard L e s  o u t l f n e  what Teledyne d id ,  you might be i n t e r -  
es ted  i n  knowing t h e  Lycoming s ide .  Lycoming made t h e i r  estimates and 
came up with a cos t  of approximately $1000 per  engine. 
as low as $700 t o  $800 and o t h e r s  w e r e  as high as $1400 o r  $1500, they 
averaged i t  out  a t  $1000 an engine. After  you take t h a t  $1000 an  engine 
t o  t h e  a i r f rame manufacturer, we then g e t  i n t o  o the r  thlngs.  
i n  Pr ic ing  A c t  r equ i r e s  u s  t o  p r i c e  c e r t a i n  th ings  which can be explain- 
a b l e  t o  t h e  Treasury Department. The Treasury Department r equ i r e s  u s  t o  
break t h i s  down f o r  tax purposes, and we have t o  segragate  t h e  c o s t s  f o r  
tax purposes on every p a r t  when i t  comes l n ,  so t h a t  w e  can m e e t  t h e  SEC 
regula t ions  i n  t r u t h  and disclosure.  We take  that $1000 and w e  must 
a l l o c a t e  some t o  t h a t ,  a por t ion  of w h a t  we ca l l  material handling o r  
material burden. It could be as low as 6 percent  o r  as high as 1 2  per- 
cent.  Each of t h e  a i r c r a f t  manufacturers must then i n s t a l l  t h e  engine, 
they must bu i ld  i t  up, and/or put accessor ies  on it. 
t h e i r  own b a f f l e s  on i t  and t h a t  adds labor.  Then t o  m e e t  t h e  SEC re- 
quirement of complete d isc losure ,  you have t o  a l l o c a t e  t h e  f ac to ry  bur- 
den t o  i t ;  t h e  burden of t h e  ind iv idua l  p l a n t  can be anywhere from 80 
t o  200 percent t o  t h a t  $1000. 
of t h e  accounting profession of our respec t ive  aud i to r s ,  we have t o  add 
G&A. What I ' m  saying i s  t h a t  t h e  $1000 engine becomes somewhere around 
a $2000 engine when i t  goes ou t  of t h e  a i r f rame manufacturer's p l an t  
and t o  t h e  consumer. It could be as low as $1500 o r  could be as high 
as $3000. 
more than 15,000 a i rp lanes .  Next year we're forecas t ing  a n  increase, of 
which approximately one-third would be twin engine a i rp l anes .  
t ake  5000 of those,  we've added 5000 more engines and we're up t o  20 000 
engines. 
o r  24 000. 
or  spares .  
t h a t  go out .  
by t h e  added cos t ,  you come up t o  about $50 mil l ion  o r  $60 mi l l ion .  So 
he went on t h e  b a s i s  of 20 percent.  
6 t o  8 percent  af t h e  f i n a l  sales p r i c e  and came up with about 60 t o  80 
mil l ion .  
it any c lose r  than t h a t ,  but i t  does tend t o  g ive  you an  idea  of t h e  ap- 
proach w e  took t o  g e t  our arms around t h e  subjec t  some way. 
ing a t  somewhere between $50 and $100 mf l l ion  a year of added cos ts .  

What we d id  w a s  t o  a sk  Continental  and 

But w e  d id  p re s s  on, on t h e  b a s i s  of i f  

Since some were 

The Truth 

They must put  

Then t o  m e e t  t h e  f u r t h e r  requirements 

L e t ' s  say it 's a $2000 engine. This year w e ' l l  b u i l t  a l i t t l e  

I f  w e  

I f  w e  export  3000 t o  4000 engines a year ,  w e ' r e  up t o  23 000 
Now we've got  2000 t o  3000 o r  4000 of a f t e r  market engines 
I ' m  going t o  round t h i s  off  t o  about 25 000 engines a year  

I f  you take  t h a t  25 000 engines a year and mult iply them 

We looked a t  i t  and s a i d  i t  is about 

Lycoming came up with about $50 o r  $60 mi l l ion .  W e  can ' t  make 

We're look- 
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From the  programs, such as have been discussed previously ( i . e . ,  
both government sponsored and in-house), t h e  exhaust emission da ta  
from p i s ton  a i rcraf t  engines poin t  t o  the  need f o r  no t  only more de- 
t a i l e d  da t a  but a l s o  f o r  a g r e a t e r  quant i ty  of da ta  as w e l l .  
t o  say t h a t  although t h e  exhaust emission t r ends  are adequately defined 
by those da t a  cu r ren t ly  i n  hand add i t iona l  da t a  need t o  be co l l ec t ed  i n  
order  t o  f u l l y  assess t h e  p i s t o n  a i r c r a f t  engine as an emission source.  
For example, t h e  e f f e c t  of changing fue l - a i r  r a t i o  o r  spark advance on 
t h e  emission levels of engines has been w e l l  def ined f o r  the engines 
t e s t ed .  However, based on a l i m i t e d  amount of da t a ,  Avco Lycoming has 
shown t h a t  b a s i c  engine production to le rances  have an e f f e c t  on emission 
levels. I f  production to le rances  are r e f l e c t e d  as po l lu t an t  y i e l d s ,  then 
i t  is  expected t h a t ,  i n  addi t ion ,  t he  emissions would a l s o  be inf luenced 
by the amount and type of accessor ies  i n s t a l l e d  on each b a s i c  engine. 
These da t a  have no t  been accumulated. 

That i s  

Therefore,  while f u t u r e  i n d u s t r i a l  development programs are ob- 
v ious ly  aimed a t  u t i l i z i n g  t h e  da t a  on hand t o  reduce emission l e v e l s ,  
an equal  amount of t i m e  must be expended f o r  simply def in ing ,  i n  greater 
d e t a i l ,  where ind iv idua l  problems l i e  wi th in  s tandard engine models and 
t o  what ex ten t  they can be,  o r  need t o  be,  accommodated. I n  essence,  
Avco Lycoming is  tak ing  a two pronged a t t a c k  on t h e  emissions program. 
And while t h e  ind iv idua l  concepts proposed are intended t o  accomplish 
t h e  o v e r a l l  goa l  of reduced po l lu t an t  l e v e l s ,  each technique e s s e n t i a l l y  
has i t s  d i r e c t i o n  aimed toward (1) completely def ining t h e  emission 
problem o r  source po in t s  o r  (2) developing new materials, hardware, o r  
opera t iona l  procedures t o  exe rc i se  the  t rends  defined by the  da t a  col-  
l ec ted .  

A review of t he  programs a t  Avco Lycoming t o  reduce the  emission 
output  of a i r c r a f t  powerplants is l i s t e d  below. 
here  are not  necessa r i ly  a l l  those p ro jec t s  under study, but  i n s t ead  are 
provided t o  i n d i c a t e  t h e  d i r e c t i o n  being pursued most vigorously.  Also, 
it should be noted t h a t  programs not  o r i g i n a l l y  intended as an emission 
reduct ion i t e m  may i n d i r e c t l y  reduce exhaust emissions through more ef-  
f i c i e n t  f u e l  u t i l i z a t i o n  o r  less s t r i n g e n t  opera t iona l  l i m i t s ,  as i n  t h e  
cases  of detonat ion r e s t r i c t i o n s  o r  cy l inder  temperature maximums. 

The concepts l i s t e d  
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A t  Avco Lycoming t h e  following programs are being inves t iga ted  as 
company funded pro jec ts :  

(1) Continued establishment of base l ine  emissions f o r  var ious en- 
It has been previously noted t h a t  d i f f e r e n t  models (or  a gine models. 

t o t a l  of 14  engines) including va r i a t ions  of t h e  Avco Lycoming p i s ton  
a i r c r a f t  engines have been t e s t e d  under r ecen t  t e s t i n g ,  both in-house and 
government funded. However, when compared t o  t h e  more than 350 d i f f e r -  
e n t  models cu r ren t ly  being produced, it is  obvious t h a t  a major e f f o r t  ' 

remains ( f ig .  14-1). 

(2) Continued cha rac t e r i za t ion  of e f f e c t  of production to le rances  
on emissions. From the  l imi ted  da ta  a v a i l a b l e  ( f i g .  14-2), i t  is ap- 
parent  t h a t  exhaust emissions are influenced by inputs  o ther  than fue l -  
a i r  r a t i o .  These inf luences ,  while not completely defined, rnay be in- 
corporated i n t o  the  broad t e r m  of production tolerances.  These to l e r -  
ances w i l l  then necessa r i ly  be added t o  t h e  o v e r a l l  emission 
c h a r a c t e r i s t i c s  of engines t o  provide a s a f e t y  f a c t o r  f o r  f u t u r e  exhaust 
emission v e r i f i c a t i o n .  

(3) Carbureted engine development and f l i g h t  tests. Following much 
the  same t rends  as w e r e  used i n  t h e  previous f l i g h t  test of i n j ec t ed  en- 
gines,  Avco Lycoming is  cu r ren t ly  e s t ab l i sh ing  a program t o  eva lua te  
leaner  carbure tor  s e t t i n g s .  
t i n g s  f o r  a l l  modes ( f ig .  14-3) except takeoff ;  therefore ,  t h e  c e r t i f i c a -  
t i o n  of t he  a i r c r a f t  w i l l  not be a f f ec t ed .  

This program w i l l  be aimed a t  leaner  set- 

(4) Cylinder cooling/f i n  design programs. Avco Lycoming has de- 
veloped an improved cooling cyl inder  head assembly. However, it has 
been questioned as t o  whether t h e  design used is t h e  optimum o r  i f  a 
b e t t e r  design i s  poss ib le .  
t h e o r e t i c a l  and experimental aspects of t h i s  quest ion.  

Avco Lycoming i s  inves t iga t ing  both the  

(5) Revised combustion chamber configurat ion.  The combustion cham- 
ber  used on p i s ton  a i r c r a f t  engines i s  b a s i c a l l y  the  hemispherical dome 
configurat ion.  Avco Lycoming has under development a new configurat ion 
combustion chamber t o  determine i t s  e f f e c t  on engine emissions. 

(6) Revised f u e l  metering systems. Data accumulated under t h e  
f l i g h t  test  program have provided an impetus f o r  developing new f u e l  
systems f o r  p i s ton  a i r c r a f t  engines.  
Lycoming is evaluat ing the  b e n e f i t s  ob ta inable  from minor redesigns of 
cur ren t  f u e l  metering systems t o  a complete new concept i n  f u e l  meter- 
ing f o r  p i s ton  a i r c r a f t  engines. 

Based on t h e  f u e l  schedules,  Avco 

I n  add i t ion  t o  these  programs t h a t  are aimed a t  t h e  engine i t s e l f ,  
t he  i n t e r a c t i o n  of t h e  air f rame and t h e  engine i s  a l s o  being s tudied.  
I n  such a program a j o i n t  e f f o r t  i s  being made by NASA and Miss i ss ippi  
S ta te  Universi ty  t o  determine t h e  var ious inf luence of a i r c r a f t  cowl de- 
s ign  on engine cooling. Avco Lycoming has supported t h i s  e f f o r t  by pro- 
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viding equipment and supervisory input.  
gine cooling may provide an important s i d e  b e n e f i t  t o  allow reduct ions 
i n  emissions through improved airframe design. 

This  systematic approach a t  en- 

Avco Lycoming is  cu r ren t ly  involved i n  t h e s e  programs i n  an  e f f o r t  
t o  reduce the  p o l l u t a n t  emissions from p i s ton  a i r c r a f t  engines. While 
each program possesses p o t e n t i a l  b e n e f i t s ,  no unique technique has been 
perfected t o  y i e l d  a v i a b l e  approach t o  meeting t h e  proposed s tandards 
by 1980. Test s t and  and f l i g h t  test da ta  accumulated t o  d a t e  i n d i c a t e  
t h a t  t h e  cu r ren t  emission levels as spec i f i ed  i n  P a r t  87 of t h e  EPA 
Regulations are too  s t r i n g e n t  f o r  compliance with present  state-of-the- 
ar t  of p i s t o n  engine a i r c r a f t  technology. 
pos i t i on  a t  the  present  t i m e  t o  recommend a revised emission level.  To 
reach t h i s  p o s i t i o n  w e  be l i eve  two th ings  need t o  b e  done. 

Avco Lycoming is  not  i n  a 

F i r s t ,  a u n i f i e d  and well-defined test procedure needs t o  be de- 
veloped. A s  has been shown, t h e r e  are some r a t h e r  bas i c  questions t h a t  
need t o  be resolved. 

Second, a broader base of d a t a  needs t o  be developed. We have 
t e s t ed  some engines but w e  have not t e s t e d  a s u f f i c i e n t  v a r i e t y  of en- 
gines o r  enough engines of t h e  same kind t o  come up with a da ta  base 
t h a t  w i l l  allow u s  t o  p r e d i c t  w i t h  a degree of accuracy the type of 
emissions w e  can expect from e x i s t i n g  engines. 

To i l l u s t r a t e  t h e  magnitude of t h e  a f f ec t ed  i n s t a l l a t i o n s ,  t h e  
following engine production schedule f o r  J u l y  1976 w a s  tabulated t o  
show t h e  intermix of engines: 

SCHEDULED ENGINE PRODUCTION - J U L Y  1976: 

Number of Engines: 1010 

Normally a sp i r a t ed :  

Carbureted models 30 
Carburetor s e t t i n g s  20 
In j ec t ed  models 36 
I n j e c t o r  s e t t i n g s  24 

Turbocharged: 

Carbureted models 3 
Carburetor s e t t i n g s  2 
I n j  ecred models 15 
I n j  e c t o r  s e t t i n g s  6 

Based on the  previous schedule, 52 d i f f e r e n t  f u e l  metering systems 
would be required f o r  f l i g h t  and f i e l d  t e s t i n g  before  production imple- 
mentation on p resen t ly  c e r t i f i e d  in s t aL la t ions .  



Fina l ly ,  some have proposed t h a t  w e  go t o  leaning t h e  engines as 
an in t e r im  s t e p  i n  an attempt t o  reduce exhaust emissions. This ap- 
proach may seem simple and s t ra ightforward,  but an underlying network 
of complexity restricts Avco Lycoming from taking such a c t i o n  u n t i l  a l l  
f a c e t s  of t h e  concept are considered. Not only inpu t s  such as develop- 
ment and c e r t i f i c a t i o n  t i m e ,  u n i t  c o s t ,  and a v a i l a b i l i t y  of production 
hardware, but  engine aircraft  performance a c c e p t a b i l i t y  and customer ac- 
ceptance programs must' be  evaluated through f l i g h t  and f i e l d  service 
tests. The g r e a t  v a r i e t y  of engines shipped i n  J u l y  i l l u s t r a t e s  t h e  
add i t iona l  complexity of t h e  job. 

Therefore, we be l i eve  t h a t  t h e  program which answers our two 
questions and our own in-house-programs of t h e  six s t e p s  we  are taking 
w i l l  g ive us  t h e  necessary information t h a t  w i l l  al low us  t o  state t h e  
emission level c u r r e n t l y  a t t a i n e d ,  p o t e n t i a l  s t e p s  t o  be taken t o  re- 
duce emissions, and t h e  r e l a t e d  c o s t  b e n e f i t  r a t i o .  U n t i l  then we can- 
not  t r u t h f u l l y  address ourselves t o  the  quest ions.  

I f  a f u e l  metering device were developed t h a t  would reduce e m i s -  
s i ons ,  w e  would estimate i ts  c o s t s  and t h e  associated c o s t s  of imple- 
menting an  emission con t ro l  as follows. Based on cu r ren t  knowledge 
and making a n  assumption t h a t  not  only do w e  know what t o  do but  t h a t  
t echn ica l ly  w e  can do what's required,  our  bes t  estimate of t h e  cos t  t o  
our customer would be of t h e  order  of $1000 per  engine o r  $12 mi l l i on  
per  year.  Natural ly ,  t he  cos t  t o  t h e  u l t ima te  customer would be higher 
than t h i s .  
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DISCUSS I O N  

Q - G. Kittredge: 
say t h a t  they would be a b l e  t o  comply wi th  t 
P a r t  87. Was t h i s  i n  terms of t he  1979 imp1 
words, i f  t he  d a t e  i t s e l f  were conceivably t o  be ad 
would t h a t  change your prognosis? 

t h a t  we can o r  cannot meet t h e  1979 s tandards as they 
We have da ta  ind ica t ing  t h a t  w e  cannot, but w e  don't 
on a l l  of our engines t o  say that every one of our engines cannot 
m e e t  i t ,  
o r  4 years .  

You s t a t e d  t h a t  your company w a s  not 

A - S, Jedrziewski:  Right. We are not i n  a pos i t i on ,  r i g h t  now, t o  say 

We can't even recommend t o  you now whether w e  need 2, 3, 

Q - G ,  Kittredge: 
presented yesterday, would you agree t h a t  some of your engines can 
meet i t ?  

A - Sa Jedrziewski: I don't th ink  w e  ind ica ted  t h a t  yesterday. I th ink  
t h a t  t he  information presented yesterday ind ica ted  t h e r e  w a s  a trend. 
We could obta in  t h e  emission l e v e l  by hand t a i l o r i n g  t h e  f u e l  meter- 
ing  devices  o r  leaning beyond t h e  p r a c t i c a l  production l i m i t s .  W e  
don ' t  know how w e  can a r r i v e  a t  t h a t  po in t  with a production p iece  
of hardware e 

Based on the  f a i r l y  promising information t h a t  w a s  

Q - G, Kittredge: I f  t h e  s tandards were t o  be modified i n  t h e  manner 
suggested i n  Mr. Houtman's paper and i f  you only had t o  comply with a 
CO standard,  how would t h i s  a f f e c t  your prognosis? 

don* t  be l i eve  w e ' r e  i n  a pos i t i on  BOW t o  say whether we  can m e e t  t h e  
emissions. We could do it  with c e r t a i n  models. We can ' t  do i t  with 
a l l  our engine l i n e .  

A - S. Jedrziewski:  Without knowing what a l l  our engines are doing, I 

Q - Fa,  Houtman: Up t o  now I understood t h a t  our test procedures prob- 
l e m s  had p r e t t y  w e l l  gone away and yet  you ind ica ted  that proce- 
dures  were c r i t i c a l  i t e m s  t o  be resolved. 

spe l led  out.  
day and a half  here. 

A - S. Jedrziewski: Yes, they ' re  not c l e a r l y  defined. They're not  
There have been some suggestions made during t h e  last  

L 

Q - V. Houtman: 
A - S. Jedrziewski:  Calculat ions p lus  maybe some response times, length  

You're r e f e r r i n g  s t r i c l y  t o  t h e  ca l cu la t ion  procedure? 

of t h e  l i n e ,  heated l i n e s ,  and so fo r th .  There is  some quest ion on 
what p a r t i c u l a r  instrumentation is completely acceptable  and what 
i s n ' t .  
We d i d n * t  br ing a l l  t h e  f i n e  d e t a i l s  ou t  during the  las t  day and a 
h a l f ,  but  t h e r e  are s t i l l  some items t h a t  need resolving.  
i n  a pos l t ion  now t o  recommend t o  you what they should be o r  how 
c a r e f u l l y  they would have t o  be examined. 

There are a l s o  quest ions on t h e  sampling standard gases.  

We're not: 

Houtman: It might be d i f f i c u l t  t o  r e so lve  them unless  w e  g e t  
some idea  where the  problems are. 
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A - S. Jedrzfkwski: Right,  and as I indicated we're not  i n  a pos i t i on  t o  
go t o  you y e t  with these  recommendations. 

Q - F. Monts: 
show compliance i n  a production b a s i s  w i th  t h e  EPA standards? 

A - S. Jedrziewski: W e  have read them, and it means t h a t  every engine 
must be t e s t ed .  

#o f  t h e  air. 
w e  would have t o  test every engine f o r  emissions before  i t  went ou t  
t h e  door, i t  would probably increase  the cos t  another $500 p e r  engine. 

Does Lycoming o r  anyone else understand what is required t o  

I f  you're r e f e r r i n g  t o  t h e  c o s t ,  we pul led that out  
I f  We're t e s t i n g  a sampling p lan  and not  every engine. 

Q - F. Monts: Is t h e r e  now i n  t h e  f e d e r a l  regula t ions  an  es tab l i shed  

A - S. Jedrziewski:  Y e s .  P a r t  87 s p e l l s  t h a t  out .  
procedure f o r  compliance t e s t ing?  

COMMENT - W. Houtman: The regula t ions  state that every engine must m e e t  
t h e  standards.  
Again, compliance is  an  area of FAA respons lb i l i t y .  
FAA people on tha t .  

It does not state t h a t  every engine must be tes ted .  
So you might ask  t h e  

COMMENT - S. Jedrziewski:  
every engine has t o  be t e s t ed  o r  whether It can be done on a sampling 
plan.  

That 's  why we need c l a r i f i c a t i o n  on whether 

Q - C. Rembleski: Have you considered how much of a margin yourre  going 
t o  have t o  have so t h a t  you don't have t o  test each production engine 
assuming you have a sampling plan? 

A - S. Jedrziewski:  We're now sampling engines from production. W e  have 
t o  squeeze these  i n  between o ther  engines and production items, so 
t h a t  i t 's taking a very long time. We're t ry ing  t o  e s t a b l i s h  t h e  so- 
c a l l e d  to le rance  band. 
f i n e  Ghat w e  need o r  what t h e  engines are a c t u a l l y  doing. 

W e  need more input  before  we can c l e a r l y  de- 

COMMENT - N. Krull:  The EPA d id  raise t h e  poin t  t h a t  t h e  enforcement of 
Par t  87 i s  up t o  t h e  FAA. 
done some t e s t i n g  on an  experimental t e s t " s t a n d  with some six of t e n  en- 
g ines  i n  a program. We recognized t h a t  w e  need a g r e a t  dea l  more infor -  
mation on engine t o  engine v a r i a t i o n ,  i n s t a l l a t i o n  t o  i n s t a l l a t i o n  var- 
i a t i o n ,  before w e  can come up with an enforcement policy.  This pol icy,  
including what t h e  test requirements w i l l  be, is  something t h a t  has to 
be agreed on between t h e  EPA and t h e  FAA. W e  have s t a r t e d  d iscuss ions  on 
t h a t  a l ready.  
sion. 

I n  our presenta t ion  w e  pointed ou t  t h a t  we had 

It does r equ i r e  more da ta  before  w e  can come t o  a conclu- 

COMMENT - L. Helzpa: 
t r y  t o  be a l i t t l e  more responsive t o  M r .  K i t t r edgeFs  p a r l i e r  point .  
What I ' m  about t o  say is  not a statement of pol icy,  because it 's obvious 
t h a t  I have not  had a chance t o  th ink  i t  ou t  nor m e e t  wi th  my colleagues.  
I don't r e a l l y  know t h e  answer t o  h i s  quest ion regarding where we would 
stand on CO i f  t h e  hydrocarbons and NOx w e r e  el iminated. 

It seems t o  m e  t h a t  w e  i n  indus t ry  should a t  least 

1 th ink  w e  
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might be a b l e  t o  s P t  down and work out t h i s  type of t h h g .  
ab le  t o  look a t  the  d a t a  from Lycoming and TCM on t h e  b a s i s  of where t h e  
major po l lu t an t  cont r ibu t ions  were. I f  i t  was during takeoff and climb, 
which is where i t  appears  t o  be  By the ppm count,  perhaps t h e  f u e l  sche- 
dul ing modal ana lys i s  could be reduced t o  two modes. Based on t h i s ,  and 
concentrat ing on CO, we might be  a b l e  t o  come up wlth some type of auto- 
matic f u e l  con t ro l  system on a more rapid bas i s ,  I f  t h i s  system is ap- 
p l ied  by a phased program on unsupercharged four  cy l inder  engines f i r s t ,  
w e  might be a b l e  t o  make the standards next year. N e x t ,  w e  might go t o  
six cy l inde r  o r  carbureted engines, and f i n a l l y  t o  the turbocharged en- 
gines. It's a proposal that we j u s t  haven't had a chance t o  th ink  out .  
But I can envis ion t h e  p o s s i b i l i t y  t h a t  we could,  i n  f a c t ,  come up with 
some type of program o u t l i n e ,  
w e  owed you a p o s i t i v e  response t o  your question. 

COMMENT - E. Becker: 1 th ink  we're io s ing  s i g h t  of one thing. The e l i m -  
i na t ion  of two of the p o l l u t a n t s  does not  change t h e  order  of magnitude 
of t h e  e f f o r t  of reducing the  CO problem. 

We might be 

I c a n f t  be any more d e f i n i t i v e ,  but  I th ink  

COMMENT - L. Duke: 
d i r e c t i n g  ourse lves  t o  t h e  real problem. On t h e  engines we*ve seen t o  
date ,  and we've made t h e  poin t  we're not done y e t ,  t h e  major problem i s  
t h e  CO, e spec ia l ly  t h e  four  cy l inder  n a t u r a l l y  a sp i r a t ed  engines where 
there ' s  not a problem wi th  NO, o r  hydrocarbons. 

Taking away t h e  hydrocarbon and NO, l M t s  i s  not 

COMMENT - W. Houtman: J u s t  t o  c l a r i f y  t h e  recommendation 1 made, i t  w a s  
not t h e  i n t e n t  t o  completely relax the  s tandards and it  wasn't an  agru- 
ment f o r  re laxa t ion .  When making t h e  recommendation t o  drop t h e  HC and 
NO,, based on t h e  ana lys i s ,  t h e r e  w a s  no need t o  con t ro l  these  pol lu tan ts .  
There seemed t o  be some confusion t h a t  some very good CO con t ro l  systems 
were being ignored because af high NO,. W e  don't expect a d i f f e rence  on 
HC and NO, as a r e su l t  of removing HC and NO,. The HC and NO, s tandards 
were set a t  levels we would expect t o  see as a r e s u l t  of t h e  CO cont ro ls .  

COMMENT - P. Kempke: I agree wi th  w h a t ' s  been s a i d  with regard t o  CO 
being t h e  problem. I f  t h e  hydrocarbon and NO, s tandards were dropped, 
some of t h e  development work would be s impl i f ied  i n  t h e  sense t h a t  t h e  . 
measurements of those two po l lu t an t s  would no t  be a problem, It would 
minimize t h e  amount of temperature-humiduty co r rec t ion  f a c t o r s  t h a t  have 
t o  be appl ied t o  t h e  t e s t ing .  However, I c e r t a i n l y  agree  that i t  does 
not 
big 

Q -  

change t h e  o v e r a l l  probi&s facing the  engines today. 
problem. 

The CO is  t h e  

G. Hicks: Regarding your sampling techniques, you ind ica t e  you have 
some type of sampling technique t h a t  you applPed i n  t h e  t e s t i n g  of t h e  
engines and not  a l l  engines w e r e  t es ted .  Would you f e e l  i t  would be 
a help t o  you i f  you had g r e a t e r  c l a r i f i c a t i o n  i n  t h e  regula t ion  t o  
i n d i c a t e  t h e  type of to le rance  bands t h a t  would be required i n  your 
sampling technique and the  establishment of confidence i n t e r v a l s  i n  
your s ta t is t ical  ana lys i s?  
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A - S. Jedrziewski:  I n  our determination of cos t s ,  w e  have based that 
c o s t  on sampling se lec ted  engines. Only 1 ou t  of 10 or maybe 1 out  
of 20 engines off  t h e  production l i n e  would be run through t h e  
emission level test t o  see whether o r  no t  it complies. Whether t h e  
sampling p lan  has t o  be on production o r  whether It has t o  be done 
only on c e r t i f i c a t i o n ,  w e ' r e  not  i n  a pos i t i on  t o  know o r  make a 
recommendation a t  t h i s  t i m e .  EPA has  spe l led  o u t  t h a t  every engine 
t h a t  leaves t h e  l i n e  has t o  meet t h e  emission level. FAA and EPA, 
as 1 indica ted ,  are g e t t i n g  together  t o  work out  a sampling plan o r  
whatever is acceptable .  
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Figure 14-2 
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15. EMISSIONS AND NEW TECHNOLOGY PROGRAMS FOR 

CONVENTIONAL SPARK-IGNITION AIRCRAFT ENGINES 

W i l l i a m  T ,  Wintucky 

L e w i s  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio 

Af te r  t he  Environmental Pro tec t ion  Agency (EPA) i ssued  exhaust emis- 
s ions  s tandards f o r  general-aviation engines i n  1973, NASA embarked on a 
number of programs t o  develop and demonstrate technology and t o  a i d  
indus t ry  i n  developing and demonstrating exhaust po l lu t ion  reduction 
techniques f o r  those engines.  The program has s ince  been expanded t o  in-  
clude improved performance and o ther  areas  of new technology f o r  general- 
av ia t ion  i n t e r n a l  combustion engines t h a t  are not  necessa r i ly  being pur- 
sued by industry.  A long-range technology p lan  i n  support  of general- 
av ia t ion  engines has been formulated and is being implemented a t  the  
L e w i s  Research Center. For completeness, t h i s  paper b r i e f l y  descr ibes  
the o v e r a l l  program and presents  i n  d e t a i l  t h a t  p a r t  of the program t h a t  
represents  the  in-house e f f o r t  a t  L e w i s ,  

LEWIS OVERALL INTERNAL COMBUSTION ENGINE PROGRAM 

Three areas of government and industry e f f o r t  involving conventional 
general-aviation p i s ton  engines are p a r t  of a coordinated o v e r a l l  plan: 

(1) FAA/NASA J o i n t  Program 

( 2 )  NASA Contract Exhaust Emissions Pol lu t ion  Reduction Program 

(3) NASA In-House Emissions Reduction and New Technology Program 

FAA/NASA J o i n t  Program 

The objec t ives  of  t h i s  program are t o  e s t a b l i s h  emissions levels of  
cur ren t  general-aviation p is ton  engines and t o  inves t iga t e  minor engine 
modifications t o  s a f e l y  reduce emissions t o  t h e  EPA 1979 s tandards.  Co- 
funded s tud ie s  by the  Federal Aviation Administration (FAA) and NASA are 
now underway with t h e  two primary engine firms bui ld ing  general-aviation 
p i s ton  engines,  Avco Lycoming and Teledyne Continental  Motors , 
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(1) To experimentally charac te r ize  t h e  emissions from 10 representa- 
tive a i r c r a f t  p i s ton  engines, and 

(2) To assess the  f e a s i b i l i t y  of "leaning out" and spark t iming 
changes f o r  emissions reduct ion and t o  demonstrate t h e  most satis- 
fac tory  approaches t o  compliance f o r  present ly  manufactured air- 
c r a f t  engines based on minimum engine changes t h a t  could quickly 
be adapted t o  and introduced on production models. 

NASA Contract Exhaust Emissions Pol lu t ion  Reduction Program 

The o v e r a l l  ob jec t ives  of t h i s  program are t o  e s t a b l i s h  and demon- 
strate by 1979, a t  the  two engine manufacturers, technology t h a t  w i l l  
s a f e l y  reduce gene ral-avia t ion  i n  termit t en t comb us t i o n  engine exhaust 
emissions t o  the  EPA 1979 s tandards o r  b e t t e r .  Adverse e f f e c t s  on per- 
formance, cos t ,  weight, and r e l i a b i l i t y  must be held t o  a minimum. The 
two engine manufacturers each are inves t iga t ing  and demonstrating one 
major and two minor engine modifications t h a t  have the  p o t e n t i a l  of s ig -  
n i f i c a n t l y  reducing exhaust emissions. 
cur ren t  s ta te-of- the-ar t  technology and w i l l  r equi re  a longer t i m e  t o  
progress from experimental t o  preprototype engines than those i n  t h e  
FAA/NASA program. 

The modifications are based on 

NASA In-House Emissions Reduction and New Technology Program 

The objec t ives  of t h i s  program are t o  i d e n t i f y  and demonstrate tech- 
nology t o  s a f e l y  reduce exhaust emissions and improve performance and t o  
pursue o ther  areas of new technology t h a t  are not necessar i ly  being 
worked on by the  industry.  The bene f i t s  could be any one o r  a combina- 
t i o n  of reduced emissions improved performance, improved r e l i a b i l i t y ,  
reduced s p e c i f i c  f u e l  consumption, reduced maintenance, and lower cos t ,  
In cont ras t  t o  t h e  work under cont rac t  with the  engine manufacturers, the  
work at L e w i s  i s  concentrated on longer t e r m  so lu t ions  requi r ing  addi- 
t i o n a l  o r  new a n a l y t i c a l  and/or experimental technology. 
grams t h a t  are present ly  active are 

Spec i f ic  pro- 

(1) Temperature-humidity cor re la t ions  

(2) Improved f u e l  i n j e c t i o n  

(3) Otto-cycle a n a l y t i c a l  simulation 

( 4 )  Improved engine cool ing 

Areas of work t h a t  have been i d e n t i f i e d  f o r  fu tu re  s tudy are 

(1) High-energy i g n i t i o n  systems 

(2) Automated engine con t ro l s  
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(3) Assessment of a l t e r n a t i v e  f u e l s  and engine modifications needed 
t o  use a l t e r n a t i v e  f u e l s  

( 4 )  Improved induct ion and carburet ion sys  t e m s  

The a c t i v e  programs are described i n  some d e t a i l ,  and the  f u t u r e  work is 
described b r i e f l y  . 

Active programs. - The following programs are present ly  ac t ive .  

Temperature-humidity co r re l a t ions  : The ob jec t ive  of t h i s  program is 
t o  develop a co r re l a t ion  and cor rec t ion  f ac to r  f o r  t h e  e f f e c t s  of ambient- 
a i r  temperature and humidity on engine exhaust emissions l e v e l s  and per- 
formance. T e s t  results t o  da t e  have shown t h a t  ambient-air temperature 
and humidity s i g n i f i c a n t l y  a f f e c t  da ta  and may make comparisons between 
d i f f e r e n t  test sites d i f f i c u l t  on a modal o r  per-cycle b a s i s .  The gen- 
eral program involves an experimental e f f o r t  being conducted on two air- 
c r a f t  engines (Lycoming 0-320D and Continental  TSIO-360C) on a dyna- 
mometer test s tand.  
operat ing range. In  p a r t i c u l a r ,  t h e  tests are being conducted i n  the  
modes of the  EPA emissions cycle  a t  f ixed ,  cont ro l led  temperature and 
humidity condi t ions over a range of fue l -a i r  r a t i o s .  
emissions w i l l  f i r s t  be attempted f o r  each of t he  modes on the b a s i s  of 
fue l -a i r  r a t i o s  and pounds p e r  mode. An o v e r a l l  co r re l a t ion  of t h e  r a w  
emissions and modes w i l l  then b e  attempted, and f i n a l l y  comparisons w i l l  
be made between t h e  two engines.  Based on these  r e s u l t s ,  w e  are hoping 
t o  develop some general ized cor rec t ion  f ac to r s  s o  t h a t  engine test re- 
s u l t s  obtained under any ambient conditions can be corrected back t o  some 
s tandard reference conditions such as 59' F and zero percent r e l a t i v e  
humidity. The normalized test r e s u l t s  of i d e n t i c a l  engines t e s t e d  at 
d i f f e r e n t  test sites and ambient conditions could then be d i r e c t l y  com- 
pared. 

The two engines are being t e s t e d  over t h e i r  e n t i r e  

Correlat ion of 

Improved f u e l  i n j ec t ion :  The primary ob jec t ive  of t h i s  program is  
to  determine and demonstrate t h e  po ten t i a l  of a pulsed fue l - in jec t ion  
system t o  reduce exhaust emissions and s p e c i f i c  f u e l  consumption and t o  
improve performance, A more p rec i se  f u e l  con t ro l  would reduce va r i a t ions  
i n  cylinder-to-cylinder and cycle-to-cycle fue l - a i r  r a t i o s ,  thereby 
allowing l eane r  engine operat ion than the  present  continuous-flow sys- 
tems. A secondary objec t ive  of t h i s  program i s  t o  determine the  e f f e c t s  
of the  var ious in jec t ion-cont ro l l ing  parameters (droplet  s i z e ,  spray pat-  
t e rn ,  f u e l  flow, f u e l  pressure,  nozzle geometry, and i n j e c t i o n  timing) 
and j u s t  how much these  parameters could vary and s t i l l  y i e l d  both ac- 
ceptable  performance and emissions reduction e 

Gasoline fue l - in jec t ion  systems have been around s i n c e  t h e  Wright 

They w e r e  pursued very sporadica l ly  
bro thers ,  and var ious systems s p e c i f i c a l l y  f o r  a i r c r a f t  engines w e r e  
worked on as e a r l y  as t h e  1920's. 
and separa te ly  from engine development u n t i l  the  advent of World War 11. 
Under m i l i t a r y  sponsorship i n  the  1940's  and i n  conjunction wi th  Wright 
and P r a t t  & Whitney, production fue l - in jec t ion  systems f o r  r a d i a l  engines 
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w e r e  developed and manufactured. 
ind iv idua l ly  from a mechanical plunger-type pump. Af te r  World War 11, 
these  systems w e r e  adapted t o  hor izonta l ly  opposed engines. 
1950's and e a r l y  1 9 6 0 ' ~ ~  continuous-injection systems, which were much 
simpler,  more r e l i a b l e ,  and less cos t ly ,  w e r e  introduced. These are 
e s s e n t i a l l y  t h e  same systems used today. 

These systems fed f u e l  t o  each cy l inder  

I n  the  late 

Present  automotive fue l - in jec t ion  systems are more sophis t ica ted  and 

The L e w i s  pro- 
at a higher  state of development than those f o r  a i r c r a f t .  Some of these  
systems could poss ib ly  be adapted t o  a i r c r a f t  engine use. 
gram is  not d i r ec t ed  toward adapting e x i s t i n g  systems bu t  is involved 
with fundamentals of sprays and f u e l  timing and t h e i r  e f f e c t s  on emissions 
and performance. 

A l i t e r a t u r e  search on fue l - in jec t ion  work has been performed, and 
the information is  being summarized. There i s  a lack of cons is ten t  in-  
formation t h a t  is  appl icable  t o  a i r c r a f t  and o ther  engines. Most b a s i c  
work e i t h e r  has not been reported completely o r  has  not  been reported a t  
a l l  and may be propr ie ta ry .  Sporadic work w a s  done by NACA up t o  and 
during World War 11. Some l imi t ed  work w a s  performed by NACA on s ingle-  
cy l inder  engines,  and a l so  some b a s i c  work w a s  done on nozzles pr imari ly  
furnished by the  companies developing the in j ec to r s .  No work w a s  done 
toward a complete fue l - in jec t ion  system, and much of what w a s  done is  
apparently not  t r a n s l a t a b l e  i n t o  today's appl ica t ions .  Some general iza-  
t i ons  can be taken from the e a r l y  work and w i l l  se rve  as a guide t o  our 
program. 

After  experimental v i sua l i za t ion  techniques w e r e  es tab l i shed ,  bench 
t e s t i n g  of e x i s t i n g  i n j e c t o r s  under ambient condi t ions w a s  begun. A l l  
previous v i sua l i za t ion  work reported i n  the  l i t e r a t u r e  w a s  done with 
l i q u i d s  o the r  than gasol ine f o r  s a f e t y  reasons. The commonly used sub- 
s t i t u t e  f o r  gasol ine f o r  i n j e c t o r  and nozzle  c a l i b r a t i o n  and t e s t i n g  i s  
Stoddard so lvent ,  a commercially ava i l ab le  dry cleaning f lu id .  It has 
v i scos i ty ,  sur face  tension,  and densi ty  proper t ies  similar t o  those of 
gasoline.  W e  v i sua l ly  compared w a t e r ,  Stoddard so lvent ,  and gasol ine 
under i d e n t i c a l  conditions through a number of d i f f e r e n t  i n j e c t o r s .  Per- 
formance with water w a s  d r a s t i c a l l y  d i f f e r e n t ,  giving poor atomization 
r e l a t i v e  t o  t h a t  with Stoddard solvent  and gasoline.  
t e rns  with Stoddard so lvent  and gasoline looked s i m i l a r  under c e r t a i n  
condi t ions,  Under o the r  condi t ions,  however, t h e  Stoddard so lvent  showed 
a much b e t t e r  and more atomized spray pa t te rn .  This,  coupled with the  
f a c t  t h a t  our s a f e t y  personnel consider Stoddard so lvent  t o  be j u s t  as 
hazardous i n  our  f a c i l i t i e s  as gasol ine,  d i c t a t e d  the  choice of gasol ine 
f o r  t h e  v i sua l i za t ion  work. 

Visual ly ,  t h e  pat-  

W e  are i n  t h e  process of t e s t i n g  a number of i n j e c t o r s  under t h e i r  
design operat ing conditions.  
f ined  seven operat ing modes t h a t  cover normal engine operat ion.  
modes from the  EPA emissions mode cycle  are t a x i / i d l e  (out ) ,  t akeoff ,  
climb, approach, and t a x i / i d l e  ( in) .  However, s ince  the  engine operates  

For a i r c r a f t  engine i n j e c t o r s ,  w e  have de- 
The f i v e  
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i n  the  c r u i s e  mode 95 percent of the  t i m e ,  w e  chose c r u i s e  performance 
and c ru i se  economy as being equal ly  important and representa t ive  of mst 
normal operation. 
a Continental  TSIO-360 engine t h a t  is now running on.our dynamometer 
test stand. 
same flow rates and the same shroud air  pressure d i f f e r e n t i a l s  
Figure 15-1 shows the  opera t ing  modes. 
j e c t o r  performance w a s  shroud-to-manifold AP. Where the re  w a s  some AP, 
the  i n j e c t o r  f u e l  flow w a s  maximized t o  some extent .  
i d l e  and t a x i  (which w e r e  v i s u a l l y  s imi l a r )  and f igu re  15-1(d), c r u i s e  
economy, d id  have shroud AP's and therefore  f u e l  atomization. Fig- 
ure 15-l(b),  t akeoff ,  and f igu re  15 - l ( c ) ,  climbout, approach, and c ru i se  
performance (which w e r e  v i sua l ly  s i m i l a r ) ,  had no shroud AP's. The f u e l  
came out  as an almost s o l i d  stream of l a rge  drople t s .  

W e  have j u s t  completed bench t e s t i n g  an i n j e c t o r  f o r  

The t e s t i n g  w a s  conducted by spraying f u e l  i n t o  a i r  a t  t h e  
AP's. 

The main f a c t o r  a f f e c t i n g  in -  

Figure 15-1(a), 

Work is  underway t o  set up an i n j e c t o r  flow test f a c i l i t y  i n  order  

A number of i n j e c t o r s  w i l l  be f ab r i ca t ed  and 
t o  con t ro l  test condi t ions f o r  v i sua l i za t ion  of flow pa t t e rns  under simu- 
l a t e d  se rv ice  conditions.  
v i sua l ly  t e s t e d  t o  observe var ious i n j e c t o r  flow pa t t e rns .  
flow pa t t e rns  w i l l  be co r re l a t ed  with the  r e l a t i v e  performance and e m i s -  
s ions  from tests of these  i n j e c t o r s  i n  a s i n g l e  cy l inder  o r  an a i r c r a f t  
engine. The f u e l  i n j e c t o r / i n l e t  manifold configurat ion w i l l  be  as s i m -  
i lar  as poss ib le  t o  t h a t  of a s tandard a i r c r a f t  engine. It is  expected 
tha t  these tests w i l l ,  on a f i r s t - o r d e r  b a s i s ,  i nd ica t e  t h e  range and 
performance s e n s i t i v i t y  of the  i n j e c t i o n  va r i ab le s ,  which w i l l  have t o  
be v e r i f i e d  later i n  a mult icyl inder  a i r c r a f t  engine. 

The v i s u a l  

To evaluate  t h e  complete i n j e c t o r  system, the  in take  and exhaust 
manifolds of one cy l inder  of a water-cooled mul t icy l inder  engine w i l l  be 
i s o l a t e d  and f i t t e d  with a simulated a i r c r a f t  engine in t ake  configurat ion 
including an i n j e c t o r .  This configurat ion is  being used s ince  t h e  unmod- 
i f i e d  cyl inders  w i l l  maintain engine speed over a much wider range of 
conditions,  i n  t he  i s o l a t e d  cy l inder ,  than could be obtained by t e s t i n g  
with a s ingle-cyl inder  engine,  
and r i s k  of damage t o  the  engine. A research e l e c t r o n i c  con t ro l  system 
w i l l  be  used t o  vary the  fue l - in jec t ion  pulse  timing and flow. The com- 
p l e t e  breadboard i n j e c t i o n  system w i l l  be  func t iona l ly  demonstrated over 
a wide range of test conditions.  The breadboard system w i l l  then be 
adapted t o  an a c t u a l  a i r c r a f t  engine,  and improvements i n  performance and 
emissions w i l l  be evaluated r e l a t i v e  t o  those obtained wi th  t h e  s tandard 
i n j e c t i o n  system. 

U s e  of a water-cooled engine reduces cos t  

Otto-cycle program: L e w i s  has been t ry ing  f o r  some t i m e  t o  develop 
an a n a l y t i c a l  computer program simulat ing t h e  Otto cycle i n  a spark- 
i g n i t i o n  i n t e r n a l  combustion engine. The ob jec t ive  of t h i s  program is t o  
produce a general ized ana ly t i ca l  model t h a t  can be used t o  p r e d i c t  emis- 
s ions  l e v e l s  and engine performance f o r  a broad range of design and oper- 
a t i n g  conditions.  
f i n e l y  tune the  computer program f o r  a s p e c i f i c  engine and m a k e  poss ib le  
a rap id ly  ca lcu la ted  engine performance map. 

Limited experimental da ta  could then be used t o  more 
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The program i s  composed of t he  var ious combustion, gas dynamic, and 
heat  t ranspor t  processes t h a t  have t o  be accura te ly  described throughout 
the  thermodynamic cycle  i n  order  t o  handle va r i a t ions  set up by d i f f e r e n t  
engine geometries and operat ing modes. The program computes a series of 
ind iv idua l  state po in t s ,  more than 1000 over one cycle ,  which includes 
in take  and exhaust blowdown and mixing. Figure 15-2 is a representa t ive  
sketch of t he  pressure/volume diagram over which the  ind iv idua l  calcula-  
t i ons  are made. 
p red ic t  emissions levels and performance, inc luding  e f f e c t s  of res idual-  
gas mass f r a c t i o n ,  exhaust-gas r ec i r cu la t ion  mass f r ac t ions ,  and super- 
charging. The program is now being v e r i f i e d  by comparing emissions and 
performance of an automotive V-8 engine, Eventually,  performance and 
emissions of a number of ac tua l  engines of d i f f e r e n t  s i ze s ,  geometries, 
and operat ing ranges w i l l  be compared with those predicted by the  computer 
program. 

A t  p resent ,  t he  program includes very l imi t ed  a b i l i t y  t o  

The b a s i s  for  t h e  computer program is Lewis '  activities i n  thermo- 
dynamics and combustion and i n  p a r t i c u l a r  t he  L e w i s  chemical equi l ibr ium 
and chemical k i n e t i c s  programs. 
d i f f i c u l t  t o  model, t h i s  then becomes the  h e a r t  of t he  program. 

Since the  combustion process is  t h e  most 

To d a t e ,  oxides-of-nitrogen (NO,) emissions have been f a i r l y  accu- 
r a t e l y  pred ic ted  when the combustion i n t e r v a l  w a s  accura te ly  known. Be- 
cause chemical equi l ibr ium w a s  used during combustion, carbon monoxide 
(CO) predic t ions  w e r e  very low o r  almost zero. For t h e  same reason, no 
hydrocarbons (HC) w e r e  formed i n  the  model s ince  a l l  of t he  carbon goes 
t o  carbon dioxide (C02). 
program t o  be a b l e  t o  p red ic t  CO and HC. 
technique for  very r ap id  r eac t ions  has been incorporated i n  the  program 
and i s  being checked out. 
used during the  combustion process ,  as w e l l  as during the  expansion 
process. No r e s u l t s  have y e t  been obtained with the  new technique. 

Considerable work has recent ly  been done on the  
A new numerical i n t eg ra t ion  

This w i l l  now allow chemical k i n e t i c s  t o  be 

The computer program can ca l cu la t e  r e l a t i v e  d i f fe rences  i n  engine 
performance, bu t  agreement with ac tua l  engine performance i s  poor a t  most 
conditions.  The reason is t h a t  the Otto-cycle model does not  y e t  include 
valve timing, v a r i a t i o n  i n  in t ake  fue l -a i r  charge, and predic t ion  of the 
charge when the  inlet  valve c loses ,  
pu ter  program a t  a later da te  a f t e r  the new in t eg ra t ion  technique is 
working . 

These w i l l  be included i n  the  com- 

A program t o  supply experimental engine data t o  support  development 
of the  a n a l y t i c a l  model is i n  progress. In addi t ion  t o  supplying engine 
emissions and performance da ta ,  these tests w i l l  a l s o  supply da ta  on such 
important f ac to r s  i n  determining model accuracy as hea t  loss, i n l e t  flow 
cha rac t e r i s  t ics,  combus t i o n  products, and combustion i n t e r v a l s .  To a i d  
i n  t h i s  experimental work, instrumentation has been designed and b u i l t  
and is being t e s t e d  t o  determine on a per-cycle, per-cylinder b a s i s  t h e  
combustion i n t e r v a l  and the ind ica ted  mean e f f e c t i v e  pressure.  
formerly w e r e  manually ca lcu la ted  from photographs of t he  combustion 

These 
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chamber pressure a f t e r  tes t ing .  The mass f r a c t i o n  burned as an  in t e r im  
s t ep  is now determined on l i n e  i n  real t i m e .  A sample of osc i l loscope  
t r aces  of t h ree  successive cycles of the  combustion c h a d e r  pressure and 
the  mass f r a c t i o n  burned a t  a lean medium-power condi t ion are shown i n  
f igu re  15-3. 
determined m a s s  f r ac t ion  burned as a percentage of the  maximum value are 
shown as functions of crank angle  degrees. 
combustion and the  t h i r d  represents  increased i g n i t i o n  l a g  and slow burn- 
ing  due t o  a very l ean  mixture. The combustion i n t e r v a l  of about 80° can 
be measured from the  curve of mass f rac t ion  burned. W e  have defined the  
combustion i n t e r v a l  as t h e  t i m e  t h a t  i t  takes t o  go from 10  t o  90 percent  
of t he  mass f r ac t ion  burned. 

Both the  combustion chamber pressure and the on-line- 

Two traces represent  normal 

The on-line determination of the  mass f r a c t i o n  burned of t he  charge 
w a s  compared, a t  good combustion condi t ions,  with t h a t  obtained with a 
d i g i t a l  planimeter connected to  a minicomputer. Figure 15-4 is a com- 
puter  p l o t  of t he  rate of change of combustion chamber pressure  and t h e  
mass f r a c t i o n  burned as funct ions of crank angle  degrees using t h e  p lan i -  
meter method. Superimposed on the  mass-fraction-burned curve i s  a series 
of dots  represent ing values t h a t  w e r e  taken from an osc i l loscope  trace 
of t he  on-line measurement of m a s s  f r ac t ion  burned a t  the  same test con- 
d i t i ons .  The agreement i s  very good. It is planned t o  very s h o r t l y  have 
a d i r e c t  d i g i t a l  output reading of  combustion i n t e r v a l  and apparent flame 
speed. 
the combustion chamber. The d is tance  used is t h a t  from t h e  spark plug 
to  the  furthermost point  i n  the combustion chamber a t  90-percent mass 
f r ac t ion  burned. The t i m e  i n t e r v a l  i s  t h a t  required t o  go from 10 t o  
90 percent of t h e  m a s s  f r a c t i o n  burned. 

The apparent flame speed i s  an average ye loc i ty  of t h e  flame i n  

Engine-indicated mean e f f e c t i v e  pressure (imep) i n  real t i m e  is con- 
t inuously ca lcu la ted  by another prototype instrument cur ren t ly  under test. 
The work done on a per-cycle b a s i s  is measured d i r e c t l y .  
bust ion chamber pressure,  a running i n t e g r a l  of the  change i n  pressure 
and volume as a funct ion of crank angle is  continuously summed over the  
720' of one cycle  t o  give one value. One-hundred consecutive cycles  of 
imep are ca lcu la ted ,  s to red ,  and averaged t o  a l s o  give one mean value. 
In  addi t ion ,  t he  s tandard devia t ion  is a l so  ca lcu la ted ,  The 100 cycles  
are displayed on an osc i l loscope  i n  a bar-graph output ,  The mean value 
of imep and i ts  s tandard deviat ion a r e  d i g i t a l l y  displayed. Also,  any of 
the ind iv idua l  imep values can be s e l e c t i v e l y  read out.  Figure 15-5 
shows s ix  sets of imep bargraphs f o r  d i f f e r e n t  operat ing condi t ions 
taken on an automotive V-8 engine tha t  is being used fo r  both instrument 
research purposes and i n  support of the  Otto-cycle program. The s i x  con- 
d i t i o n s  are engine s t a r t u p ,  i d l e  a t  1000 rpm, and engine operat ion a t  
2000 rpm and i d e n t i c a l  power a t  th ree  equivalence r a t i o s ,  s to ich iometr ic  
(4  = 1.0) and l ean  (4 = 0.81 and 0.77). 
2000 rpm and the l e a n  l i m i t  is shown. It is a r a t h e r  dramatic presenta- 
t i on  of both slow combustion and misf i res .  

Using t h e  com- 

Also, engine operat ion a t  

Improved engine cooling: The ob jec t ive  of t h i s  program is  t o  gen- 
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erate f o r  ana lys i s  and design purposes, information on engine cyl inder  
cooling cons i s t ing  of both a n a l y t i c a l  and experimental data.  
include da ta  and c o r r e l a t i o n s  f o r  ana lys i s ,  design, and optimization of 
finned cyl inder  heads, cooling a i r f low,  and pressure drop, 
performed both in-house a t  L e w i s  and on con t r ac t .  

This would 

Work w i l l  be  

A g rea t  amount of research w a s  done i n  t h e  e a r l y  NACA days on cool- 
i n g  f i n  ana lys i s  and optimization. 
toward o v e r a l l  minimum weight, a i r f low pressure drop, and h ighes t  h e a t  
t r ans fe r .  Research has a l s o  been done f o r  automotive air-cooled engines. 
General conclusions have been t h a t  t h e  cooling f i n s  should be as t h i n  as 
possible  and t h a t  t h e r e  should be as many as p r a c t i c a l ,  wi th  spacing 
being a function of flow and pressure drop with f i n  flow l eng th  being as 
s h o r t  as possible .  During t h i s  same t i m e  per iod,  research w a s  done by 
NACA on b a f f l i n g  f o r  r a d i a l  engines,  some of t h i s  technology can be 
applied t o  in - l ine  engines,  Cylinder b a f f l i n g  design is very important 
arid depends on the s p e c i f i c  cylinder-head finned configuration. It 
properly needs t o  be an i n t e g r a l  p a r t  of t h e  o v e r a l l  s p e c i f i c  cooling 
design and the  engine i t s e l f ,  Small v a r i a t i o n s  i n  spacing o r  excessive 
clearance between the  b a f f l e s  and f i n s  can cause a s h o r t  c i r c u i t  i n  t he  
cooling flow and a s u b s t a n t i a l  reduction i n  its e f f ec t iveness .  

The major t h r u s t  of t h i s  work w a s  

An i n i t i a l  a n a l y t i c a l  e f f o r c  is now underway t o  de f ine  and analyze 
f i n  thickness,  spacing,  hea t  t r a n s f e r ,  and flow and t h e i r  e f f e c t s  on 
cyl inder  w a l l  temperature. 
of a s i n g l e  flow channel has been w r i t t e n  and is  being used t o  c a l c u l a t e  
cyl inder  w a l l  temperatures a t  t he  end of t h e  a i r f l o w  path. Fin cooling 
is analyzed by looking a t  i t  as a system cons i s t ing  of a hea t  exchanger 
w i t h  a l l  o f  i ts  i n t e r r e l a t i o n s h i p s  of f i n ,  channel configurat ions,  flows, 
and temperature d i f f e r e n t i a l s  AT'S a 

path from the  f r o n t  t o  the  back of today's cy l inde r s ,  it is poss ib l e  t o  
have a few hundred degrees temperature d i f f e rence  between the  i n l e t  and 
o u t l e t  a i r  temperature ~ which i s  almost d i r e c t l y  r e l a t e d  t o  cy l inde r  w a l l  
temperature d i f f e rences  a t  the  corresponding a i r - f i n  loca t ions .  This 
i n i t i a l  computer work does not  consider f i n  weight as an optimizing fac- 
t o r .  The e f f e c t  o f  weight s e n s i t i v i t y  on finned configurat ions a t  th i s  
po in t  i s  academic u n t i l  a generalized cylinder-head configurat ion is  
modeled and the  main hea t  paths  and o v e r a l l  hea t  t r a n s f e r  are considered. 
Finned samples w i l l  be  t e s t e d  and the  r e s u l t s  co r re l a t ed  with t h i s  i n i t i a l  
a n a l y t i c a l  work. Cylinder heads instrumented with thermocouples w i l l  be  
t e s t e d  by t h e  engine manufacturers. 
help determine major h e a t  flow paths and t o  a i d  i n  a n a l y t i c a l l y  modeling 
these  h e a t  flow paths as poss ib l e  p a r t s  of an o v e r a l l  cylinder-head 
a n a l y t i c a l  model. 

A computer program of a two-dimensional model 

With t h e  long, narrow , h e a t  flow 

This information w i l l  be  used t o  

In add i t ion  t o  the  cooling f i n  ana lys i s ,  and as a sepa ra t e  e f f o r t ,  
such concepts f o r  improving cool ing as l o c a l  forced-air  cool ing and s h a f t  
fans w i l l  be  evaluated f o r  t h e i r  p o t e n t i a l  con t r ibu t ion  t o  cooling. 

Future programs. - As p a r t  of a long-range planning e f f o r t ,  new re- 
search t h a t  may reduce emissions and improve technology has  been i d e n t i -  
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f ied.  
s ions  reduced s p e c i f i c  f u e l  consumption ( s f c )  , reduced maintenance, 
lower c o s t ,  increased performance, and g r e a t e r  r e l i a b i l i t y .  S p e c i f i c  
areas of research t h a t  could be pursued as o u r  resources allow are as 
follows : 

The b e n e f i t s  could be any one o r  a combination of reduced e m i s -  

High-energy i g n i t i o n  systems: Ign i t ion  systems with increased igni-  
t i o n  energy and/or durat ion may have t h e  p o t e n t i a l  t o  s i g n i f i c a n t l y  re- 
duce emissions, improve performance, and allow l eane r  engine operation. 
A unique i g n i t i o n  system t h a t  can provide s i g n i f i c a n t  amounts o f  i n -  
creased i g n i t i o n  energy over any spec i f i ed  length of t i m e  t o  the spark 
plugs has been designed and an experimental model b u i l t ,  
can provide mul t ip l e  sparks  and the sustained arc system would a l s o  be 
adapted t o  and i n s t a l l e d  on an aircraft engine f o r  t e s t i n g .  
e f f e c t s  of increased i g n i t i o n  energy from each system on engine perform- 
ance and emissions compared with the  s tandard i g n i t i o n  system would be 
evaluated, Based on t h i s  eva lua t ion ,  an advanced i g n i t i o n  system might 
be designed and t e s t e d  (perhaps as p a r t  of an automated engine con t ro l  
system) on an a i r c r a f t  engine. 

A system t h a t  

The relative 

Automated engine controls :  The ob jec t ive  o f  t h i s  program would be 
t o  determine and demonstrate the  p o t e n t i a l  of an automated engine con t ro l  
(preprograrnmed s ingle- lever  type) t o  operate  an engine a t  p r e s e t  condi- 
t i o n s  f o r  various power levels ,  exhaust emissions wi th in  the  EPA stand- 
ards,  minimum f u e l  consumption and y e t  provide t h e  required s a f e t y  m a r -  
gin f o r  response and performance. Included i n  t h i s  con t ro l  would be 
t h r o t t l e / p r o p e l l e r  p i t c h  fue l - a i r  r a t i o ,  spark advance, and turbocharg- 
i ng  . 

System requirements would be defined along with the  c o n t r o l l i n g  and 
con t ro l l ab le  parameters. Available experimental d a t a  on the  s e n s i t i v i t y  
of input  parameters would be used i n  a systems a n a l y s i s  t o  assist i n  the  
s e l e c t i o n  of c o n t r o l  parameters and a system concept, A research bread- 
board system would be assembled and t e s t e d  on an a i r c r a f t  engine., 

Technology from o t h e r  areas of t he  general-aviation program ( f u e l  
i n j e c t i o n ,  i g n i t i o n ,  systems cooling) could be inputs  t o  t h i s  s p e c i f i c  
program. It might a l s o  be necessary t o  evaluate  t h e  state of the a r t  of 
con t ro l  sensors  and controls .  

Assessment of engine modifications f o r  and use of a l t e r n a t i v e  fue l s :  
The ob jec t ive  of t h i s  program would be t o  evaluate  o t h e r  a v a i l a b l e  gaso- 
l i n e s  o r  s y n t h e t i c  f u e l s  derived from e i t h e r  coa l  o r  organic  materials as 
a l t e r n a t i v e s  t o  e x i s t i n g  a v i a t i o n  fue l .  A l t e rna t ive  fue l s  would be eval- 
uated f o r  unmodified engines.  Also t o  a l i m i t e d  ex ten t ,  engine modifica- 
t i o n s  needed t o  use these  fue l s  would be explored. 

An assessment would be made of what engine changes and modifications 
would be necessary and p r a c t i c a l  t o  be a b l e  t o  use o t h e r  a v a i l a b l e  f u e l s  
wi th  lower octane r a t i n g s  and/or v o l a t i l i t y  c h a r a c t e r i s t i c s  and a wider 
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to le rance  on f u e l  spec i f i ca t ions .  
a t i v e  thereof would be  a primary candidate because of i t s  a v a i l a b i l i t y .  
Synthet ic  av ia t ion  f u e l  would be  obtained f o r  t e s t i n g  with cur ren t  
engines. 
ance differences.  An endurance test could be proposed t o  determine i f  
there  might be any long-term e f f e c t s  on the  engine and i ts  performance 
o r  main ta inabi l i ty .  

Automotive no-lead gasol ine o r  a deriv- 

T e s t s  would be  made t o  check f o r  any emissions. and/or perform- 

Improved induct ion and carburet ion systems: The ob jec t ive  of t h i s  
programwould b e  t o  eva lua te  t h e  p o t e n t i a l  of improved engine induct ion 
and carburet ion systems t o  s i g n i f i c a n t l y  improve engine operat ing condi- 
t i ons  and performance. Present-day carbureted a i r c r a f t  engines cons is t -  
en t ly  run at leaner  fue l - a i r  r a t i o s  i n  t h e  rear cyl inders  because t h e  
t h r o t t l e  p l a t e  d e f l e c t s  t he  f u e l  drople t s  toward t h e  f r o n t  cy l lnder .  
This mald is t r ibu t ion  de t r imenta l ly  a f f e c t s  both engine emissions and 
ind iv idua l  cylinder-head temperatures. This program would a l s o  comple- 
ment and i n t e r f a c e  with the  programs f o r  engine modifications required t o  
use a l t e r n a t i v e  f u e l s  and automated engine cont ro ls .  Varying fue l -a i r  
r a t i o s  as a funct ion of power demand ( t h r o t t l e  pos i t ion)  may be  required 
i n  order  t o  help meet the  EPA emission s tandards.  

SUMMARY 

In  summary, t h e  L e w i s  in-house program is pursuing new and/or 
improved technology f o r  i n t e r n a l  combustion engines t h a t  could be of long- 
term b e n e f i t  t o  t h e  industry.  
t i f i e d ,  a long-range program has been planned, and a number of e f f o r t s  
are underway. 

Spec i f ic  areas of i n t e r e s t  have been iden- 

1. Engine t e s t i n g  on a Lycoming 0-320 engine f o r  base l ine  perform- 
ance and temperature-humidity co r re l a t ions  has been completed. A pre- 
l iminary da t a  repor t  on the base l ine  t e s t i n g  has been publ ished,  and a 
preliminary d a t a  r epor t  on temperature-humidity e f f e c t s  on emissions i s  
being reviewed. Engine performance and emissions t e s t i n g  on a Conti- 
nen ta l  TSIO-360 has just been s t a r t e d .  
d e f i n i t e  t rend  and s t rong  e f f e c t  of ambient temperature and humidity on 
emissions. 

Preliminary da t a  ana lys i s  shows a 

2. I n i t i a l  bench t e s t i n g  of e x i s t i n g  a i r c r a f t  i n j e c t o r s  i s  i n  prog- 
ress and shows t h a t  t he re  is room fo r  improvement. 

3. An Otto-cycle computer program is under development. Chemical 
k i n e t i c s  has j u s t  been incorporated i n  the  combustion process ,  which 
should allow the predic t ion  of hydrocarbons and carbon monoxide, which 
here tofore  has n o t  been possible .  
tive pressure and flame speed instrumentat ion,  which has wide general  
a p p l i c a b i l i t y ,  i s  being developed and show good r e s u l t s  i n  the  experi-  
mental t e s t i n g  support ing the  ana ly t i ca l  e f f o r t .  

On-line engine ind ica ted  mean ef fec-  
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4 .  A two-dimensional, fin-channel, cooling-airflow computer program 
has been w r i t t e n  t o  study configurat ion e f f e c t s  on cy l inder  w a l l  tempera- 
ture.  R e s u l t s  t o  d a t e  show t h a t  the  change i n  w a l l  temperature along a 
f i n  flow passage is  almost exac t ly  equal  t o  t h e  adjacent  cooling-air  
temperature rise. 
w i l l  be, f o r  t e s t i n g  by t h e  engine manufacturers. Main h e a t  flow paths  
w i l l  be determined t o  a i d  i n  a n a l y t i c a l  modeling. 

One cy l inder  head has been thermocoupled, and another  

5. Other promising technology areas have been i d e n t i f i e d  f o r  pos- 
s i b l e  fu tu re  work. 
engine cont ro ls ,  a l t e r n a t i v e  f u e l s  and required engine modif icat ion,  
and improved induct ion and carburet ion.  

These are high-energy i g n i t i o n  systems, automated 



306 

DISCUSS ION 

Q - C. Rembleske: NASA is  t o  be congratulated on going back i n t o  t h i s  
area. 
i n t o  rec iproca t ing  engines? 

Our goal i s  t o  complete t h e  temperature-humidity cor- 
r e l a t i o n s  wi th in  a year. The fue l - in jec t ion  research  w i l l  t ake  sev- 
eral yea r s  and t o  g e t  t h i s  on an a i r c r a f t  engine w i l l  t ake  a l i t t l e  
longer.  The cool ing program e f f o r t  is  probably t h e  longest  program. 
It is  an evolut ionary program i n  that it is somewhat dependent on 
what w e  f i nd  out  as we go along. The program i s  adjusted accord- 
ingly.  This i s  a l s o  w h a t  w e  a r e  doing with t h e  Otto-cycle program. 
I n  t h a t  program, i t  w i l l  probably be 3 years  before  w e  have a model 
t h a t  could be used t o  genera l ize  and p red ic t  emissions and per- 
f ormanc e. 

What are your pro jec t ions  f o r  t h e  completion of your research  

A - W. Wintucky: 

COMMENT - M. Krasner: I would l i k e  t o  c l a r i f y  what B i l l  has  said.  Ob- 
viously,  t he  f i n a l  f r u i t s  of these  s o r t s  of research  programs may t ake  
some time t o  be r ea l i zed .  But w e  are fo r tuna te ,  i n  t h i s  case,  i n  d e a l -  
ing with t h e  l imi ted  number of people involved i n  the  industry.  It is  
easy f o r  us,  s ince  w e  are a l ready  i n  contact  with them, t o  quickly and 
d i r e c t l y  r e l a y  information w e  have developed. 
even ahead of our regular  repor t ing  times. 

And w e  intend t o  do so 

Q -  

A -  

W. Wiseman: 
a l t e r n a t i v e  fue l s ,  and you mentioned the  problem t h a t  now e x i s t s  
with the  use of 100 low lead f u e l  as a s u b s t i t u t e  f o r  80/87. Be- 
cause of t h a t  problem, the re  is  a rap id ly  growing i n t e r e s t  i n  using 
automotive gasol ine  f o r  a i r c r a f t .  Do you plan t o  i n v e s t i g a t e  t h e  
p o s s i b i l i t y  of using automotive gasol ine  f o r  a i r c r a f t ?  
W. Wintucky: 
a d r a s t i c  modification t o  an a i r c r a f t  engine. W e  would be looking 
a t  what engine changes would be necessary and whether i t  is  f e a s i b l e ,  
i n  t he  f i r s t  place,  t o  take  tha t  d r a s t i c  a s t e p  and go back t o  using 
lower octane f u e l  with t h e  broad range of s p e c i f i c a t i o n s  i n  which 
t h i s  f u e l  i s  produced. 

In  your f u t u r e  programs you l i s t e d  t h e  inves t iga t ion  of 

To go from 100/130 octane t o  automotive f u e l  r equ i r e s  

COMMENT - W. Wiseman: O f  course,  t he  t rend i s  toward unleaded automo- 
t i v e  gaso l ine  and, a t  t he  moment, octane i s  not  a problem f o r  t he  auto- 
mobile. 

Q - E. Becker: About 1 2  years  ago the  Army issued Mi l i t a ry  Specifica- 
t i o n  46005 with regard t o  reducing t h e  l o g i s t i c s  problem of ground 
veh ic l e s  and a i r c r a f t  operat ing on d i f f e r e n t  fue l s .  Is t h e r e  any 
cur ren t  i n t e r e s t  i n  pursuing t h a t  p a r t i c u l a r  e f f o r t  o r  i n  branching 
ou t  from i t  t o  develop a more common base f u e l  f o r  both ground vehi- 
cles and a i r c r a f t .  

A - W. Wintucky: I don*t  know. 
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COMMENT - G. Kitt redge:  W e  i n  t h e  EPA are extremely pleased t o  see t h e  
r e b i r t h  of NASA's independent e f f o r t s  i n  t h i s  very  ImporGant area. 
have a comment t h a t  d e a l s  with water i n j e c t i o n  as appl ied t o  d i e s e l  NO, 
control .  That has  been looked a t  by t h e  automotive indus t ry  and t h e  
d i e s e l  engine manufacturers as a NO, suppression measure, and it has al- 
ways been found wanting because of t he  add i t iona l  f l u i d  needed t o  be 
ca r r i ed  along. 
aeronaut ica l  appl ica t ion .  
gas r e c i r c u l a t i o n  in s t ead  because t h a t  uses  f l u i d  a l ready  aboard t h e  
veh ic l e  and carries no p a r t i c u l a r  penalty.  

I 

This would be an  even more s e r i o u s  cons t r a in t  i n  an 
The automotive indus t ry  has  gone t o  exhaust 

P 

Q - L. Waters: Several needs motivate  the  inves t iga t ion  of t hese  areas 
of technology. I n  my v i e w  t h e  most urgent  one, by f a r ,  i s  f u e l  con- 
servat ion.  T might say t h a t  GAMA e n t h u s i a s t i c a l l y  supports  these  
inves t iga t ions ,  and we c e r t a i n l y  wish t o  be involved and gWe our 
input .  W e  be l i eve  t h e  programs described are i n  the  r i g h t  organi- 
za t ion ,  t h a t  is, i n  NASA. They are not programs f o r  t h e  engine 
companies. Las t ly ,  on behalf of my people, 1 would c e r t a i n l y  l i k e  
t o  r e g i s t e r  my vo te  of confidence i n  NASA f o r  t h e  type of programs 
they have devised and t h e i r  per t inence t o  indus t ry  needs. The bar  
graphs you showed i n d i c a t e  the  g rea t  cycle-to-cycle v a r i a t i o n  t h a t  
occurs upon leaning. 
a b l e  cycle-to-cycle maximum pressure.  
but  t h e  gross  e f f e c t s  of t h e  cycle-to-cycle d ispers ions  present ly  
by j u s t  studying the  exhaust gas. 
program i t  w i l l  be poss ib l e  t o  say whether o r  not  low-pressure 
cyc le s  are worse emitters than high-pressure cyc le s  and perhaps 
poin t  t h e  way t o  combustion development i n  that sense? 

determine t h e  combustion spec ies  on a per-cycle b a s i s  as they are 
produced and c o r r e l a t e  them wi th  the  combustion process i t s e l f .  
This i s  a very d i f f i c u l t  th ing  t o  do, and we may not  be a b l e  t o  do 
it. 

The r i c h e r  condi t ion showed a much more s u i t -  
W e  cannot determine anything 

Do you be l i eve  t h a t  with your 

A - W. Wintucky: In our Otto-cycle experimental e f f o r t  w e  w i l l  t r y  t o  

0 - D. Powell: You mentioned a s i n g l e  lever t o  con t ro l  t h e  fue l -a i r  
r a t i o .  A r e  you contemplating the  con t ro l  of rpm with t h a t  s i n g l e  
level a l s o ?  

A single- lever  system would probably be a power demand 
o r  c e r t a i n  type of performance condi t ion control .  
set i t  and t h e  c o n t r o l l e r  o r  con t ro l s  would automatical ly  set a num- 
ber  of th ings  including rpm f o r  bes t  power, performance, emissions, 
o r  economy - whatever the  compromise w a s  a t  t h a t  p a r t i c u l a r  condi- 
t ion. 

A - W. Wintucky: 
The p i l o t  would 

Q - F. Riddell:  When you s t a r t e d  work on t h e  f u e l  i n j e c t o r ,  did anybody 

A - W. Wintucky: Bosch only. 
contact  both Porsche and Bosch? 

COMMENT - F. Riddell:  It is  my reco l l ec t ion  t h a t  t h e  original work on 
the  Porsche 911 car w a s  with t h e  Bosch L j e t r o n i c ,  an  e l ec t ron ic  timed 
i n j e c t o r ,  and t h e i r  o r i g i n a l  statements were t h a t  t h i s  w a s  t h e  only way 
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that they could m e e t  t h e  EPA limits on emission. 
they took t h e  timed i n j e c t o r  off and went t o  t h e  continuous flow, K 
j e t r o n i c  mechanical system. 
emissions on t h e i r  engines. 
i n j e c t o r s  ever s ince.  
r e c t i o n  from what Porsche did.  
t o r  is much more expensive. 

About a year later, 

They s a i d  they had found no d i f f e rence  i n  
They have been using the  Bosch K j e t r o n i c  

We are t a lk ing  about going i n  t h e  opposi te  di-  
There is  no doubt t h a t  t he  tfmed in jec-  

COMMENT - W. Wintucky: Porsche had e l ec t ron ic  r e l i a b i l i t y  problems wi th  
the  L j e t r o n i c  system and switched t o  the  K j e t r o n i c  mechanical system 
because i t  w a s  proven and i n  production. 
bas i c  pulsed versus  continuous flow system performance. 

The dec is ion  was  not based on 
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!a) I d l e  and taxi .  (b) Takeoff. 

(c) Climb, approach, and cruise 
performance. 

cd) Takeoff. 

Figure 15-1 
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ENGINE STARTUP 1000 RPM IDLE 

rpm 2140, T = 88 

rpm = 2140, T 1 88 ft.lb. 9 = Q77 

rpm = 2140 , T - 88 ft Ib. pl 0.81 

LE3N LIMIT #7 10.66 

Figure 15-5 





16. ALTERNATIVE GENERAL-AIRCRAFT ENGINES 

W i l l i a m  A. Tomazic 

L e w i s  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio 

The ob jec t ive  of t h i s  e f f o r t  i s  t o  de f ine  t h e  most promising alter- 
n a t i v e  engine (or  engines) f o r  appl icat ion t o  gene ra l  a i r c r a f t  i n  t h e  
post-1985 t i m e  per iod and t o  advance the  level  of technology t o  the  po in t  
where confident development of a new engine can begin e a r l y  i n  the  1980's. 
A un i f i ed  evaluat ion study and parametric ana lys i s  is  needed of advanced 
propulsion concepts - a l t e r n a t i v e s  t o  air-cooled, Otto-cycle engines - 
t h a t  w i l l  meet changing environmental requirements and have mul t i fue l  
c a p a b i l i t y  and lower f u e l  consumption. However, t he  da t a  base necessary 
t o  accomplish t h e  o v e r a l l  assessments of t hese  engine concepts is in- 
complete. NASA's involvement w i l l  provide t h e  focus (1) t o  ob ta in  suf-  
f i c i e n t  information t o  assess the  many t rade-offs ,  (2) t o  carry out  a 
un i f i ed  study t o  eva lua te  t h e  s u i t a b i l i t y  of a l t e r n a t i v e  engines f o r  
a i r c r a f t  app l i ca t ions  and t o  select the  most promising engine,  (3) t o  
de f ine  and c a r r y  o u t  t he  most productive research anddechnology pro- 
gram f o r  t h e  s e l e c t e d  engine, and ( 4 )  t o  assemble the  p e r t i n e n t  tech- 
nology i n t o  an experimental  engine t h a t  w i l l  permit work on system 
technology and v e r i f y  readiness  f o r  development by the  a i r c r a f t  engine 
industry.  Much of t h i s  work w i l l  be  done on con t r ac t .  

The work w i l l  b e  focused on t h e  ob jec t ives  of low emissions, mul- 
t i f u e l  c a p a b i l i t y ,  and f u e l  economy. Six a l t e r n a t i v e  propulsion con- 
cep t s  are considered t o  be v i a b l e  candidates f o r  fu tu re  gene ra l - a i r c ra f t  
appl icat ion:  t h e  advanced spark-ignition p i s t o n ,  ro t a ry  combustion, 
two- and four-stroke d i e s e l ,  S t i r l i n g ,  and gas  tu rb ine  engines. The 
f i r s t  phase of t h e  e f f o r t  w i l l  b e  concerned with assembling an infor-  
mation base by means of a n a l y t i c a l  s t u d i e s  and experimental evaluat ion.  
This work w i l l  b e  done l a r g e l y  on con t r ac t  i n  order  t o  t ake  advantage 
of spec ia l i zed  experience and c a p a b i l i t i e s .  S u f f i c i e n t  information on 
each engine must be generated t o  allow evaluat ion f o r  gene ra l - a i r c ra f t  
appl icat ion.  Design and ope ra t iona l  c h a r a c t e r i s t i c s  - such as brake 
s p e c i f i c  f u e l  consumption, emissions, s p e c i f i c  weight, and s o  f o r t h  - 
must be s u f f i c i e n t l y  w e l l  defined t o  allow incorporat ion i n  conceptual 
a i r c r a f t  designs f o r  a n a l y t i c a l  evaluat ion of performance and o the r  
f a c t o r s  inf luencing s u i t a b i l i t y .  Information der ived from the  NASA 
QCGAT program and o the r  L e w i s  gas turbine technology w i l l  be used t o  
de f ine  s u i t a b l e  gene ra l - a i r c ra f t  t u rb ine  engine c h a r a c t e r i s t i c s  f o r  

3 15 
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use i n  t h e  u n i f i e d  a i r c r a f t  systems s tud ie s .  
t i m a t e s  w i l l  be made of t h e  c o s t s  p e r t i n e n t  t o  each engine's  develop- 
ment, manufacture, and operation. 

In so fa r  as poss ib l e ,  es- 

Following assembly of t h e  necessary engine c h a r a c t e r i s t i c s  da t a ,  
t o t a l  a i r c r a f t  systems s t u d i e s  w i l l  be made t o  de f ine  t h e  s u i t a b i l i t y  
of t h e  a l t e r n a t i v e  engines f o r  gene ra l - a i r c ra f t  app l i ca t ion .  It i s  
expected t h a t  t h i s  work w i l l  be  done both in-house and on con t r ac t .  
The r e s u l t s  of t hese  s t u d i e s  w i l l  be used t o  select a prime candidate 
engine f o r  poss ib l e  f u t u r e  appl icat ion.  Following t h i s  s e l e c t i o n ,  a 
preliminary design of t h e  s e l e c t e d  a l t e r n a t i v e  engine w i l l  be made i n  
s u f f i c i e n t  d e t a i l  t o  cha rac t e r i ze  t h e  engine design f e a t u r e s  and t o  
de f ine  technology problem areas. I n  add i t ion ,  t h i s  design w i l l  a l low 
a b e t t e r  estimate of t h e  c o s t s  involved i n  bringing t h e  engine t o  t h e  
market. This 
con t r ac t  w i l l  a l s o  include a d e f i n i t i o n  of t h e  research and technology 
program required t o  achieve t h e  spec i f i ed  engine design c h a r a c t e r i s t i c s  
and performance. 

It i s  expected t h a t  t h i s  work w i l l  be  done on con t r ac t .  

After  s e l e c t i o n  of t h e  most promising a l t e r n a t i v e  engine, s p e c i f i c  
problems p e r t i n e n t  t o  t h a t  engine w i l l  be a t t acked  i n  a comprehensive 
program t o  be c a r r i e d  out both in-house and on con t r ac t .  The work t o  
be done w i l l  include bas i c  component technology - heat  exchangers, seals, 
and so  f o r t h  - component configurat ion,  materials, manufacturing tech- 
niques,  and system-related problems. 
w i l l  continue as necessary i n t o  t h e  experimental phase. 
s e l e c t i o n  of t h a t  engine, a L e w i s  in-house, low-level, exploratory re- 
search and technology e f f o r t  has begun on two contenders, t h e  d i e s e l  and 
S t i r l i n g  engines, about which probably t h e  least is understood f o r  mod- 
e r n  a i r c r a f t  use. 

This research and technology work 
Pending t h e  

The research and technology e f f o r t  w i l l  make poss ib l e  t h e  d e f i n i t i o n  
of an experimental vers ion of t h e  s e l e c t e d  a l t e r n a t i v e  engine. 
perimental  engine embodying t h e  bas i c  design c h a r a c t e r i s t i c s  required 
f o r  a i r c r a f t  app l i ca t ion ,  but  no t  t o  the  l e v e l  of refinement of a de- 
velopment o r  production engine, w i l l  be designed, b u i l t ,  and t e s t e d  as 
a con t r ac tua l  e f f o r t  extending over approximately 3 years .  The design 
w i l l  be based on a preliminary design and on t h e  engine research and 
technology done over t h e  preceding several years.  Testing w i l l  be car- 
r i e d  out both on con t r ac t  and a t  L e w i s ,  wi th  most of t h e  lat ter e f f o r t  
coming a f t e r  completion of t h e  con t r ac tua l  e f f o r t .  The r e s u l t s  of t h i s  
program should provide the  b a s i s  f o r  confident development of an alter- 
n a t i v e  engine f o r  gene ra l - a i r c ra f t  app l i ca t ion .  

An ex- 

ENGINE CHARACTERIZATION PROJECTS 

A good p a r t  of ou r  e f f o r t  i s  now d i r e c t e d  t o  obtaining character is-  
t i c  d a t a  f o r  t h e  engines of i n t e r e s t .  
i g n i t i o n  p i s ton  engine. 

The f i r s t  of t hese  is t h e  spark- 
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The proposed e f f o r t  can be described as follows: 

(1) Objective: To obta in  c h a r a c t e r i s t i c s  da t a  f o r  an advanced 
spark- igni t ion p i s ton  a i r c r a f t  engine f o r  use i n  a un i f i ed  
a i r c r a f t  systems study 

(2) Approach : 

(a)  Compldte conceptual design of a spark- igni t ion p i s ton  
engine incorporat ing e x i s t i n g  technology not  used i n  
present  engines and near-term (5 y r ) ,  low-risk tech- 
R O l O  gy 

(b) P ro jec t  performance, physical  c h a r a c t e r i s t i c s ,  and in -  
formation p e r t i n e n t  t o  s ca l ing  

(3) Effor t :  To be done on cont rac t  

( 4 )  Status:  Statement of work i n  preparat ion 

It may seem odd t o  l i s t  the  spark- igni t ion engine as an alternative engine. 
However, our  i n t e n t  here  is t o  use a "clean shee t"  approach by designing a 
new engine t h a t  recognizes the  e x i s t i n g  o r  upcoming problems i n  emissions,  
f u e l  economy, and f u e l  a v a i l a b i l i t y .  Furthermore, t o  make a f a i r  evalua- 
t i o n  of t h e  p o t e n t i a l  of new a l t e r n a t i v e  engine concepts,  t h e  cu r ren t  en- 
gine must be s u i t a b l y  updated i n  terms of technology. 

A very d i f f e r e n t  engine is t h e  S t i r l i n g  engine. Some of t he  reasons 
f o r  our i n t e r e s t  i n  the S t i r l i n g  engine as a p o t e n t i a l  a l t e r n a t i v e  air- 
c r a f t  engine are low emissions, low engine v ibra t ions ,  f u e l  f l e x i b i l i t y ,  
and low engine noise.  Emissions can be made very low, w e l l  below any pro- 
j ec t ed  s tandards,  because of the continuous na ture  of  t he  combustion. The 
na ture  of the  engine is  such t h a t  very low v ib ra t ions  are experienced and 
the torque va r i a t ion  through the  cycle  i s  qu i t e  low. This should allow 
f o r  s i g n i f i c a n t  s t r u c t u r a l  weight savings and provide f a t igue  l i f e  margin 
for  t he  propel le r .  The S t i r l i n g  should be ab le  t o  use e s s e n t i a l l y  any 
l i q u i d  f u e l  with sone adjustments t o  the  combustor and f u e l  de l ivery  sys- 
tem.  
operat ing temperature w i l l  d r ive  a S t i r l i n g  engine. 
i n t r i n s i c a l l y  very q u i e t  i n  operat ion and requi res  no muffling. 

I n  f a c t ,  any source of energy t h a t  can keep the  engine h o t  and a t  
The engine i s  a l s o  

However, the S t i r l i n g  engine has a number of problems t h a t  must be 
solved before  i t  can be considered f o r  a i r c r a f t  use. The most s e r ious  
is probably t h e  high s p e c i f i c  weight (lb/hp). 
been made i n  the  Ford-Philips Torino engine, but  s u b s t a n t i a l  improvement 
is  s t i l l  required.  
through i ts  cooling system as t h e  i n t e r n a l  combustion engine, it requi res  
a l a r g e r  cool ing system. 
the  need t o  change the  e f f e c t i v e  inventory of t h e  working f l u i d  t o  
change power levels. 
combustion at  a l t i t u d e  t o  maintain operation. 

Subs tan t ia l  gains have 

Since t h e  S t i r l i n g  rejects about twice as much hea t  

Power cont ro l  is  more complicated because of  

Provision w i l l  have t o  be made f o r  pressur ized  
Hydrogen is t h e  
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bes t  working f l u i d  f o r  performance and power output bu t  o f f e r s  s i g n i f i -  
cant  problems i n  s e a l i n g  and containment. 

Our approach t o  obtaining t h e  c h a r a c t e r i s t i c  da t a  f o r  t h e  S t i r l i n g  
engine i s  similar t o  t h a t  f o r  t he  spark- igni t ion engine and is  as f o l -  
lows : 

(1) Objective: To ob ta in  c h a r a c t e r i s t i c s  d a t a  f o r  a l ightweight  
S t i r l i n g  engine s u i t a b l e  f o r  gene ra l - a i r c ra f t  app l i ca t ion  f o r  
use i n  a un i f i ed  a i r c r a f t  systems study 

(2) Approach: 

(a) Complete conceptual design of a l ightweight  S t i r l i n g  en- 
gine using near-term (5 y r s ) ,  low-risk technology 

(b) P ro jec t  performance, physical  c h a r a c t e r i s t i c s ,  and infor-  
mation p e r t i n e n t  t o  s c a l i n g  

(3) Ef fo r t :  To be done on contract  

( 4 )  Sta tus :  Agreement with con t r ac to r  has not y e t  been reached; 
we hope t o  reach an agreement i n  f i s c a l  1977. 

However, t h e  a b i l i t y  to.develop these  d a t a  i s  unique. Understanding of 
t h e  modern S t i r l i n g  engine l i es  today p r i n c i p a l l y  with P h i l i p s  of The 
Netherlands. They have been engaged i n  developing the  S t i r l i n g  engine 
from a concept t o  a workable engine f o r  nea r ly  40 years.  The Ford Motor 
Company, which i s  i n t e r e s t e d  i n  S t i r l i n g  f o r  automotive app l i ca t ion ,  has 
contracted wi th  P h i l i p s  f o r  an  exclusive worldwide l i c e n s e  p e r t i n e n t  t o  
automotive appl icat ions.  W e  bel ieve,  t he re fo re ,  t h a t  t h e  b e s t  source of 
t h e  information f o r  an  advanced, l ightweight S t i r l i n g  wovrld be Ford- 
Ph i l ip s .  
however. 

A con t r ac tua l  agreement with them has not y e t  been reached, 

The r o t a r y  engine i s  a r e l a t i v e l y  new concept t h a t  o f f e r s  promise 
f o r  a i r c r a f t  appl icat ion.  The key c h a r a c t e r i s t i c  of i n t e r e s t  f o r  t h e  
r o t a r y  engine i s  i t s  low weight. Although i t  appears t h a t  l i q u i d  cool- 
i n g  is  necessary,  i t s  s p e c i f i c  weight is  low even when a cooling system 
i s  included. The superior  cooling p o t e n t i a l  of t h i s  l i q u i d  system, more- 
over ,  may allow l eane r  operat ion without overheating problems. This 
should allow reduced emissions and improved f u e l  u t i l i z a t i o n .  The r o t a r y  
engine we are examining is ,  i n  c o n t r a s t  t o  most of t h e  other  a l t e r n a t i v e  
engines,  which are l a r g e l y  conceptual, a f u l l - s c a l e  operable experimental 
a i r c r a f t  engine. Some of t h e  engine c h a r a c t e r i s t i c s  are w a t e r  cooling 
(experimental), 285 horsepower, 6000 rpm, a s p e c i f i c  weight including the  
r a d i a t o r  of 1.26 lb/hp, and a brake s p e c i f i c  f u e l  consumption of 0.48 l b /  
bhp-hr. 
f 0 llows : 

Our approach t o  t h e  r o t a r y  engine cha rac t e r i za t ion  e f f o r t  i s  as 
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(1) Objective: To ob ta in  c h a r a c t e r i s t i c s  da t a  f o r  a two-rotor, 
r o t a r y  combustion a i r c r a f t  engine f o r  use i n  a un i f i ed  air- 
c r a f t  sys  t e m s  study 

(2) Approach : 

(a) T e s t  engine t o  o b t a i n  complete performance and emissions 
da t a  f o r  an  e x i s t i n g  configurat ion 

(b) Obtain phys ica l  desc r ip t ion  of engine - drawings, weight 
d a t a ,  ope ra t iona l  l i m i t a t i o n s ,  and so  f o r t h  

(c) Obtain information t h a t  w i l l  allow a n a l y t i c a l  s c a l i n g  of 
t h e  engine from one-half t o  t w i c e  i t s  present  power 

(3) Effo r t :  Contract with Curtiss-Wright Corporation; estimated 
cos t ,  $64,647.00; estimated period of performance, 6 months 

(4) S ta tus :  Contract awarded May 6, 1976; bas i c  dynamometer test 
faci l i ty/equipment  completed; engine run-in completed; e m i s -  
s i on  equipment c a l i b r a t i o n  and b a s i c  engine c a l i b r a t i o n s  i n  
progress;  s i z i n g  parameters and engine layouts  showing dimen- 
s ions ,  configurat ions,  accesso r i e s ,  and s o  f o r t h ,  i n  prepar- 
a t i o p  

The approach d i f f e r s  from t h a t  f o r  t h e  other engines i n  t h a t  a c t u a l  f u l l -  
scale performance and emissions da t a  w i l l  be obtained t o  form the  b a s i s  
f o r  a l l  t h e  required c h a r a c t e r i s t i c s  data. A con t r ac t  i s  now i n  fo rce  
with Curtiss-Wright. The engine run-in has been completed, t h e  emissions 
equipment and engine c a l i b r a t i o n s  are i n  progress ,  and we  hope t o  com- 
p l e t e  t he  emissions and performance da ta  within t h e  next few months. The.  
a n a l y t i c a l  and layout  e f f o r t  p e r t i n e n t  t o  engine sca l ing  is a l s o  under 
way. 

Diesel engines o f f e r  s e v e r a l  a t t ract ive f e a t u r e s  f o r  a i r c r a f t  use: 
m u l t i f u e l  c a p a b i l i t y ,  high r e l i a b i l i t y  (no mixture con t ro l ,  no i c i n g  
problems, and no i g n i t i o n  problems), reduced f i r e  and explosion hazards,  
and easy maintenance. The d i e s e l  has some mul t i fue l  c a p a b i l i t y ,  which 
is at t ract ive i n  l i g h t  of p o t e n t i a l  problems with a v i a t i o n  gas a v a i l -  
a b i l i t y .  Moreover, t h e  lower v o l a t i l i t y  of d i e s e l  f u e l  would g r e a t l y  
reduce f i r e  and explosion hazards. 
proven high r e l i a b i l i t y  and l o w  maintenance i n  t ruck appl icat ion.  Car- 
buretor  i c i n g  and i g n i t i o n  problems would not exist. However, d i e s e l  
engines do have some disadvantages f o r  a i r c r a f t  appl icat ion:  high spe- 
c i f i c  weight, ' large volume, and negative environmental f a c t o r s  (noise,  
s m e l l ,  smoke, and high hydrocarbon emissions with two-stroke machines). 
The most obvious disadvantage of d i e s e l s  is t h e i r  high s p e c i f i c  weight. 
Two promising approaches t o  reduced weight and higher output are t h e  
turbocharged two-stroke engine and t h e  low-compression, turbocharged 
four-stroke engine. Other disadvantages are less se r ious  and can pro- 
bably be a l l e v i a t e d  through design and development e f f o r t .  

Of course, t h e  d i e s e l  engine has 
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W e  have a con t r ac t  with the  University of Michigan t o  obtain char- 
acteristics d a t a  f o r  a low-compression, highly turbocharged four-stroke 
d i e s e l  engine. 
s t a r t i n g  and low-speed operation. Their concept involves preheating the  
i n l e t  a i r  a t  start  t o  allow i g n i t i o n  even with low compression. 
i n i t i a l  p ro j ec t ions  are t h a t  t h e  s p e c i f i c  weight of t h i s  concept w i l l  be 
equal  t o  o r  less than a conventional spark-ignition engine. The program 
includes experimental and a n a l y t i c a l  e f f o r t  t o  de f ine  t h e  cha rac t e r i s -  
t ics  of a l ightweight ,  low-compression d i e s e l  engine and is  ou t l ined  as 
follows : 

A primary concern with such engines is t h e  problem of 

Their 

(1) Objective: To ob ta in  c h a r a c t e r i s t i c s  d a t a  f o r  a l ightweight ,  
low-compression, turbocharged d i e s e l  engine f o r  use i n  a uni- 
f i e d  a i r c r a f t  s y s  t e m s  study 

(2) Approach: 

(a) Obtain test da ta  on single-cylinder research engine with 
d i e s e l i z e d  cy l inde r  from standard a i r c r a f t  engine 

(b) P ro jec t  c h a r a c t e r i s t i c s  of a complete a i r c r a f t  d i e s e l  
engine 

(c) Design "hot-port" cyl inder  

( 3 )  Effo r t :  Contract with University o f  Michigan 

( 4 )  Sta tus :  Contract awarded June 30, 1976; single-cylinder engine 
being prepared 

The experimental work w i l l  be done with a single-cylinder engine modi- 
f i e d  t o  incorporate  a Teledyne Continental  Motors GTSIO-520 cyl inder  
converted t o  d i e s e l  operation. T e s t s  w i l l  be  made t o  def ine the  op t i -  
mum combination of compression r a t i o ,  i n l e t  air  temperature, and pres- 
sure .  Performance w i l l  be determined f o r  t h e  optimum combination, and 
f u l l - s c a l e  engine c h a r a c t e r i s t i c s  w i l l  be derived a n a l y t i c a l l y  from those 
data.  

The two-stroke d i e s e l  engine i n t r i n s i c a l l y  has a p o t e n t i a l  f o r  high 
power output. Preliminary d a t a  on t h e  McCulloch engine, which has a 
unique patented combustion chamber, i n d i c a t e  high s p e c i f i c  output,  high 
e f f i c i ency ,  and smooth operation. 
f u l l  power. 
f o r  i npu t  t o  our o v e r a l l  a l t e r n a t i v e  engine comparison study. The 
planned approach is  as follows: 

The engine has not  y e t  been t e s t e d  t o  
Our i n t e n t  i s  t o  do so and t o  f u l l y  cha rac t e r i ze  t h e  engine 

(1) Objective: To o b t a i n  c h a r a c t e r i s t i c s  da t a  f o r  a two-stroke 
d i e s e l  engine f o r  use i n  a un i f i ed  a i r c r a f t  systems study 
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(2) Approach : 

(a) T e s t  McCulloch engine t o  obtain complete performance and 
emissions d a t a  f o r  e x i s t i n g  configurat ion 

(b) Obtain phys ica l  desc r ip t ion  of engine - drawings, weights, 
ope ra t iona l  l i m i t a t i o n s ,  etc. 

( c )  Obtain information t o  allow a n a l y t i c a l  s c a l i n g  of t h e  en- 
gine from one-half t o  t w i c e  i t s  present  power 

(3) Effo r t :  To be performed on con t r ac t  

( 4 )  Sta tus :  Agreement with contractor  has not  y e t  been reached; 
w e  hope t o  arrange f o r  engine t e s t i n g  i n  f i s c a l  1977. 

Some c h a r a c t e r i s t i c s  of t h e  McCulloch engine are i t s  experimental  two- 
s t r o k e  design, 180-cubic-inch displacement, 180 horsepower, 2850 rpm, 
and high supercharging. 
equivalent t o  a n a t u r a l l y  a sp i r a t ed  GTSIO-520 engine, and has a high- 
turbulence combustion chamber design. 

It has been t e s t e d  t o  64-percent power, is  

Gas tu rb ine  engines f o r  app l i ca t ion  t o  gene ra l  a i r c r a f t  w i l l  be ex- 
amined i n  both turbofan and turboprop versions: 

(1) Objective: To ob ta in  c h a r a c t e r i s t i c s  d a t a  f o r  a turboprop and 
turbofan engine s u i t a b l e  f o r  gene ra l - a i r c ra f t  app l i ca t ion  i n  a 
u n i f i e d  a i r c r a f t  systems study 

The approach i s  as follows: 

(2) Approach: To use d a t a  from t h e  QCGAT program and o t h e r  L e w i s  
Research Center gas tu rb ine  technology t o  de f ine  performance 
and physical  c h a r a c t e r i s t i c s  

(3) E f fo r t :  To be performed i n  house 

(4) S ta tus :  I n  planning s t a g e  

Data f o r  cha rac t e r i za t ion  of s m a l l  gas tu rb ine  engines f o r  general  air- 
c r a f t  w i l l  b e  obtained l a r g e l y  from the  QCGAT program and o the r  L e w i s  
programs r e l a t e d  t o  gas tu rb ine  technology. The s p e c i f i c  conceptual de- 
s igns  and t h e i r  c h a r a c t e r i s t i c s  w i l l  be developed a t  L e w i s ,  

A l l  t he  engine c h a r a c t e r i s t i c s  da t a  obtained i n  these  engine s t u d i e s  
The p r o j e c t  is  as follows: w i l l  be  applied t o  an a i r c r a f t  systems study. 

(1) Objective: To examine t h e  candidate a l t e r n a t i v e  engines t o  de- 
f i n e  t h e  most promising engine (o r  engines) f o r  general- 
a i r c r a f t  app l i ca t ion  i n  t h e  post-1985 period 
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(2) Approach : 

(a) Cor re l a t e  t h e  material obtained from the  six engine char- 
a c t e r i z a t i o n  s t u d i e s  

(b) U s e  engine d a t a  i n  a n a l y t i c a l  a i r c r a f t  design and evalua- 
t i o n  program t o  de f ine  b e s t  engine candidate f o r  f u t u r e  
app l i ca t ion  

(3)  Effo r t :  Both in-house and on con t r ac t  

( 4 )  Sta tus :  I n  planning s t a g e  f o r  f i s c a l  1977 

Performance s p e c i f i c a t i o n s  f o r  a t y p i c a l  single-engine unpressurized 
a i r p l a n e  and a twin-engine pressurized a i r p l a n e  w i l l  be used as t h e  base 
t o  develop conceptual a i r c r a f t  designs t o  match each of t he  candidate 
powerplants. Appropriate missions w i l l  be  examined a n a l y t i c a l l y  and t h e  
s i g n i f i c a n t  performance differences determined. Cost, both i n i t i a l  and 
continuing, w i l l  a l s o  be examined as a s i g n i f i c a n t  f a c t o r  i n  comparing 
t h e  engines. It i s  intended t h a t  t h i s  work w i l l  be done both in-house 
and on contract .  This work i n  combination with t h e  engine character is-  
t i c s  s t u d i e s  should provide t h e  b a s i c  information t h a t  w i l l  allow us t o  
make t h e  appropriate  comparisons and trade-offs and t o  select the  most 
promising engine f o r  f u t u r e  research and technology concentration. 

IN-HOUSE RESEARCH AND TECHNOLOGY 

The in-house work cu r ren t ly  i n  progress i s  focused on two promising 
engines t h a t  have not  been examined extensively f o r  a i r c r a f t  app l i ca t ion  - 
t h e  S t i r l i n g  and d i e s e l  engines. A s  discussed previously,  o u r  p r i n c i p a l  
goals i n  d i e s e l  engines are t o  reduce s p e c i f i c  weight and t o  inc rease  
s p e c i f i c  power. The primary focus of our e f f o r t  w i l l  be on low- 
compression, highly turbocharged, four-stroke d i e s e l  engines. This i s  
s i m i l a r  t o  t h e  work being done a t  t h e  University of Michigan i n  t h a t  t h e  
p r i n c i p a l  problem l ies  i n  developing an acceptable system f o r  s t a r t i n g  
and low-speed operat ion.  Our approach, as shown i n  f i g u r e  16-1, is d i f -  
f e r e n t :  

(1) Objective: To develop technology f o r  d i e s e l  engines t h a t  w i l l  
permit s u b s t a n t i a l  improvement i n  s p e c i f i c  weight and power 
and f u r t h e r  reduce f u e l  consumption and exhaust emissions 

(2) Approach: 

(a) Analyze highly turbocharged, low-compression-ratio d i e s e l  
engine system wi th  low-speed tu rb ine  augmentation t o  
f a c i l i t a t e  s t a r t  and low-speed operat ion;  de f ine  poten- 
t i a l  performance and technology problem areas 
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(b) Purchase and i n s t a l l  a single-cylinder d i e s e l  research en- 
engine t h a t  w i l l  be  used t o  test t h e  concepts defined i n  
t h e  ana lys i s  

(c) Experimentally test key components such as t h e  low-speed 
tu rb ine  augmentation combustion system 

(d) Experimentally examine the p o s s i b i l i t y  of reducing oxid'es- 
of-nitrogen(N0d emissions by introducing high-latent-heat 
f l u i d s  such as water o r  methanol 

(3) Sta tus :  Preliminary system ana lys i s  complete; test c e l l  being 
prepared; single-cylinder research engine b u i l t  and acceptarrce 
test scheduled; combustion system i n  test 

Ins t ead  of heat ing the  i n l e t  air ,  w e  propose t o  use a semi-independent 
turbocharger t o  provide higher  engine i n l e t  flows and pressures  a t  s tar t .  
The b a s i c  new element i n  t h e  system i s  a c a t a l y t i c  combustor t h a t  can 
provide turbine-drive gas even when the  d i e s e l  engine is  no t  operating. 
During full-power operat ion,  t h e  d i e s e l  exhaust would be routed through 
t h e  c a t a l y t i c  combustor, but no f u e l  would be added. This should pro- 
vide f o r  cleanup of any hydrocarbons i n  t h e  d i e s e l  exhaust before  re- 
lease t o  t h e  atmosphere. A single-cylinder AVL research d i e s e l  engine 
has been purchesed and i s  now ready f o r  acceptance t e s t i n g .  This w i l l  
serve as the  primary test  bed f o r  def ining t h e  design parameters of t h e  
low-compression semi-independent turbocharged d i e s e l  engine. The com- 
bust ion system w i l l  be t e s t e d  and developed sepa ra t e ly  before combining 
i t  with the  engine system. We a l s o  plan t o  examine the  e f f e c t  of addi- 
t i o n s  such as water o r  methanol on NOx formation. Proper in t roduc t ion  
of t hese  high-latent-heat f l u i d s ,  e i t h e r  mixed with t h e  f u e l  o r  sepa- 
r a t e l y  introduced, may lower peak combustion temperature and hence NOx 
production without reducing e f f i c i e n c y  s i g n i f i c a n t l y .  

Our S t i r l i n g  engine technology program i s  ou t l ined  as follows: 

(1) Objective; To become f a m i l i a r  with S t i r l i n g  engine concepts, 
determine technology needs, and de f ine  a p e r t i n e n t  research 
and techno l o  gy program 

(2) Approach : 

(a) Obtain S t i r l i ng - type  engine f o r  test 

(b) Develop computer models f o r  engines 

(c) T e s t  engines t o  de f ine  performance and con t ro l  character-  
ist ics and t o  c a l i b r a t e  and v e r i f y  computer programs 

(d) Define d e s i r a b l e  component c h a r a c t e r i s t i c s  and begin work 
on component technology 
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(2) Status:  Helium performance tests complete on 8-hp rhombic- 
d r ive  engine (GMC-GPU3); engine being reconditioned i n  prepa- 
r a t i o n  f o r  hydrogen tests; NASA computer s imulat ion being re- 
v i sed  t o  include e f f e c t s  of mechanical f r i c t i o n  and seal 
leakage; 6-kW, free-piston engine has no t  y e t  achieved r a t e d  
power; con t r ac to r  w i l l  perform a d e t a i l e d  ana lys i s  t o  de f ine  
the  problem and determine a s o l u t i o n  

Our primary ob jec t ives  are t o  become f a m i l i a r  with S t i r l i n g  engine con- 
cep t s ,  t o  determine t h e  technology needed t o  b r ing  the  concept t o  matur- 
i t y  f o r  aircraft app l i ca t ion ,  and t o  de f ine  a research and technology 
program t h a t  f u l f i l l s  t hese  needs. Our f i r s t  s t e p  i n  t h i s  e f f o r t  w a s  t o  
o b t a i n  appropriate  S t i r l i n g  engines f o r  t e s t i n g .  Concurrently, we  worked 
on t h e  assembling of computer engine s imulat ion models f o r  t hese  eng’ines. 
Our plans are t o  test t h e  engines over a wide range of operat ing param- 
eters and t o  compare t h e  r e s u l t s  with those obtained from the  engine 
s imulat ion program. The i n t e n t  i s  t o  use these  da t a  t o  develop, v e r i f y ,  
and c a l i b r a t e  computer simulations t h a t  w i l l  correspond accura t e ly  t o  
t h e  a c t u a l  engines. A s  w e  gain confidence i n  our a b i l i t y  t o  s imulate  
t h e  engines and i n  our  understanding of component behavior and cycle  
r e l a t i o n s h i p s ,  w e  w i l l  begin work on advancing component technology. 

W e  have on hand two GMC-GPU3 S t i r l i n g  engines,  which are rhombic- 
d r i v e  machines r a t e d  a t  about 8 horsepower. One has been refurbished and 
t e s t e d  t o  ob ta in  performance d a t a  with helium working f l u i d .  This engine 
i s  now being reconditioned i n  preparat ion f o r  tests with hydrogen work- 
ing  f l u i d .  The o the r  engine w i l l  r equ i r e  extensive refurbishment before  
t e s t ing .  We have a l s o  contracted f o r  a 6-kilowatt, free-piston S t i r l i n g  
engine, which we plan t o  use i n  extending our  understanding. The engine 
has been designed and f ab r i ca t ed  and set up f o r  acceptance t e s t i n g .  It 
has not  y e t  been ab le  t o  achieve r a t e d  power. The reasons f o r  t h i s  de- 
f i c i ency  are no t  clear. The contractor  w i l l  perform a d e t a i l e d  ana lys i s  
using h i s  newly developed p ropr i e t a ry  s imulat ion program i n  order t o  de- 
f i n e  t h e  problem and determine a solut ion.  

SUMMARY 

I n  summary, t he  o v e r a l l  ob jec t ive  of t h e  program i s  t o  determine 
which a l t e r n a t i v e  engines are most promising f o r  poss ib l e  f u t u r e  appl i -  
ca t ion ,  t o  de f ine  t h e  research and technology program required t o  b r ing  
them t o  t h e  required state of matur i ty ,  and t o  ca r ry  out t h a t  program. 
Our approach includes both in-house and c o n t r a c t u a l  e f f o r t  and both an- 
a l y t i c a l  and experimental  work. It involves generating the  required 
c h a r a c t e r i s t i c s  d a t a  f o r  candidateengines and applying these d a t a  t o  an 
o v e r a l l  a i rcraf t -mission study t o  de f ine  t h e  most promising engines. I n  
add i t ion ,  t he  required research and technology program f o r  t he  s e l e c t e d  
engine w i l l  be def ined and implemented. 
i ng  about as planned; both in-house and c o n t r a c t u a l  e f f o r t s  are w e l l  un- 
der  way - with some exceptions as noted previously.  

The o v e r a l l  program i s  progress- 
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DISCUSSION 

Q - F. Riddell:  

A - W. Tomazic: Seal  l i f e  has  t o  be proven over a longer period of t i m e  

Why do you continue t o  t a l k  about seal problems with the  
S t i r l i n g  engine? 

wi th  more engines. 
gines.  
t h e  engine and so fo r th .  
p rop r i e t a ry  coa t ing  process t h a t  P h i l l i p s  uses  t o  prevent hydrogen 
d i f fus ion .  

Aren't 10  000 hours of service l i f e  enough? 

W e  are having seal problems i n  t e s t i n g  our en- 

There i s  s t i l l  some quest ion about t h e  
People are concerned about hlgh-pressure hydrogen s to red  i n  

The problem s t i l l  seems t o  exist. 

COMMENT - F. Riddell:  P a r t  of t he  hydrogen problem w a s a e t t l e d  as a re- 
s u l t  of Ford's requirements, you know. Ford r equ i r e s  that t h e r e  be no 
hydrogen add i t ion  i n  50 000 m i l e s .  They a l s o  r equ i r e  going from i d l e  
t o  90 percent  of f u l l  load torque i n  0.6 second, Neither of those re- 
quirements would apply t o  an aircraft engine. 

COMMENT - W. Tomazic: No, I agree the  design requirements are q u i t e  d i f -  
f e r en t .  That is one of t h e  reasons we would PPke t o  look s p e c i f i c a l l y  a t  
the  a i r c r a f t  engine. A s  f a r  as seals are concerned, a good dea l  of de- 
velopment is still required.  
to ry ,  p r imar i ly  because of t h e  complicated pressure  regula t ion  system 
required t o  prevent overloading t h e  seal. I f  t h e  roll-sock seal f a i l s ,  
t he  f a i l u r e  is ca tas t rophic .  

Roll-sock seals are not  wholly s a t i s f a c -  

S l id ing  seals are being looked a t  again.  

COMMENT - F. R3tddell: 1 s a w  t h e  s l i d i n g  seals. P h i l l i p s  has done q u i t e  
a b i t  of work on them and gotten good service l i fe .  It is a Teflon type 
of dry seal with l i q u i d  cool ing on t h e  ou t s ide  of t h e  cyl inder .  
l i t t l e  f r i c t i o n  o r  f r i c t i o n a l  l o s s  from the  seals. They do receive some 
heat  from t h e  cy l inder  b a r r e l ,  so P h i l l i p s  cools  them. 
been working very n i ce ly  according t o  the  people a t  P h i l l i p s .  

There bs 

The seals have 

Q - C. Rembleske: I know t h a t  Cessna has flown a r o t a r y  engine. What 

A - H. Nay: 
have they a c t u a l l y  done i n  r o t a r y  engine research? 

Approximately 4 1/2 years  ago t h e  Curtis-Wright, two- 
chamber, 185-horsepower automotive engine w a s  t e s t e d  i n  a Cessna 
Cardinal with a two-stage reduct ion gear system. 
rpm engine with a propel le r  rpm of about 2200. This program w a s  
p a r t  of t h e  q u i e t  engine program. The engine had a very massive 
exhaust muff ler  system, 
the  a i r c r a f t  w a s  successfu l ly  flown. 
a i r c r a f t  car ry ing  50 ga l lons  of f u e l ,  which gave i t  about 5 hours 
of c r u i s e  endurance. The water-cooled engine and t h a t  p a r t i c u l a r  
two-stage reduct ion gear  system resu l ted  i n  b a s i c a l l y  a one-place 
a i r c r a f t  with test instrumentat ion and a moderate amount of f u e l  
on board. T t  w a s  a l s o  t e s t e d  i n  another conf igura t ion  i n  a j o i n t  
program wi th  Curtis-Wright. 
Navy wi th  NASA involvement. 
between Curtis-Wright and Cessna and w a s  aimed a t  a more p r a c t i c a l  
evaluat ion of t he  a i r c r a f t .  A single-stage reduct ion system w a s  
used with t h e  p rope l l e r  rpm a t  2700, which w a s  t h e  rpm of t h e  bas i c  

This w a s  a 5000- 

After  a grea t  many hardware d i f f i c u l t i e s ,  
It is  bas i ca l ly  a four-place 

The f i r s t  program w a s  sponsored by t h e  
The second program w a s  a j o i n t  program 
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Cardinal a i r p l a n e  with t h e  0-360 Lycoming carbureted 180-horsepower 
engine. The engine did no t  develop t h e  f u l l  185 horsepower. 
b e s t  r e s u l t ,  as f recall, were 155 t o  160 horsepower. The a i r c r a f t  
provided demonstration r i d e s  f o r  a number of us? as a two-place air- 
c r a f t  with considerable  degradation i n  takeoff and climb performance. 
The general  conclusion w a s  t h a t  t h e  level of a i r c r a f t  engine tech- 
nology w a s  very d e f i n i t e l y  not  acceptable .  An e l ec t ron ic  i g n i t i o n  
system w a s  used and proved extremely troublesome. It re su l t ed  i n  
two forced landings before  w e  f i n a l l y  go t  3tt working S a t i s f a c t o r i l y .  
Nothing that T can say here  could g ive  any d e f i n i t i v e  conclusions 
on t h e  long-term v i a b i l i t y  of t h e  r o t a r y  combustion a i r c r a f t  engine. 
Without q u a l i f l c a t i o n ,  t h a t  engine as t e s t e d  w a s  opera t iona l ly  un- 
s a t i s f a c t o r y  and t o t a l l y  unacceptable from a weight and performance 
s tandpoint .  

The 



327 

COMPRESSOR 
1 

TU RB I NE 
\ 

a I 

’ - - INTERCOOLER 

I :JTAKE 

EXHAUST PRODUCTS + A I R  + FUEL ( AS REQUIRED 1 INTO CATALYTIC p, 

COMBUST0 R 
- 
- 
- 

PRODUCES DRIVING GAS FOR TURBINE 
CLEANS UP HC I N  EXHAUST 
ALLOWS HIGH POWER FROM LOW CR EIJGINE 

Figure 16-1 





17. SUMMARY OF THE GENERAL AVIATION MANUFACTURERS' 

POSITION ON AIRCRAFT PISTON ENGINE EMISSIONS 

J, Lynn Helms  

P iper  A i r c r a f t  Corporation 
Lock Haven, Pennsylvania 

The members of t he  General Aviation Manufacturers Association are 
pleased t o  p a r t i c i p a t e  i n  t h i s  symposium and wish t o  express t h e i r  
appreciat ion t o  NASA, p a r t i c u l a r l y  the  L e w i s  Research Center,  f o r  host-  
i ng  the  meeting. 
groups assoc ia ted  with a i r c r a f t  p i s ton  engine emissions, i s  p a r t i c u l a r l y  
appropr ia te  a t  t h i s  t i m e .  A considerable amount of  technica l  r e s u l t s  
from the  laboratory,  test s tands ,  and f l i g h t  tests i s  now ava i l ab le ,  
This meeting f i l l s  a need f o r  an update to  a l l  concerned on what is  
known and not  known about a i r c r a f t  p i s ton  engine emissions and t h e  re- 
s u l t a n t  i n s t a l l a t i o n  and opera t iona l  unknowns. 

A t echn ica l  meeting, with representa t ion  from a l l  

The s tandards governing the  emissions of a i r c r a f t  p i s ton  engines 
w e r e  e s t ab l i shed  near ly  3 years  ago. 
without a v a l i d  t echn ica l  b a s i s  appl icable  t o  a i r c r a f t  engines. In  the  
publ ic  hearings he ld  a t  t h a t  t i m e ,  the  General Aviation Manufacturers 
Association pointed out  t he  extremely small cont r ibu t ion  t o  atmospheric 
po l lu t ion  made by p i s ton  engine a i r c r a f t .  
gains i n  environmental q u a l i t y  would be extremely small (completely un- 
measurable) and t h e  c o s t s  extremely high i n  proport ion t o  any bene f i t s .  
On t he  b a s i s  of Ehe tests completed s ince  then,  and the  considerably 
g rea t e r  (but s t i l l  incomplete) knowledge t h a t  w e  have today, t h e  conclu- 
s ions  w e  expressed i n  the  1973 publ ic  hear ings have been reinforced.  

Those s tandards w e r e  e s t ab l i shed  

It w a s  pointed out  t h a t  t h e  

W e  s t rongly  recommend t h a t  t h e  EPA resc ind  the  a i r c r a f t  p i s ton  
engine emissions regula t ions  cur ren t ly  on the  books. This should be done 
because of t h e  very small emission reduction p o t e n t i a l  and the  very poor 
benefi t -cost  r a t i o  involved in  t h i s  form of  emission reduction. The 
l imi ted  resources of t h i s  indus t ry  can f a r  b e t t e r  be devoted t o  items of 
much g rea t e r  b e n e f i t  t o  the c i t i z e n s  of t h i s  country - reducing no i se ,  
improving f u e l  e f f i c i ency  (which w i l l  i nc iden t ly  reduce exhaust emis- 
s i o n s ) ,  and improving the  sa fe ty ,  opera t iona l ,  and economic aspec ts  of  
our a i r c r a f t ,  a l l  f a r  grea te r  cont r ibu t ions  t o  our  t o t a l  n a t i o n a l  t rans-  
po r t a t ion  system. 
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I have summarized the pos i t i on  of t h e  General Aviation Manufacturers 
Association. W e  be l i eve  i t  is based on the  f a c t s ,  and i t  is t h e  same 
pos i t i on  w e  held i n  1973. However, w e  recognize t h a t ,  regard less  of our  
pos i t i on  and regard less  of t he  f a c t s  as we  see them, t h e  regula t ions  re- 
garding a i r c r a f t  p i s ton  engine emissions are on the  books. W e  have been 
working hard t o  respond t o  these  regula t ions  t o  determine i f  i t  is pos- 
s i b l e  t o  meet the  regula t ions  o r  t o  determine what level can be  ap- 
proached and t o  def ine  an order ly  program f o r  compliance. 

Up t o  now the  research e f f o r t  on reducing a i r c r a f t  p i s ton  engine 
emissions has pr imar i ly  been concentrated on opera t ing  with l eane r  fuel-  
air  mixtures t o  reduce hydrocarbons and carbon monoxide. Other ap- 
proaches, such as modifications t o  spark t iming, which could possibly 
be implemented wi th in  the  next several years ,  have not shown promise. 
For the  en route  phase of f l i g h t ,  the  cu r ren t  mixture leaning p rac t i ces  
provide near-optimum fue l - a i r  r a t i o s  from both s tandpoints  of fIlel 
economy and exhaust emissions. Development e f f o r t s  on reducing engine 
emissions have properly been concentrated on operat ions i n  the v i c i n i t y  
of the  a i r p o r t  where most r i che r  than optimum mixture operat ions occur. 
The research results show t h a t  although some fuel- injected engines might 
operate  s a t i s f a c t o r i l y  with l eane r  than cur ren t  f u e l  scheduling i n  the  
i n i t i a l  climb and approach modes they s t i l l  would not  m e e t  EPA s tandards.  
Also, there  appears t o  be a p o s s i b i l i t y  t h a t  with t h e  addi t ion  of complex 
and c o s t l y  automatic mixture cont ro l  devices some f u r t h e r  reduct ion i n  
emission levels might be obtained. Ful ly  e f f e c t i v e  devices are many 
years  away. It is not  poss ib le  t o  p red ic t ,  with confidence, how c l o s e  
these changes could b r ing  the  body of a i r c r a f t  p i s ton  engines toward 
meeting the e x i s t i n g  standards.  There is considerable  va r i a t ion  from 
one engine model t o  another of a given class, and t h e  e f f e c t s  of produe- 
t i o n  to le rances ,  test condi t ions,  engine hour accumulation, and a i rc raf t :  
i n s t a l l a t i o n  c o n s t i t u t e  add i t iona l  unknowns. 

L e t  me emphasize t h a t  &he p r a c t i c a l i t y  of the  emission reduct ion 
approaches which have been t e n t a t i v e l y  i d e n t i f i e d  have y e t  t o  be proven. 
In the case of some of t h e  automatic mixture cont ro l  devices,  t h e  imple- 
Illenting hardware technology has y e t  t o  be developed and t e s t ed .  Current 
a i r c r a f t  f u e l  con t ro l  systems have evolved over many years  of development 
and refinement based on f i e l d  experience. Certainly much can be done on 
the test s tand and on in - f l i gh t  tests. 
a i r c r a f t  with a new f u e l  scheduling system t o  a customer i t  must be 
t e s t e d  over t h e  f u l l  spectrum of conditions expected i n  operat ion includ- 
ing  t i m e .  W e  must have a f i rm handle on a l l  of t he  opera t iona l ,  environ- 
mental, and manufacturing va r i ab le s  involved and t h e i r  e f f e c t s  on s a f e t y  
and operat ion of t he  a i r c r a f t .  In  the case of modified f u e l  scheduling, 
t h i s  requi res  a c o s t l y  and t i m e  consuming process using cur ren t  types of  
i n j e c t o r  systems. In the  case of automatic mixture con t ro l  devices,  i t  
would requi re  a much longer and more c o s t l y  development program and t h i s  
would r e s u l t  i n  a major increase  i n  production cos t s  f o r  very l i t t l e  
bene f i t .  

However, before  w e  d e l i v e r  an 
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Based on cur ren t  information, a pro jec t ion  has been made of t h e  
emission reductions poss ib le ,  and rough estimates of t he  c o s t s  involved 
have been es tab l i shed .  Current ly ,  a i r c r a f t  p i s t o n  engines make up 
approximately 0.1 percent  of the t o t a l  atmospheric hydrocarbon, carbon 
monoxide, and NOx pol lut ion.  Based on an est imated p o t e n t i a l  of a 
30 percent reduction in  emissions during the  landing-takeoff cycle ,  
where 5 t o  10 percent  of av ia t ion  f u e l  is  burned, a reduction of  approxi- 
mately 2 percent  i n  t o t a l  emissions is pro jec ted  f o r  a typ ica l  p i s ton  
engine a i r c r a f t  with a modified f u e l  system. By t h e  year  2000 roughly 
one-half of the  f l e e t  would b e  made up of a i r c r a f t  powered by modified 
engines. On t h i s  b a s i s ,  a reduction i n  t o t a l  atmospheric po l lu t ion  of  
the order  of 0.001 percent  is pro jec ted  f o r  t h e  year  2000. These numbers 
could e a s i l y  be  off  by a f ac to r  of two, f ive ,  o r  even g rea t e r  i n  e i t h e r  
d i rec t ion .  However, t h e  po in t  remains - t he  cont r ibu t ion  of any poss ib le  
a i r c r a f t  p i s ton  engine emission reduct'ion t o  the  t o t a l  atmospheric pol lu-  
t i o n  reduction is  dramatical ly  miniscule and unmeasurable. 

I f  w e  look a t  the  economics, i t  is est imated t h a t  a 5 t o  15 percent  
increase  in  product cos t  t o  the consumer would probably be necessary f o r  
t he  engine and a i r c r a f t  modifications required t o  provide the  emissions 
reduct ions assumed previously.  
rate f o r  p i s ton  engine a i r c r a f t ,  t he  cos t  is est imated t o  be $50 t o  $150 
mi l l ion  per  year,  o r  a t  least $1 t o  $2 b i l l i o n  i n  t h i s  t i m e  per iod.  Thus, 
the  b e n e f i t  t o  cos t  r a t i o  works out  t o  be approximately 0.000001 percent  
p e r  mi l l ion  d o l l a r s  spent.  
f o r  these  resources. 

With a $1 b i l l i o n  average annual sales 

Surely o ther  f a r  more important needs e x i s t  

It is  c l ea r  on the b a s i s  of what w e  know today (disregarding t h e  
cost-benefit  aspect)  t h a t  i t  w i l l  be impossible t o  meet t h e  e x i s t i n g  
s tandards by December 31, 1979,  e i t h e r  as t o  l e v e l s  o r  t i m e .  I f  i t  is 
not poss ib le  t o  resc ind  o r  i n d e f i n i t e l y  postpone t h e  a p p l i c a b i l i t y  of the  
s tandards,  then i t  i s  clear t h a t  both the  indus t ry  and the  government 
agencies represented a t  t h i s  meeting need t o  aggressively continue re- 
search and development e f  f o r t s  t o  provide the  information upon which 
realistic s tandards,  and a practical schedule f o r  t h e i r  implementation, 
can be based. 
t h a t  good, d e f i n i t i v e  information regarding implementation cos t s  and 
schedules be developed s o  t h a t  a p r a c t i c a l  program r e f l e c t i n g  cost-  
bene f i t  t r ades  can be devised. 

As a p a r t  of t h i s  e f f o r t ,  w e  f e e l  t h a t  i t  i s  important 

As t h e  indus t ry  began preparing f o r  t h i s  symposium several months 
ago, i t  w a s  hoped t h a t  s u f f i c i e n t  information would be ava i l ab le  t o  
enable us t o  make a concrete  proposal t o  modify the  s tandards and the  
implementation schedule. Unfortunately, as w e  have seen during t h e  p a s t  
two days of discussion,  s u f f i c i e n t  knowledge is  not  ava i l ab le  t o  allow 
the d e f i n i t i o n  of real is t ic  standards.  W e  p lan t o  continue our  e f f o r t s  
toward t h e  goal of e s t ab l i sh ing  r e a l i s t i c  s tandards and a workable imple- 
mentation program. Even i f  the standards are rescinded, our indus t ry  
w i l l  continue with a meaningful program. 
e f f o r t  be continued and t h a t  new standards and schedules be e s t ab l i shed  

It is  necessary t h a t  t h i s  



332 

i n  t he  near  fu tu re  i n  order  t o  avoid ser ious  d i s loca t ion  wi th in  the  
indus t ry  because of t he  long l ead  t i m e  commitments necessary on many 
purchased i tems,  such as engines,  and t h e  long flow t i m e  i n  the  a i r c r a f t  
manufacturing process. 

W e  f e e l  t h a t  t h e  symposium has been extremely worthwhile i n  provid- 
i n g  a f r e e  exchange of information on what is  known and no t  known on air- 
c r a f t  p i s ton  engine emissions. The hidden s p e c t r e  throughout is the  
p o t e n t i a l  impact on f l i g h t  sa fe ty :  It seems very l i k e l y  w e  w i l l  reverse  
t h e  pos i t i ve  t rend  of 60 years  i f  w e  continue on t h i s  present  path;  that 
i s ,  w e  w i l l  have less f l i g h t  sa fe ty .  

Based on a l l  t he  information ava i l ab le  t o  us today w e  can draw the  
following conclusions : 

(1) S u f f i c i e n t  t e s t i n g  has now been accomplished t o  confirm t rends  
of expected r e s u l t s .  

( 2 )  The technology does not  e x i s t  t o  m e e t  t he  present  EPA standards 
o r  schedule. 

(3) We do not  y e t  know what l i m i t s  can be m e t .  

( 4 )  System technology t o  achieve automatic mixture con t ro l  is 
present ly  unknown. 

(5) The impact of emission reduction e f f o r t s  on t i m e  between over- 
haul  and engine r e l i a b i l i t y  are completely unknown. 

(6) F l i g h t  s a f e t y  requirements prevent t he  adoption of any system 
requi r ing  manual lean ing  during t h e  t a x i  phase. 

(7) Wide and unpredictable  excursions e x i s t  i n  production t o l e r -  
ances. 

(8) Each a i r c r a f t  i n s t a l l a t i o n  is d i f f e r e n t  and not  completely pre- 
d ic tab le .  

(9) No technica l  opt ion e x i s t s  t h a t  i s  compatible with production 
and too l ing  l ead  times. 

(10) Achieving the  EPA emissions s tandards would only reduce atmos- 
pher ic  po l lu t ion  by approximately 0.001 percent .  

(11) Costs of tens  t o  hundreds of mi l l ions  of d o l l a r s  per  year  w i l l  
r e s u l t  f o r  t he  extremely small reduct ions obtained. 

(12) There w i l l  be  an adverse impact on f l i g h t  s a f e t y ,  though w e  do 
not know how t o  quant i fy .  



333 

Differences with these  conclusions can exist only i n  degree, not  sub jec t  
matter. 

W e  l i v e  i n  complex t i m e s  wi th  ideas  and opinions sub jec t  t o  extreme 
criticism o r  appra i sa l  by e i t h e r  genuine eva lua tors  o r  purposeless d i s s i -  
dents. These c u l t u r a l  environmental c h a r a c t e r i s t i c s  are exacerbated by 
the  p o l i t i c a l  events  of the  day and s ing le - in t e re s t  groups, e i t h e r  pro 
o r  con t o  an idea.  

None of these ,  however, r e l i e v e  our  j o i n t  r e spons ib i l i t y  f o r  f u l -  
f i l l i n g  the  e s t ab l i shed  requirements of our respec t ive  o f f i c e s .  
industry has a f i rm  re spons ib i l i t y  t o  take  a leading  ro l e  i n  a na t iona l  
environment improvement e f f o r t  so a l s o  does t h e  f ede ra l  government and 
its included agencies and bureaus have an equal  r e spons ib i l i t y  t o  s tand  
up and be  counted when i t  is  t i m e  t o  acknowledge the  need f o r  change, 
Government need not  do so with any f e e l i n g  of v a l i d  condemnation from 
indus t ry  o r  outspoken critics. 
t e m  c l e a r l y  e s t ab l i shes  a recogni t ion by t h e  Congress f o r  t he  need t o  
cont inual ly  review and revise l a w s  and t h e i r  a p p l i c a b i l i t y .  

J u s t  as 

Equally, our  congressional committee sys- 

It i s  now c l e a r l y  evident  t h a t  when these s tandards were es tab l i shed  
i n  1973 the  na t iona l  mood of c leaning up the  environment overwhelmed our  
knowledge of what could be  done and the  s a f e t y  aspects  a f f ec t ed  by estab-  
l i s h i n g  a i r c r a f t  p i s ton  engine emission s tandards.  We now have a j o i n t  
r e spons ib i l i t y  t o  r e d i r e c t  the  two most v i ta l  resources w e  have - t a l e n t  
and t i m e  - toward so lv ing  problems with a much higher  p o t e n t i a l  pay out  
t o  our  na t ion ' s  c i t i zen ry .  Cost is merely our way of accounting f o r  use 
of these  two more v i t a l  resources.  

It is t i m e  w e  c l e a r l y  state t h a t  the  p o t e n t i a l  bene f i t  of even 
massive e f f o r t s  t o  reduce a i r c r a f t  p i s ton  engine emissions i s  unmeasur- 
able  at b e s t  and an extremely poor use of our na t iona l  resources.  
from t h e  economic impac t  of l a r g e  scale unemployment and p l a n t  reduc- 
t ions ,  i t  is a case whereby s i m p l e  l o g i c  confirms t h a t  what w e  ge t  i s  no t  
worth the  e f f o r t .  
Clean Air Amendment of 1970 t o  a r b i t r a r i l y  e s t a b l i s h  a b a s i s  t o  waste 
tens  of mi l l ions  of d o l l a r s  f o r  a b e n e f i t  so  s m a l l  t h a t  even t h i s  na t ion ' s  
advanced technology cannot measure. Congress f u l l y  expects t h e  respon- 
s i b l e  government organizat ion t o  b r ing  such s i t u a t i o n s  t o  t h e i r  a t t en t ion .  

Aside 

It w a s  not t he  i n t e n t  of Congress when it  enacted the  

W e  thereby recommend t h a t  - 
(1) The emissions requirements spec i f i ed  f o r  a i r c r a f t  p i s ton  engines 

be rescinded, and 

(2) A j o i n t  industry-government task  fo rce  compile a repor t  contain- 
i ng  a l l  of t he  da ta  obtained (which subs t an t i a t e s  t h e  recommen- 
dat ion f o r  r ec i s ion )  wi th  t h a t  r epor t  made ava i l ab le  t o  a l l  
i n t e r e s t e d  p a r t i e s ,  whether d i s s iden t s  o r  suppor te rs ,  r a t h e r  
than engage i n  continuing r h e t o r i c a l  debate,  o r  
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(3) I f  t he  previous two recommendations cannot be accepted, then the 
emissions levels and schedule f o r  a i r c r a f t  p i s ton  engines must 
be i n d e f i n i t e l y  postponed u n t i l  such t e s t i n g  has been completed 
as t o  allow t h e  establishment of meaningful values and dates .  
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DISCUSSION 

COMMENT - J. Barriage: Speaking f o r  t he  FAA, Z apprec ia te  t h e  provis ions  
and t h e  excel lence of t h e  discussions and presenta t ions  which w e  have ex- 
perienced these  pas t  2 days. Each of u s  recognizes that t h e r e  is a g r e a t  
dea l  more t o  be done. 
t o  cont inue def in ing  the  work t h a t  needs t o  be done and t o  def ine  the  
manner i n  which w e  are a b l e  t o  arrive a t  a so lu t ion .  
been brought ou t ,  t h e r e  are d i f f e rences  of views, but P t t s  heal thy t o  
br ing them out  and d i scuss  them. 
symposium and handling i t  so beaut i fu l ly .  

T th ink  each of u s  a l s o  recognizes t h a t  we need 

Obviously, as has 

W e  apprec ia te  NASA-Lewis having t h i s  

COMMENT - G. Kittredge: W e ,  too, apprec ia te  t h e  opportuni ty  t o  have 
been able to  take  part i n  t h i s  symposium- I n  my own case, i t 's  t h e  
first chance I've had to get toge ther  with such a complete spectrum 
of t a l e n t  from t h e  aerospace indus t ry  and assoc ia ted  government agen- 
c i e s .  W e  look forward t o  t h e  publ ica t ion  of t h e  proceedings. 
study these  very c a r e f u l l y  and w i t h  thoroughness. W e  want t o  respond 
t o  your comments, M r .  H e l m s .  To do them j u s t i c e ,  w e  would l i k e  t b  study 
them more thoroughly on an  agency bas i s  before  we comment. I have a few 
impromptu comments which are my own only. 
regard t o  our a i r  q u a l i t y  arguments, t ha t  c e r t a i n l y  what you say i s  cor- 
r e c t  i n  so f a r  as nationwide impact is concerned. 
eral a v i a t i o n  ogerat ions,  w e ' r e  r e a l l y  mostly concerned with t h e  l o c a l  
impact, l a r g e l y  t h a t  of carbon monoxide i n  reasonably c l o s e  proximity t o  
heavi ly  used genera l  a v i a t i o n  a i r p o r t s .  With regard t o  t h e  very v a l i d  
poin ts  brought up by M r .  H e l m s  and discussed more completely yesterday 
on t e s t i n g  and measurement problems, w e  accept  t h a t  these  have delayed 
work on a c t u a l  reduct ion of engine emissions. Since t h e  se s s ion  yester-  
day, t h e  FAA and myself have ta lked  t h i s  over- W e  w i l l  make an e f f o r t  
t o  g e t  a meaningful industry/government group to  work on t h i s  within 
the  next  several weeks. The SAE committee I referred to yesterday i s  
scheduled to  meet wi th in  2 weeks. Our proposal I s  to set up a subgroup 
t h a t  would include t h e  people who've spoken on t h i s  subject here  dur- 
i ng  t h e  p a s t  2 days and t o  work to  fill i n  some of t h e  gaps i n  t h e  pre- 
sent  emissions measurement procedures. 
problem, because of t h e  exce l len t  base t h a t  now exists as a r e s u l t  of 
your 3 years  of experience. One comment on engine cos t .  
session w a s  t h e  f i r s t  exposure I ' d  had t o  a c t u a l  cos t  estimates as t o  
implementation of t h i s  program f o r  t he  very wide a r r a y  of engine models 
and a i r c r a f t  types t h a t  you have t o  dea l  with. T do f e e l ,  i n  a somewhat 
defensive way, t h a t  s ince  the  approaches t h a t  have been ta lked  about most 
s e r ious ly  f o r  use i n  meeting t h e  standards do r e s u l t  i n  f u e l  economy 
b e n e f i t s  as w e l l ,  t h a t  t h e  c o s t s  of t he  t o t a l  program can be spread 
over t h e  presumed f u e l  economy advantages t o  your customers as w e l l  as 
t o  a i r  q u a l i t y  cont ro l .  You s a i d  i t  the  o the r  way around i n  your pre- 
sen ta t ion .  
wasn't brought ou t  by M r .  H e l m s ,  but did come out  t h i s  morning, has t o  
do wi th  Qld  engines and o ld  a i r c r a f t .  I should have s a i d  t h i s  morning 
that: w e  have t h i s  comment i n  hand from the  tu rb ine  engine manufacturing 
segment of t he  industry.  It w a s  presented a t  our publ ic  hear ings on t h i s  

We'll 

I do want t o  restate, with 

With respec t  t o  gen- 

W e  don't  see t h i s  as a formidable 

This morning's 

It's equal ly  v a l i d  e i t h e r  way. One o the r  comment t h a t  r e a l l y  
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subject in February 1976. We have to respond to It. But engines that 
are likely to be made in relatively lhited quantities in the future to 
serve for replacement purposes in existing old design aircraft will have, 
presumably, minimum impact on air quality and justify some sort of exemp- 
tion or delay or something of that nature. 1 can assure you that this is 
being worked on. 

COMMENT - G. Banerian: 
program. 
bate the merits of the regulations, but to provide data for future regu- 
latory action and petitioning for change if deemed necessary, 
to thank all of you for participating as you did and presenting your 
material in a most professional way. 
Center for a good job in arranging this meeting. 
items for regulatory action are with FAA and EPA and not with NASA. 
do what we can to assist them, but the initiative is with them. 

This concludes the formal presentation of OUT 
As all of you know, the purpose of the meeting wasn't to de- 

1 want 

I, also, thank the Lewis Research 
A s  you know, the action 

We'll 



APPENDIX A 

REVIEW OF MEASUREMENT AND TESTING PROBLEMS* 

Avco Lycodng 
Williamsport, Pennsylvania 

PROBLEMS EXPERIENCED 

I. Instrumentation - Good instrumentation i s  required t o  obta in  r e l i a b l e  
and repea tab le  base l ine  data .  
developing such a t o t a l  system. 

Problems have been encountered i n  

A. Accurate a i r f low measurement at a l l  modes i s  e s s e n t i a l .  Leanout 
curve t rends have s u b s t a n t i a l  dependence on t h i s  quant i ty .  

B. Precise f u e l  flow measurement i s  required t o  maintain good f u e l /  
a i r  r a t i o  agreements. 
modes demand extreme accuracy. 

The small flows t y p i c a l  of  t h e  i d l e / t a x i  

C. The instrumentation used fo r  po l lu t an t  measurement has proven to  
be suscep t ib l e  t o  f requent  malfunctions and has  required c e r t a i n  
modifications.  

1. Changes t o  console pumps, f i l t e r s ,  and gas ‘Sample pa th  have 
been made i n  an attempt t o  comply with the 2 second response 
t i m e .  

2. Modifications t o  the  NO/NOx analyzer  have been recommended 
t o  e l imina te  poss ib le  water condensation i n  t h e  r eac t ion  
chambe r . 

3. The instrument pump i n  the FID w a s  replaced with a l a r g e r  
u n i t  t o  improve response t i m e .  

4 .  An oxygen analyzer has been added t o  the  sample ana lys i s  in-  
s t r u m n t a t i o n  t o  permit computation of the  carbon balance s 
There is no requirement o r  spec i f i ca t ion  for  t h i s  instrument 
by t h e  EPA, Par t  87. \ 

5. Frequent instrument and component f a i l u r e s ,  some requi r ing  
lengthy t rouble  shooting and r e p a i r  periods have been en- 
countered throughout t he  test program. A par t ia l  list of 
the  f a i l u r e s  follows : 

* 
Material d i s t r i b u t e d  but  no t  presented a t  t h e  Symposium. 
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Instrument 

HC FID 
HC FID 
HC FID 
HC FID 
HC FID 
NO/NOx chem. 

NO/NOx chem. 
NO/NO, chem. 
co 
Heated sample l i n e  

Problem - 
Pressure regula tor  f a i l e d  
Pressure gage f a i l e d  
Thermistor f a i l e d  
Heater f a i l e d  
Meter readout miswired 
Thermistor switch f a i l e d ,  r e s u l t i n g  i n  

Photomultiplier tube cracked 
Meter readout f a i l e d  
Detector f a i l e d  
Thermistor f a i l e d  

hea te r  f a i l u r e  ~ 

6 .  During low power operat ion ( i d l e / t a x i )  t he re  is  considerable 
f luc tua t ion  i n  ind ica ted  po l lu t an t  concentrat ions,  as re- 
corded by the  p l o t t e r .  No determination has ye t  been made 
as t o  whether t h i s  v a r i a t i o n  is  inherent  i n  the  instrumenta- 
t i o n  o r  r e f l e c t s  pulses  i n  the  exhaust sample, A t  present  
Avco Lycoming approximates t h e  mean of t he  recorded p l o t t e r  
output  as t h e  measured po l lu t an t  concentration. Of course,  
each s i g n a l  could be e l e c t r i c a l l y  dampened o r  averaged; how- 
ever, some determination must be made t o  eva lua te  the  t r u e  
average and i s o l a t e  t he  cause of t h e  f luc tua t ions  

Span Gases - Span gas q u a l i t y  has a s i g n i f i c a n t  e f f e c t  on emissions 
test r e s u l t s .  

A. The r e j ec t ion  rate of incoming span gases based on a +2 percent 
to le rance  is approximately 15 percent.  

B. Unt i l  s u f f i c i e n t  test experience w a s  accumulated, i t  w a s  o f t en  
d i f f i c u l t  t o  i d e n t i f y  span gas discrepancies  and divorce them 
completely from instrumentat ion problems. 

C. The Sco t t  Reference Service is performed only four t i m e s  a year.  
Such va r i ab le s  as span gas replacement and instrumentat ion changes 
must be considered. I n  addi t ion ,  t h i s  service publishes an aver- 
age value from the  reported resul ts  of t h e  pa r t i c ipan t s .  No 
allowance is made f o r  an abnormal p a t t e r n  i n  r e s u l t s  f o r  a given 
test period. 
span gas discrepancies  and should be used i n  t h a t  manner. 

The Sco t t  Service provides an ind ica t ion  of  major 

D. NAFEC has e s t ab l i shed  i ts  own cross  reference service. Sample 
per iods have been increased t o  one a month; however, t h i s  service 
has been l imi t ed  to  only four sample periods.  
base l ine  engine test program w a s  completed p r i o r  t o  r e c e i p t  of 
the  f i r s t  sample. It w i l l  be  extremely d i f f j c u l t  t o  use these  
r e s u l t s  t o  improve co r re l a t ion  of p a s t  t e s t ing .  

I n  add i t ion ,  t he  
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111. Engine Condition - It has been shown t h a t  t he  mechanical condi t ion 
of 

A. 

B. 

C. 

t he  test engine can a f f e c t  the test r e s u l t s  subs t an t i a l ly .  

Prolonged low power operat ion i n  the  i d l e / t a x i  modes without 
in te rceding  ex tens ive  higher  power opera t ion  is no t  considered 
t o  be normal of in-service engine opera t ing  condi t ions.  

1. 

2. 

3. 

Such extended operat ion at i d l e / t a x i  r e su l t s  i n  fouled spark 
plugs and glazed cy l inder  ba r re l s .  

I f  the  b a r r e l  glazing condition is severe, o i l  w i l l  move 
p a s t  t he  r ings  i n t o  t h e  combustion chamber, r e s u l t i n g  i n  o i l  
fouled plugs o r  plugged f u e l  nozzles.  

An engine i n  t h i s  condi t ion may e x h i b i t  high o i l  consumption, 
moderate t o  extreme roughness o r  a l o s s  of i g n i t i o n  i n  one 
o r  more cyl inders .  

The engine condi t ion should be c lose ly  monitored f o r  any poss ib l e  
mechanical malfunctions throughout a l l  modes of operat ion.  

Emissions d a t a  taken on an engine experiencing mechanical d i f f i -  
c u l t i e s  cannot be used to  p red ic t  base l ine  c h a r a c t e r i s t i c s .  

1. Emissions d a t a  r e f l e c t i n g  extremely poor combustion charac- 
teristics f o r  t h e  i d l e / t a x i  modes is not  r ep resen ta t ive  of 
a c t u a l  in-service engine operation. 

2. Constant e f f o r t  should be made t o  ensure t h a t  the  test 
engine is  maintained i n  s a t i s f a c t o r y  condition. 

IV. T e s t  Procedure - T e s t  procedures have been shown t o  have considerable  
e f f e c t  on emissions test r e s u l t s .  

A. The required test  procedures as spec i f i ed  by the  EPA, P a r t  87 ,  

Additional descr ip t ion  
are incomplete and do not promote the adoption of one un i f i ed  
test procedure by a l l  test facil i t ies.  
on t h e  following should be provided : 

1. An acceptable method of performing the  precycle  warmup 
. should be noted. 

2. Spec i f i c  desc r ip t ion  of t h e  required exhaust c o l l e c t i o n  
system should be made. 
of a l l  a i r c r a f t  models i n  the  general  av ia t ion  f l e e t .  

There is no system representa t ive  

3. The sample t r anspor t  and response t i m e  should be changed 
t o  a t i m e  r ep resen ta t ive  of the  test system and s t a t e -o f -  
the-ar t  instrumentation, 
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4. An instrument spec i f i ca t ion  f o r  t h e  oxygen analyzer  should 
be included i f  i t  is  t o  be an op t iona l  piece of equipment. 

5. I f  t h e  cycle  is t o  be run consecutively with no in te rvening  
opera t ing  poin ts ,  the  allowable length  of  t i m e  f o r  operat ion 
at t h e  i n i t i a l  i d l e / t a x i  modes should be spec i f i ed  t o  pre- 
vent poss ib l e  de t e r io ra t ion  i n  engine condition. 

6. The s p e c i f i e d  c y c l i c  power s e t t i n g s  are at  b e s t  unrepre- 
s e n t a t i v e  of t y p i c a l  in-service engine operat ion.  
cent  power f o r  t he  climb mode should be s p e c i f i e d ,  no t  
75 t o  100 percent.  

The per- 

7. There is  no s p e c i f i c a t i o n  regarding s tandard i n l e t  condi- 
t i o n s  at t h e  entrance t o  the i n j e c t o r  o r  carbure tor  o r  f o r  
cool ing a i r  suppl ied t o  the engine.  

8. Some minimum requirement should be noted f o r  t h e  exhaust gas 
temperature of the  sample a t  t h e  probe i n l e t  t o  prevent loss 
of hydrocarbon sample. 

B. If t h e  EPA is  unable o r  unwill ing t o  make these  spec i f i ca t ions ,  
indus t ry  and o the r  f a c i l i t i e s  involved with t h i s  t e s t i n g  should 
formulate and approve a well-defined procedure. 

C. Avco Lycoming has experienced problems with a i r  leakages i n  both 
the  induct ion and exhaust sys  t e m s .  

1. Since t h e  induct ion a i r  system is pressurized above ambient 
pressure ,  leakages between the  a i r  flow measuring system and 
engine r e s u l t  i n  t he  observed a i r  flow readings being higher  
than the quant i ty  of flow being used by the  engine. 

2.  Cracks forming i n  t h e  exhaust system usua l ly  permit a i r  leak- 
age i n t o  t h e  exhaust sample. The r e s u l t a n t  po l lu t an t  con- 
cen t r a t ions  show s igns  of d i l u t i o n  o r  higher  than normal 
oxygen values.  

3.  Avco Lycoming has found t h a t  t he  da t a  a f f ec t ed  by these  sys- 
t e m  discrepancies  can be minimized by ca re fu l  a t t e n t i o n  to  
q u a n t i t i e s  and t rends of the  f u e l / a i r  r a t i o  agreement (u t i -  
l i z i n g  t h e  Spindt Method f o r  carbon balance) .  However, t h i s  
requi res  t h a t  a l l  d a t a  be reduced d a i l y  and reviewed com- 
p l e t e ly .  

D. The t o t a l  emissions da t a  system is  f a i r l y  complex and Avco 
Lycoming has experienced s u b s t a n t i a l  "down" t i m e  f o r  system main- 
tenance and repa i r .  



341 

V. Calculat ion Procedure - The required ca l cu la t ion  procedure, as speci-  
f i e d  by the  EPA, P a r t  8 7 ,  f o r  reducing r a w  emissions d a t a  leaves 
seve ra l  intermediate  s t eps  t o  "good engineering prac t ice ."  

A. It is  poss ib l e  that some di f fe rences  i n  reported emissions values  
between test f a c i l i t i e s  can be a t t r i b u t e d  t o  d i f fe rences  i n  cal- 
cu la t ion  procedures. 
t h e  following va r i ab le s  should be spec i f i ed  by t h e  EPA: 

A well-defined procedure f o r  determining 

1. Some method f o r  determining the cor rec t ion  f a c t o r  f o r  
ambient and combustion formed w a t e r  vapor should be  
spec i f ied .  

2. The ca l cu la t ion  procedure f o r  t h e  exhaust molecular weight 
should be defined. 

3. Acceptable methods t o  perform t h e  required carbon balance 
should be spec i f ied .  
is considered excessively i n t o l e r a n t  when deal ing wi th  t h e  
low a i r  and f u e l  flows of t he  i d l e / t a x i  modes. 

The 5 percent  agreement, as spec i f i ed ,  

B. Again, i f  t he  EPA cannot o r  w i l l  not make well-defined require-  
ments i n  these areas, indus t ry  together  with o the r  f a c i l i t i e s  i n -  
volved with the  a c t u a l  t e s t i n g  should spec i fy  acceptable  proce- 
dures. 

C. Correction f ac to r s  fo r  the  e f f e c t  t h a t  nonstandard condi t ions 
have on cyc l i c  emissions t o t a l s  should be developed between 
f a c i l i t i e s  and approved. 

1. Avco Lycoming has developed in-house cor rec t ion  f a c t o r s  f o r  
the  e f f e c t  of temperature and v a r i a t i o n s  i n  power output  on 
emissions when reduced t o  a pound/mode bas is .  

2. However, cor rec t ion  f ac to r s  f o r  t h e  e f f e c t  t h a t  humidity o r  
temperature va r i a t ions  have on po l lu t an t  formation (ppm o r  
percent by volume) are needed. 

RECOMMENDATIONS 

I. Engine T e s t  Procedures 

A. The engine m u s t  be  maintained i n  good condi t ion f o r  t h e  e n t i r e  
test program t o  ensure t h a t  representa t ive  da ta  is obtained. 

1. A performance c a l i b r a t i o n  should be made t o  ensure t h a t  t h e  
engine i s  wi th in  production limits and t y p i c a l  of t h a t  par- 
t i c u l a r  model. The c a l i b r a t i o n  should cons is t  of t he  follow- 
i n g  types of runs: f u l l  t h r o t t l e  performance., mixture d i s -  
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t r i b u t i o n  a t  r a t ed  speed, va r i ab le  manifold pressure  a t  
r a t ed  speed, f u e l  metering response with varying p rope l l e r  
load,  o i l  consumption. Additional t e s t i n g  may be included, 
i f  necessary. 

2. Daily inspec t ions  of the engine and sampling system should 
be made t o  inspec t  f o r  poss ib le  discrepancies .  The inspec- 
t i o n  procedure cur ren t ly  used by Avco Lycoming is  described 
i n  attachment I. 

3.  During operat ion,  frequent magneto checks should be made t o  
ensure t h a t  the i g n i t i o n  system is  funct ioning properly,  

4 .  Cylinder head temperatures should be monitored c lose ly  f o r  
s igns  of engine problems. For i d l e  and t a x i  modes, a com- 
pa ra t ive ly  low head temperature could be ind ica t ive  of 
i g n i t i o n  o r  f u e l  nozzle problems. Comparing cy l inder  head 
temperature t rends f o r  the  takeoff ,  climb, and approach mode 
leanout  runs can a l s o  be used i n  t h e  same manner, 

5. The engine m u s t  be constant ly  monitored f o r  abnormally rough 
o r  uneven operat ion,  p a r t i c u l a r l y  i n  t h e  i d l e / t a x i  modes. 
Prolonged running a t  low power conditions causes de te r iora-  
t i o n  i n  engine condi t ion such as fouled spark plugs and 
glazed cyl inder  b a r r e l s  which are not  r ep resen ta t ive  of an 
engine i n  good condition. 

a. A poss ib le  i n d i c a t o r  of glazed cyl inder  b a r r e l s  is 
higher than normal engine o i l  consumption. 

b. Frequent magneto checks w i l l  show a high rpm drop be- 
tween magnetos o r  highly uneven cy l inder  head tempera- 
t u re s  when on s i n g l e  i g n i t i o n  as ind ica t ive  of poss ib le  
fouled spark plugs. 

c. Corrective ac t ions  are prolonged periods of operat ion 
a t  high power conditions.  
may r equ i r e  removal and cleaning. 

Badly fouled spark plugs 

d. A per iod (10-20 min) of continuous operat ion a t  take- 
o f f  power should precede a base l ine  run t o  improve 
spark plug and cyl inder  b a r r e l  conditions.  
Lycoming has found t h a t  t h i s  procedure tends t o  mini- 
mize da ta  scatter i n  the i d l e / t a x i  modes f o r  t he  base- 
l i n e  cycle.  

Avco 

e. Once the base l ine  cycle has been i n i t i a t e d ,  t h e  modes 
must be run i n  sequence wi th  no "clearing" between 
modes. 
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f .  The only t i m e  a b r i e f  per iod (2-5 sec) of engine clear- 
i n g  is permitted between consecutive i d l e  o r  t a x i  runs 
i s  during a leanout test when engine d e t e r i o r a t i o n  is  
suspected due t o  prolonged low power operat ion.  
engine should be b r i e f l y  c leared  a f t e r  each run. 

The 

B. Two types of tests are cu r ren t ly  employed t o  determine t h e  emis- 
s ions  c h a r a c t e r i s t i c s  of an engine model: 

1. The base l ine  cycle  cons i s t s  of a seven-mode test program run 
consecutively with s t a b i l i z e d  engine condi t ions a t  each mode. 
The following are t h e  engine speeds and power s e t t i n g s  f o r  
each mode : 

2. 

I Power, I per  cent  
Engine speed 

Taxi 
Takeoff 
Climb 
Approach 1:: Taxi 

600 
1200 
Rated 

90% ra t ed  
87% ra t ed  

1200 
600 

-- 
Full t h r o t t l e  

80 
40 

-- 
The leanout run shows the  e f f e c t s  of mixture va r i a t ions  on 
emissions output and v i ta l  engine parameters f o r  each mode. 
The r e s u l t s  of t he  leanout  run when p lo t t ed  on a pounds/mode 
o r  percent  po l lu t an t  concentrat ion versus f u e l / a i r  r a t i o  
b a s i s  can be used t o  i d e n t i f y  emissions t rends ,  formulate 
poss ib le  temperature o r  humidity cor rec t ion  f ac to r s  o r  con- 
s t r u c t  improved o r  optimumbaseline cycles  based on leaner  
f u e l  schedules. 

11. Emissions Instrumentation 

A. It is  required by the  EPA, i n  P a r t  8 7 ,  t h a t  t h e  following exhaust 
emissions concentrat ions be measured: 

co (Carbon monoxide) 
co (Carbon dioxide)  
NO?NOx (Oxides of ni t rogen)  
HC (Hydrocarbons) 

In  addi t ion  t o  the  above q u a n t i t i e s ,  measurement of  t h e  02 con- 
cen t r a t ion  i n  the  exhaust sample is necessary t o  complete t h e  
carbon balance ca l cu la t ion  procedure (Spindt Method) cu r ren t ly  
i n  use. 
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1. Avco Lycoming has experienced several instrumentat ion d i f f i -  
c u l t i e s  s i n c e  t h e  i n i t i a t i o n  of t e s t ing .  

a. The instrumentat ion employed is b a s i c a l l y  s e n s i t i v e  
labora tory  test equipment. Usage f o r  extended per iods 
of  t i m e  r e su l t s  i n  the need f o r  f requent  adjustment o r  
i n  equipment malfunctions. 

b. Careful  d a i l y  monitoring of instrument response charac- 
teristics provides a i d  in determining t h e  onset  of 

. inst rumentat ion d i f f i c u l t i e s .  

2. Avco Lycoming e s s e n t i a l l y  follows t h e  procedures ou t l ined  i n  
the  EPA, i n  P a r t  87 ;  however, rev is ions  are necessary t o  
update and improve the  required test procedures. 

a. Revisions f o r  improving and updating instrument C a l i -  
b r a t i o n  procedures and spec i f i ca t ions  are necessary.  

b. It has been s t a t e d  by the  EPA t h a t  changes w i l l  be made 
t o  the  2 second sample response t i m e .  Such a rev is ion  
i s  necessary and should a lso  include a w e l l  def ined 
procedure f o r  determining t h i s  response t i m e .  

B. The exhaust c o l l e c t o r  and sample probe should be  designed and 
f ab r i ca t ed  i n  accordance with the  requirements by the  EPA i n  
P a r t  87. 

1. The exhaust system should be made of a s u i t a b l e  material and 
designed t o  permit no exhaust gas d i l u t i o n  bu t  minimize 
engine power l o s s .  
mitted but  may requi re  add i t iona l  s e a l i n g  t o  guard aga ins t  
d i lu t ion .  

Carefully f i t t e d  s l i p  j o i n t s  are per- 

2. The sample probe is fabr ica ted  from 1 / 4  inch diameter s t a i n -  
less steel tube with 5 i n l e t  ho les  approximately 1 /16  inch 
diameter loca ted  evenly across  the  t a i l p i p e .  The sample 
probe i n l e t  holes  are posi t ioned i n t o  the  exhaust flow, 
although t e s t i n g  has shown no d i f fe rence  i n  measured con- 
cen t r a t ions  f o r  o t h e r  ro t a t ed  pos i t ions .  

3. The sample probe should be loca ted  f a r  enough downstream t o  
allow f o r  good mixing i n  the  t a i l p i p e .  However, t h e  EPA in  
P a r t  87 s p e c i f i e s  that the  sample pa th  t o  and through t h e  
Hydrocarbon Analyzer m u s t  be maintained a t  302' F (150O C) 
t o  prevent t h e  loss  of heavy hydrocarbons i n  the  sample l i n e ,  
Therefore, t h e  minimum allowable EGT a t  t h e  i n l e t  o f  t he  
sample pa th  is  302' F. Avco Lycoming has noted t h a t  f a i l u r e -  
t o  maintain s u f f i c i e n t  exhaust gas temperature a t  t h e  sample 
probe i n l e t  results i n  s imi l a r  l o s ses .  
EGT's are o f t en  ind ica t ive  of exhaust sample d i l u t i o n .  

In  addi t ion ,  low 
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111. Span Gases 

A. Maintaining a set of good qua l i ty  working span gases is important 
i n  obta in ing  accura te  and repeatable  emissions da ta ,  

1. Comparative services such as t h e  Sco t t  Reference Service and 
the  NAE'EC Cross Reference Service can be used as ind ica to r s  
of poss ib le  span gas discrepancies  

a. Due t o  t h e  3 month per iod between samples wi th  t h e  
Sco t t  Service o the r  f a c t o r s  such as changes i n  i n s t r u -  
ments and deple t ion  and replacement of span gases m u s t  
be  considered. 

b. The Sco t t  Service uses t h e  average of t he  reported 
values  as a b a s i s  f o r  comparison. This average could 
be inf luenced i n  a spec i f i ed  test per iod  by an abnormal 
r epor t ing  p a t t e r n  from the  pa r t i c ipan t s .  It is i n v a l i d  
t o  use t h i s  average as t h e  absolu te  value of t he  sample 
gas i n  an attempt t o  revise span gas values .  

c. A review of the  Scot t  Service r e s u l t s  between f a c i l i -  
ties shows no d e f i n i t e  r e l a t i v e  t rends.  It is d i f f i -  
c u l t  t o  j u s t i f y  the  use of e i t h e r  service t o  formulate 
co r re l a t ion  cor rec t ion  f a c t o r s  e i t h e r  f o r  p a s t  o r  
present  t e s t ing .  

2. Avco Lycoming has es tab l i shed  an in-house q u a l i t y  con t ro l  
procedure f o r  t e s t i n g  working span gas accuracy. A set of 
master grade span gases have been purchased t o  be used as 
comparative standards.  Pe r iod ica l ly ,  a l l  in-house working 
span gases w i l l  be checked aga ins t  two o r  more of the  master 
standards.  A t  p resent ,  d e t a i l s  as t o  frequency of t e s t i n g ,  
acceptable  to le rances ,  e tc . ,  are being formulated. 

IV .  Computational Procedure 

A. The b a s i c  computational procedure employed by Avco Lycoming is as 
spec i f i ed  by t h e  EPA i n  P a r t  87 ,  Federal  Regis ter .  
shows a flow diagram summarizing t h e  d a t a  reduct ion process.  
Shown i n  attachment I1 is a complete d e t a i l e d  desc r ip t ion  of  t he  
procedure cu r ren t ly  used, 

Figure A-1 

1. The EPA, i n  P a r t  87,  does not r equ i r e  t h a t  the i n l e t  a i r  
pressure, temperature, o r  humidity 
f i e d  range. 
tween varying ambient conditions can be s u b s t a n t i a l ,  As t h e  
air  flow quant i ty  is involved d i r e c t l y  i n  the  ca l cu la t ion  
f o r  po l lu t an t  pound/mode, some e f f o r t  should be made t o  

be cont ro l led  t o  a speci-  
Differences i n  mass of induct ion a i r  flow be- 
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c o r r e c t  f o r  varying ambient conditions.  A t  p resent ,  Avco 
Lycoming is inves t iga t ing  poss ib le  cor rec t ion  f a c t o r s  which 
w i l l  improve d a t a  agreement. 

2. I n  addi t ion  t o  a f f e c t i n g  a i r  flow MSS, temperature and 
humidity d i f fe rences  can a f f e c t  po l lu t an t  concentrat ion 
output.  
cor rec t ion  f ac to r s  f o r  these  e f f e c t s .  Other f a c i l i t i e s  such 
as NASA L e w i s ,  which have t h e  a b i l i t y  t o  f u l l y  con t ro l  
ambient test condi t ions,  should provide b e t t e r  cont ro l led  
d a t a  t rends f o r  a complete ana lys i s .  

B. Although t h e  b a s i c  ca lcu la t ion  procedure f o r  reduction of r a w  

Avco Lycoming has made l imi t ed  e f f o r t  a t  def in ing  

emissions da ta  is spec i f i ed  by the  EPA i n  P a r t  87,  some of t he  
intermediate  s t eps  are not  defined adequately. 

1. The method f o r  determining exhaust molecular weight should 
be  spec i f ied .  

2. The procedure f o r  ca l cu la t ing  w a t e r  cor rec t ion  f a c t o r s  f o r  
both combustion formed water and ambient water vapor should 
be out l ined .  

3. A method f o r  performing the  required carbon balance should 
be included. 

V. Data Analysis C r i t e r i a  

A. In  emissions t e s t i n g ,  the  review and ana lys i s  of  da ta  t rends and 
q u a l i t y  becomes a complex procedure because of t h e  l a r g e  number 
of values recorded as input  parameters. 

1. Some method of carbon balance must be used t o  i d e n t i f y  
poss ib le  da ta  discrepancies .  A t  p resent  the  Spindt Method 
is  used by a l l  f a c i l i t i e s  involved i n  the  p i s ton  a i r c r a f t  
emissions program. 

a. The Spindt Method provides a comparative computational 
procedure f o r  f u e l / a i r  r a t i o  based on measured emis- 
s ions  concentrations.  

b. The f u e l / a i r  r a t i o  agreement is obtained by comparing 
t h e  measured and ca l cu la t ed  f u e l / a i r  r a t i o s .  
i n  Pa r t  87,requires t h a t  t h i s  agreement be wi th in  
+5 percent  f o r  a l l  modes. 
realist ic f o r  the higher  power and t a x i  modes, compli- 
ance f o r  the  i d l e  mode is d i f f i c u l t  where low a i r  and 
f u e l  flow values as w e l l  as small changes i n  engine 
speed necess i t a t e s  extremely p rec i se  measurements. 

The EPA, 

Although t h i s  requirement is 
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2. Avco Lycoming has found t h a t  emissions d a t a  with consider- 
ab le  scatter i n  f u e l / a i r  r a t i o  agreements fisually produces 
the  same scatter when p lo t t ed  on a pound/mode versus fuellair 
r a t i o  bas i s .  
tween f a c i l i t i e s ,  o r  even in-house t e s t i n g ,  are obtained 
when the  f u e l / a i r  r a t i o  agreements are w e l l  wi th in  t h e  t o l -  
erance. 

In add i t ion ,  t he  b e s t  da ta  co r re l a t ions  be- 

3. Experience has shown tha t  t he  f u e l / a i r  r a t i o  agreement be- 
tween measured and ca lcu la ted  f u e l / a i r  r a t i o s  is poss ib ly  
the  most valuable  ind ica to r  i n  recognizing and l o c a t i n g  d is -  
crepancies i n  the  emissions system. 
t rends  o r  va r i a t ions  i n  trends i n  t h e  f u e l / a i r  r a t i o  agree- 
ment is most important. 

Recognizing these  
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ATTACHMENT I 

EXPERIMENTAL BULLETIN NO. 129 
c1. 11 

Apri l  22, 1975 

CHECK LIST TO PERFORM BEFORE BEGINNING EMISSIONS TESTING - (Daily) 

1. Sample System: 

Please remove heated sample l i n e  from probe. Remove covering from 
t e f l o n  sec t ion  of l i n e  and inspec t  f o r  any heat  damage. I f  t e f l o n  
has become discolored,  replace sec t ion .  Check a l l  f i t t i n g s  f o r  
t igh tness .  Cap of f  end of sample l i n e  and turn  on console- pump t o  
l eak  check. 

Remove s t a i n l e s s  steel  probe and inspec t  f o r  cracks. 
system from exhaust po r t s  t o  probe loca t ion  f o r  cracks.  Reconnect 
a l l  p a r t s  of l i n e  and r e i n s t a l l  probe. 

Check exhaust 

2. Induction Air: 

Please inspec t  induct ion a i r  hose f o r  leaks .  
f o r  t igh tness .  

Check clamp a t  a i rbox  

3 .  Magneto Timing Device ( i f  i n s t a l l e d )  : 

Please check connecting a r m  f o r  t igh tness .  
base fo r  o i l  leakage o r  gasket s l ippage.  Tighten s l i g h t l y  i f  
necessary. Check pos i t i on  ind ica to r  cable  connector f o r  t igh tness .  

Inspect around magneto 

4 .  To rqueme te r : 

Please check f o r  o i l  leakage around any por t ion  of the torquemeter, 
adapter  p l a t e s  o r  p rope l l e r ,  Inspect  r e s t r a i n i n g  w i r e s  t o  torque- 
meter t o  make s u r e  they are i n  good condition. 

R. Moffett 
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ATTACHMENT I1 

DATA REDUCTION TECHNIQUES EMPLOYED BY AVCO LYCOMING 

The following da ta  reduction techniques are cur ren t ly  employed by 
Avco Lycoming : 

1. Water Correction Factors  - t o  account f o r  t h e  water vapor con- 
densed from t h e  analyzed exhaust samples 

2. Exhaust Molecular Weight - t o  convert  the volumetric percentages 
read from the  exhaust analyze,rs t o  a gravimetr ic  percentage 

3. Exhaust Volume Technique - t o  calculate the  t o t a l  mass exhausted 
from the  engine based on the  mass percentage of t h e  ind iv idua l  
po l lu t an t s  and the  t o t a l  gas flow through the  engine 

4. Carbon Balance - t o  v e r i f y  t h a t  those po l lu t an t s  de tec ted  by t h e  
exhaust gas analyzers are ind ica t ive  of t h e  fue l -a i r  mixture 
suppl ied t o  t h e  engine 

WATER VAPOR CORRECTION 

Water vapor i n  the  exhaust sample o r ig ina t e s  from two sources:  
(1) combustion formed w a t e r  vapor, (2) water vapor contained i n  ambient 
induct ion air. Avco Lycoming has developed independent cor rec t ion  fac- 
t o r s  f o r  each source.  

Correction Factor f o r  Combustion Formed Water Vapor 

Considering a general  equation €or t h e  combustion process a t  equi- 
l ib r ium i n  the  form 

where 

a carbon balance y i e l d s  

e a = .  
2 
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a2 + a3 + a5 
a =  
0 C 

and a hydrogen balance y i e lds  

2a4 + l.85a5 + 2a6 

h a =  
0 (3) 

Combining (2) and (3) and so lv ing  f o r  a4 gives  

- -  
9 - a  

h a2 + a + a5 2 a  + 1.85a5 + 2a6 

C 

4 - - 
h 

3 
C 

a (a2  + a3 + as) = 2a4 + 1.85a5 + 2a6 

A t  t h i s  po in t  t he  r e l a t ionsh ip  0.51 a3 = a6 o r  0.51 CO = H2: 

reference: "Relation of Exhaust G a s  Composition t o  A/F Ratio ," B A. 
D'Alleva and W. G. Lovell ,  SAE Journal  (Trans.), Vol. 38, 
No. 3 

The re f o re 

A t  t h i s  po in t  because equation (4) is s t i l l  i n  terms of mol f r ac t ions  
w e  can s u b s t i t u t e  the  chemical terms f o r  a2, a3  . . . t o  s impl i fy  the  
equation. 
resent  such i n  the  equation, so they must be converted t o  w e t  concentra- 
t i o n  (1 - H20). 

O f  course,  t h e  CO and C02 q u a n t i t i e s  are measured dry and rep- 

H20 = a (1 - H20)C02 + C O ( 1  - H20) (4 - 0.51) + 2 (4 - y) 
= (1 - H20) [; C02 + (4 - 0.51)Ca) + 3 (F - T) 1.85 

= [; C02 + (g - 0.51)Cd - H 2 0  [: C02 + (g - 0.5,) CO] 
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1; C02 + (t - 0.51)C.J + HC 2 (; - T) 1.85 

H20 = a 4- C 0 2  + (: - 0.51)Cd 

By d e f i n i t i o n  

Cw = 1 - H20 

F ina l ly ,  

1 (7) 

equals t he  water cor rec t ion  f a c t o r  (& f o r  t h a t  cont r ibu t ion  a r i s i n g  
from the  combustion process.  

Correction Factor Ambient Water Vapor Development 

Previously i t  w a s  assumed t h a t  the f u e l  w a s  represented by a s p e c i f i c  
f u e l  molecule. However, t h i s  approach, w h i l e  allowing ca l cu la t ion  of the  
water contained i n  the  a i r ,  f ixed  the d e f i n i t i o n  too r i g i d l y .  With l i t t l e  
o r  no d i f fe rence  i n  t h e  f i n a l  r e s u l t  a mre general  approach w a s  adopted 
t h a t  i s  based on the  assumption t h a t  t he  w a t e r  contained i n  t h e  in t ake  
mixture does not  e n t e r  i n t o  any combustion reac t ion  and simply passes d i -  
r e c t l y  through the  engine. Expressing t h i s  i n  a word equation 

(Water i n  exhaust - l b / h r )  = (Air flow i n t o  engine - l b / h r ) ( %  humidity) 

(1) 

Dividing each s i d e  of t he  equation by t h e  t o t a l  flow through the  
engine,  air p lus  f u e l ,  y i e lds  t h e  percentage of water i n  the exhaust due 
t o  humidity . 

In  a f i n a l  form t h e  humidity cor rec t ion  becomes 

Vapor p r e s s .  
(Air flow)(% humidity) - - Mair (0.622 Patm - Vapor p res s .  
(Air flow + Fuel flow) Fract ion w a t e r  = 

cMair + Mfuel)  

o r  
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Water cor rec t ion  factorIHuddity = 1 - Fract ion water (3) 

The t o t a l  w a t e r  cor rec t ion  f a c t o r ,  therefore  becomes a mult ipl ica-  
t i v e  combination of t h e  two indiv idua l  contr ibut ions.  

The exhaust molecular weight computation is based on "Procedure and 

Figure A-2 shows the  v a r i a t i o n  of exhaust 
Charts f o r  Estimating Exhaust G a s  Quant i t ies  and Compositions" - GMR 372, 
B. A. D'Alleva, May 15, 1960. 
molecular weight with f u e l / a i r  r a t i o ,  as determined by t h i s  method. 

Exhaust Volume Calculat ion Procedure 

The method spec i f i ed  by the  EPA f o r  t r e a t i n g  the  emissions measure- 
ments is  spec i f i ed  i n  the  Federal  Regis te r ,  P a r t  87.99, Vol. 38, 7-17-73. 
A s  s t a t e d  i n  t h i s  s ec t ion ,  par.  3, ""he engine exhaust volume s h a l l  be 
ca lcu la ted  i n  accordance with good engineering p r a c t i c e  from a c t u a l  a i r  
and f u e l  flow measurements . . 11 

The exhaust volume can be equated as 

- 'a + 'f 
'e - D 

where 

Wa airflow, l b / h r  

Wf f u e l  flow, l b / h r  

D densi ty  of exhaust 

The exhaust dens i ty  can be expressed as 

m 0.075 E 

28.96 D =  

where 

0.075 densi ty  of air 

28.96 molecular weight of a i r  

exhaust molecular weight 

A t  t h i s  po in t  i t  i s  necessary t o  provide t h e  exhaust molecular 
weight. 
weight and A/F r a t i o  as derived according t o  "Procedure and Charts fo r  

Em 

Figure A-2 shows t h e  r e l a t ionsh ip  between exhaust plecular 
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Estimating the  Exhaust Gas Quant i t ies  and Compositions," GMR 372, by 
B. A. D'Alleva. 

Subs t i t u t ing  the value fo r  Em and working according t o  t h e  calcu- 
l a t i o n  procedure i n  t h e  Federal  Regis ter ,  t h e  mass emission rate of any 
exhaust component is  

Po l lu t an t  = 0 v P '100 e p 

where 

(P) t he  po l lu t an t  concentrat ion i n  percent 

P the  po l lu t an t  dens i ty  a t  standard condi t ions and i s  spec i f i ed  i n  
P the Federal  Regis te r  

This y i e lds  t h e  emission rate i n  pounds/hr. To convert  t o  lblmode 
it is  necessary t o  multiply by one of t he  corresponding mode t i m e s :  

I d l e  0.0167 h r  
T a x i  .1833 h r  
Takeoff ,005 h r  
Climb .083 h r  
Approach .lo0 h r  
Taxi .05 h r  
I d l e  .016 7 h r  

Summing the  emissions f o r  each mode f o r  t he  th ree  po l lu t an t s  and 
dividing by the  r a t ed  horsepower of the engine gives the  des i red  end 
r e s u l t  i n  po l lu t an t  lb/hp-hr, which corresponds t o  the  l i m i t s  set by 
the  EPA. 

Carbon Balance 

The i n t e n t  of t he  carbon balance technique is t o  v e r i f y  t h a t  those 
concentrations ind ica ted  by t h e  exhaust ana lys i s  equipment are represen- 
tative of the  a c t u a l  po l lu t an t  levels present .  This is accomplished by 
ca l cu la t ing  an opera t ing  f u e l / a i r  r a t i o  inges ted  i n t o  the  engine on the  
bas i s  of t he  measured exhaust gas components. A measured f u e l / a i r  r a t i o  
obtained from a c t u a l  a i r  and f u e l  flows serves as the  s tandard f o r  com- 
p a r  is  on. 

To p r e d i c t  the  f u e l / a i r  r a t i o  from the  concentrat ions of the  exhaust 
gas components t he  procedure of Spindt (SAE Paper 650507) w a s  chosen. 
This  method assumes t h a t  a f r a c t i o n  (Fb) of t h e  f u e l  suppl ied t o  t h e  
engine is  involved i n  a combustion process t h a t  proceeds t o  completion 
and the  remaining f u e l  (F,) passes through t h e  engine e s s e n t i a l l y  un- 
changed. 
engine, 

That is t o  say ,  f o r  t h e  t o t a l  mixture introduced i n t o  the  
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F + F b = l  
U 

o r  

(CO) + (C02)  
= 1  (HC) 

(CO) + (C02) + (HC) (CO) + (C02)  + (HC) 

where t h e  measured exhaust concentration of  each spec ie  is i nd ica t ed  by 
the  parentheses.  

02, and HC, the  a i r / f u e l  r a t i o  is expressed by 2’ In terms of CO, 60 

1 + R / 2  + 9 )  120 Fn 

+ ( 3.5 + R )] 
where 

Fc 

Fn 

f r a c t i o n  of carbon i n  f u e l  

f r a c t i o n  of hydrogen i n  f u e l  

R (CO>/(CO,> 

Q ( 0 2 ) / ( C 0 2 )  
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APPENDIX B 

REVIEW OF MEASUREMENT AND TESTING PROBLEMS* 

Teledyne Continental Motors 
Mobile, Alabama 

APPARATUS AND RELATED PROCEDURE 

Background 

Teledyne Continental Motors experience with the  measurement of ex- 
haust emissions from a i r c r a f t  p i s ton  engines goes back t o  the  lat ter p a r t  
of 1971 when f i v e  engines of each of four d i f f e r e n t  models were t e s t e d  
under cont rac t  t o  the  Environmental Protection Agency. 
ing  w a s  accomplished i n  la te  1971 and e a r l y  1972 on an inhouse program t o  
eva lua te  the  emissions of an exhaust-air-injected, turbocharged engine. 

Additional test- 

Subsequently, a cont rac t  w a s  awarded on June 28, 1974, which w a s  
j o i n t l y  funded by both t h e  FAA and NASA (DOT FA74NA-1091). 

This r e v i e w  of measurement and t e s t i n g  problems presents  an overview 
of work i n  t h l s  area from the  beginning of che FAA cont rac t .  

Exhaust Emissions Measurement Equipment 

Attachment I presents  a concise list and desc r ip t ion  of problems en- 
countered with t h e  exhaust emissions measurement analyzers and the  attend- 
a n t  sample handling systems. 

The problems have been a t t r i b u t a b l e  mainly t o  emission analyzer dur- 
a b i l i t y  and design. Some problems e a r l y  i n  the cont rac t  were the  r e s u l t  
of the  learn ing  process. In  e f f e c t  a l l  of t h e  p a r t i c i p a n t s  i n  the  NAFEC 
Contract w e r e  required t o  custom make a t o t a l  system package which would 
comply with the  requirements of t he  Federal Regis te r ,  Volume 38,  Number 
136, P a r t  87.93. 

While equipment development continues and d u r a b i l i t y  problems have 
not e n t i r e l y  been overcome, w e  be l i eve  t h a t  our present  system is  capable 
of being maintained i n  accordance with P a r t  87. 

Testing Problems 

Throughout t he  cont rac t ,  t e s t i n g  problems have been encountered 

* 
Material d i s t r i b u t e d  b u t  no t  presented a t  t h e  Symposium. 
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which r e su l t ed  i n  lack of da t a  r e p e a t a b i l i t y ,  both inhouse and between 
TCM and NAFEC. 
t h a t  t e s t i n g  conditions were not  
cur ren t  test cell  equipment. 

These r e p e a t a b i l i t y  problems s t e m  b a s i c a l l y  from t h e  f a c t  
and could not be held constant with 

It w a s  agreed t h a t ,  f o r  each opera t ing  mode, t he  cont ro l led  var i -  
ables f u e l  flow, engine speed, manifold pressure ,  induction a i r  i n l e t  
pressure,  and engine cooling a i r  pressure would be held t o  s p e c i f i e d  
values. 
corded but no t  cont ro l led  w e r e  induction a i r  and cooling a i r  tempera- 
t u r e s ,  induction a i r  humidity,and exhaust back-pressure. These l ead  t o  
va r i a t ions  i n  engine power, cy l inder  head temperature, induction a i r  flow 
and, most importantly, emissions. 

The va r i ab le s  lead ing  t o  poor da t a  r e p e a t a b i l i t y  which w e r e  re- 

In  addi t ion ,  t he  spec i f i ca t ion  of t h e  amount of cooling a i r  pressure 
t o  be supplied being f ixed  a t  a constant va lue  does not lend i t s e l f  t o  
sound judgmental values of cy l inder  head overtemperature s a f e t y  l i m i t s .  
The question cont inua l ly  arose as t o  t h e  expected v a r i a b i l i t y  of these  
s a f e t y  limits i n  a va r i e ty  of a c t u a l  airframe i n s t a l l a t i o n s .  The matter 
w a s  considered important enough t o  be inves t iga ted  under a supplement t o  
the  Phase I cont rac t  i n  the  form of a f l i g h t  test program, 

It i s  clear at t h i s  po in t  i n  t i m e  t h a t  more s a t i s f a c t o r y ,  repeat- 
ab le  r e s u l t s  would have been obtained had the  uncontrolled va r i ab le s  been 
controlled.  Since, t o  da te ,  no universa l  cor rec t ion  f a c t o r s  are ava i l -  
ab l e  t o  account f o r  va r i a t ions  i n  emissions due t o  humidity, temperature, 
and pressure of induction a i r ,  i t  is apparent t h a t  fu tu re  t e s t i n g  of t h i s  
s o r t  should include requirements aimed a t  maintaining the  induction a i r  
i n l e t  conditions t o  a set of some, y e t  unspecified,  standard atmospheric 
conditions. 

Engine-Related Problems 

During the  course of the  NAFEC con t rac t ,  TCM has t e s t e d  f i v e  engines 
ranging i n  horsepower from 100 t o  4 3 5 .  
from the  simple 0-200-A, a carbureted engine with a f ixed  p i t c h  propel le r ,  
t o  t he  highly complex GTSIO-520-K, which is geared, turbocharged, f u e l  
i n j ec t ed ,  in te rcooled ,  and has sonic  ven tu r i  bleed a i r  provisions f o r  
cabin pressur iza t ion .  

These engines vary i n  complexity 

The b a s i c  problem t o  which t h e  cont rac t  terms addressed themselves 
w a s  a matter of how t o  measure emissions f o r  a11 these engines on a com- 
mon b a s i s  so t h a t  t he  r e s u l t s  would be comparable. This involved select- 
i n g  various parameters f o r  each ind iv idua l  engine which would comply with 
both the intended airframe requirements on the  one hand consistency 
w i t h  cont rac t  goals on the o ther .  
t i ons  had t o  be  reevaluated and changed t o  accommodate t h e  v a r i a t i o n s  
among the  f i v e  engines as experience w a s  gained on the  emissions t es t  
stand. S t i l l ,  i t  cannot be s a i d  t h a t  every engine w a s  t r e a t e d  on an 

and 
A s  a r e s u l t ,  the cont rac t  spec i f i ca -  
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equal b a s i s  with the  o thers .  

As an example, t he  0-200-A engine w a s  operated a t  t h e  same condi- 
t ions  fo r  takeoff and climb modes as is  normal f o r  t h a t  engine. The 
GTSIO-520-K, however, which has a 5-minute takeoff r a t i n g  a t  f u l l  power 
w a s  operated a t  80 percent power, 90 percent speed i n  the  climb mode. 
The 0-200-A,which w a s  equipped wi th  a t y p i c a l  fixed-pitch f l i g h t  prop, 
could not develop f u l l  power ( f u l l  rpm) i n  the s t a t i c  test s tand  condi- 
t ion ,  whereas t h e  remaining four  engines w e r e  equipped w i t h  constant 
speed propel le rs  allowing prop governor adjustments so t h a t  f u l l  rpm 
could be a t ta ined .  

All TCM engines are designed t o  operate most e f f i c i e n t l y  a t  t h e  
higher power modes. While the  engines would i d l e  s a t i s f a c t o r i l y  f o r  
long periods of t i m e ,  t h e  inappropriate valve and spark timing and -in\duc- 
t i o n  system c h a r a c t e r i s t i c s  caused widely va r i ab le  exhaust emissions 
values t o  be measured i n  t h i s  mode of operation. As a consequence a 
l a rge  degree of d a t a  scatter w a s  observed and poor r e p e a t a b i l i t y  resu l ted .  

Air Flow Measurement 

I n  addi t ion  t o  t h e  exhaust emissions measurement equipment problems 
discussed previously,  t he re  w a s  l i t t l e  reason t o  suspect any d i f f i c u l t i e s  
with our engine opera t ing  parameter measurements. I n i t i a l l y  i n  the  pro- 
gram when t e s t i n g  the  0-200-A engine, an a i r f low measurement device w a s  
used t h a t  later w a s  suspected t o  be  inaccurate due t o  da ta  reduction re- 
s u l t  crosschecks. The valve device w a s  replaced with a modern laminar 
flowmeter which is  compensated f o r  pressure and temperature. Subsequent 
cross-calibration with o the r  devices including a gas flowmeter, a sharp- 
edged o r i f i c e ,  a ca l ib ra t ed  laminar flow standard,  and two turbine-type 
flowmeters have shown t h e  laminar flowmeter t o  be the  most accura te  
s i n g l e  device covering the  widest range of engine a i r f low requirements. 

R e t e s t  of t he  0-200-A has been accomplished using the  laminar flow- 
meter. 

While the  phase I cont rac t  completion da te  has been extended by 
additions t o  the  work plan t o  gather more da t a ,  t he  p r inc ipa l  reason f o r  
delays beyond the  i n i t i a l  phase I completion da te  of September 1, 1975,  
has been a t t r i b u t a b l e  t o  long periods of i n a c t i v i t y  because of exhaust 
emissions measurement equipment d u r a b i l i t y  problems and delays due t o  the  
addi t iona l  e f f o r t  involved i n  s o r t i n g  out  these  and o the r  problems w i t h  
the  measurement system. 

Systematic checks and ca l ib ra t ions  of t he  instrumentation have re- 
duced the  above measurement and t e s t i n g  problems t o  a minimum. 
presented i n  t h i s  r epor t  are considered representa t ive  of the  engines 

The da ta  
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t e s t ed .  Absolute values may d i f f e r  from f a c i l i t y  t o  f a c i l i t y ,  but i n  no 
ins tance  has t h i s  d i f fe rence  changed t h e  trends o r  conclusions presented 
herein.  

il 

EXHAUST EMISSIONS CALCULATION PROCEDURE 

Background 

The Federal Regis te r ,  Volume 38, Number 136, P a r t  11, dated Ju ly  1 7 ,  
1973, sets f o r t h  t h e  requirements f o r  the  con t ro l  of a i r  po l lu t ion  from 
all a i r c r a f t  and a i r c r a f t  engines. 
with the  requirements f o r  compliance with t h e  l a w  regarding exhaust 
emissions from a i r c r a f t  p i s ton  engines. 

Subparts E and I and appendix B dea l  

The exhaust emission test is designed t o  measure hydrocarbons (HC), 
carbon monoxide (CO), and oxides of n i t rogen  (NS)  concentrations (per- 
cent o r  p a r t s  ~~ by volume) and determine mass emissions through 
ca lcu la t ions  during a simulated a i r c r a f t  landing-takeoff (LTO) cycle. 

The ca l cu la t ions  required t o  convert exhaust emission concentrations 
( r a w  emissions measurements) i n t o  mass emissions- ttre sf &&s- 
discussion. 

Combustion Equation 

The chemical equation f o r  the  combustion of a hydrocarbon f u e l  i n  
a i r  can be represented symbolically by 

Fuel + Air + Products of combustion 

To be ab le  t o  dea l  mathematically with t h e  combustion equation it m u s t  be 
wr i t t en  i n  a form such t h a t  t he  c o e f f i c i e n t s ,  representing the  q u a n t i t i e s  
of each cons t i t uen t ,  are known by v i r t u e  of measurement o r  are ca lcu lab le  
using the  p r inc ip l e s  of mass conservation o r  ch'emical equilibrium. 

The combustion equation used as the  b a s i s  f o r  t he  emissions calcula- 
t i ons  is  

Atmospheric 
Fuel Air humidity 

(Mf) *m+ (Ma)\02 + (3.72744)N2 + (0.04451)Arf + (Mw) - + 
X Y  H2° 

+ (M1) * H20 + (3) C02 + (M3) CO + (M4) NO + (M5) O2 



361 

where 

Mi 

cx Hy 

O2 

N2 

Ar 

H20 

co2 

co 

NO 

NO2 

cP Hq 

H2 

C 

number of lbm-moles of ith cons t i tuent ;  1 lbm-mole (lb-mass mole) 
of a substance i s  quant i ty  of t h a t  substance i n  pounds-mass (nu- 
merically equal t o  the  molecul'ar weight of substance i n  atomic 
MSS u n i t s )  : 1 lbm-mole of water (H20), therefore ,  would have 
mass of (2)(1.008) + 16 = 18.016 lbm 

pure hydrocarbon f u e l  containing x atoms of carbon and y atoms 
of hydrogen i n  each molecule 

n i t rogen  

argon 

water (vapor) 

carbon dioxide 

carbon monoxide 

n i t r i c  oxide 

n i t rogen  dioxide 

unburned hydrocarbon exhaust product containing p atoms of car- 
bon and q atoms of hydrogen i n  each molecule 

hydrogen 

s o l i d  carbon 

Examining each cons t i tuent  of t he  equation, i t  is necessary t o  de- 
termine what can be measured, what can be ca lcu la ted ,  and what assump- 
t ions  must be made i n  order  t o  ca l cu la t e  mass emissions values of HC, CO, 
and NO,. 

Fuel and Air 

We have represented the  f u e l  Cx tly as a pure hydrocarbon molecule. 
In r e a l i t y ,  gasoline is a blend of many hydrocarbon products of re f ined  
crude o i l  and contains,  i n  addi t ion ,  antiknock agents such as t e t r a e t h y l  
lead, depos i t  modifiers,  an t iox idants ,  de te rgents ,  a n t i r u s t  agents,  dyes, 
and an t i - ic ing  agents which contain elements o t h e r  than hydrogen and 
carbon. 
they are deemed negl ig ib le .  then is  representa- 
tive of a nominal o r  average hydrocarbon molecule with a r a t i o  of hydro- 
gen t o  carbon atoms of y/x. Although the  actual values of y and x 

These o the r  elements are ignored i n  t h e  combustion equation as 
The f u e l  molecule Cx H Y 
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f o r  t he  gasoline varies considerably and no s p e c i f i c  values can be as- 
signed t o  them i n  our s impl i f ied  f u e l  molecule, the  r a t i o  of hydrogen t o  
carbon atoms i n  100/130 octane av ia t ion  gasoline can be measured and re- 
mains r e l a t i v e l y  constant a t  a value of about 2.125. 

1 

Likewise, t h e  unburned hydrocarbon cons t i t uen t  i n  t h e  exhaust may 
contain seve ra l  spec ies  of hydrocarbons, bu t  a r a t i o  of 
has been suggested t o  represent  t h e  average r a t i o  of hydrogen t o  carbon 
i n  the  exhaust hydrocarbon pol lu tan t .  
pose of t h i s  ana lys i s  w i l l  be considered unknown. 

q/p of 1.85 

This value,  however, f o r  t he  pur- 

The f u e l  flow is  measured using a Cox Vortex Flowmeter, Model #4271. 

A t  TCM, a i r f low is  measured by a M e r r i a m  laminar flowmeter which 
gives a l i n e a r  r e l a t i o n s h i p  between mass flow and pressure  drop 
compensates f o r  temperature and pressure. 
includes the  atmospheric humidity. 

and 
The t o t a l  mass flow measured 

Humidity is ca l cu la t ed  from measured values of w e t  and dry bulb tem-  
peratures and is  given i n  terms of pounds-mass of water vapor per pound- 
mass of dry air .  

Products of Combustion 

The products of  combustion as shown i n  t h e  combustion equation are 
again s impl i f ied  i n  t h a t  t he  nonhydrocarbon f u e l  add i t ives  are ignored. 

The exhaust cons t i tuents  which are measured include C02, 60, NO, 

Those cons t i tuents  which are not measured are C, E2 and H20. 
N02, 02 and C Hqlp .  
and N2. 

The cons t i tuents  which are known, a p r i o r i ,  are A r  

The formation of s o l i d  carbon C i s  t h e  r e s u l t  of r i c h  combustion of 
f u e l  ( f u e l  burned i n  t h e  presence of i n s u f f i c i e n t  a i r )  and t o  a varying 
ex ten t ,  depending on engine age and condition, the burning of  t he  o i l  
l ub r i can t  en te r ing  t h e  combustion chamber along the  p i s ton  r ings  o r  
valve guides. 
fue l -a i r  equivalence r a t i o s  of about 3.0 ( fue l -a i r  r a t i o  of 0.20), s o l i d  
carbon as a product of combustion is  n e g l i g i b l e  compared t o  the  remainder 
of the  gaseous products. A i rc ra f t  p i s ton  engines do n o t  normally run a t  
o v e r a l l  equivalence r a t i o s  over 2.0 ( fue l -a i r  r a t i o  of 0.13). The chemi- 
cal equilibrium ca lcu la t ions ,  however, assume homogeneity of t h e  fue l -a i r  
mixture. 
l ead  t o  some production of s o l i d  carbon due t o  loca l i zed  r i c h  mixtures 
wi th in  the  combustion chamber. 

Chemical equilibrium ca lcu la t ions  have shown t h a t  below 

The l ack  of p e r f e c t  mixture uniformity i n  a real engine would 

A t  t he  present t i m e  s o l i d  carbon is not  measured and i s  assumed fo r  
ca l cu la t ion  purposes t o  be negl ig ib le .  
ava i l ab le  t o  measure s o l i d  carbon production on a real-time b a s i s .  

There is  cur ren t ly  no equipment 

Free hydrogen (Hz), which is present i n  the  exhaust products i n  
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s m a l l  bu t  s i g n i f i c a n t  q u a n t i t i e s ,  is a l s o  not measured. R e a l - t i m e  meas- 
urement equipment f o r  H2 i s  ava i lab le .  

While the re  are systems on the  market which w i l l  measure water (H20) 
vapor content i n  the  exhaust, they are expensive. Calculative procedures 
are ava i l ab le  t o  estimate the  quant i ty  of w a t e r  vapor i n  the  exhaust. 

Table B-1 o u t l i n e s  the  equipment cu r ren t ly  used by TCM t o  determine 
those exhaust products which are measured. 

Exhaust 
product 

eo 

(332 

NO, NO2 

02 

cP Hq 

Measuring 
instrument 

Beckman 
Model 864 (NDIR) 

Be  ckman 
Model 864 (NDIR) 

Beckman 
Model 951 H(CL) 

Sco t t  Model 150 

Scot t  
Model 215 (FID) 

TABLE B-1 

Method used by measuring instrument 

Measurement of d i f f e r e n t i a l  absorption of 
i n f r a r e d  l i g h t  

Measurement of d i f f e r e n t i a l  absorption of 
i n f r a r e d  l i g h t  

NO + 03 -t NO2 + Light;  measurement of 
l i g h t  i n t e n s i t y  due t o  reac t ion  

Measures e f f e c t  of paramagnetic oxygen i n  
gas sample on magnetic f i e l d  

Measures e f f e c t  on e l e c t r o s t a t i c  f i e l d  of 
ionized hydrogen and carbon from gas sample 

Balancing Combustion Equation 

By t h e  p r inc ip l e  of conservation of mass w e  know t h a t  t h e  atomic 
q u a n t i t i e s  introduced i n t o  the  engine induction system must a l s o  be  
present i n  the  exhaust even though they are rearranged i n t o  d i f f e r e n t  
molecules by the  combustion chemical reaction. Hence, a l l  the  carbon 
atoms en ter ing  t h e  engine i n  the  form of hydrocarbon f u e l  molecules must 
be present  i n  the  exhaust i n  t h e  form of CO, C02,  and Cp Hq. This atom- 
balancing technique provides us with a system of equations by which w e  
may so lve  f o r  unknown q u a n t i t i e s .  

Going back t o  the  o r i g i n a l  combustion equation, w e  e l imina te  s o l i d  
carbon (9 and n i t rogen  dioxide (302) ( i t  has been found t h a t  NO2 does no t  
e x i s t  i n  any s i g n i f i c a n t  quant i ty  f o r  our engines).  We then d iv ide  each 
molar value on both s i d e s  of the equation by t h e  sum of the  molar values 
on t h e - r i g h t  side.  The equation then becomes 
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(m,) C H 
X Y  

+ (ma)[02 + (3.72744)N2 + (0.04451)Arl + (mw) H 2 0  

where 

m =  i 

Thus, every molar 
expressed i n  mole 

H20 + (m,) * C02 + ,(m3) CO + (m4) - NO + (m,) - O2 
+ (m,) * C H 

P 4  
+ (m,) W2 + (m,) N2 + (mg) A r  

c o e f f i c i e n t  on t h e  r i g h t  s i d e  of the  equat ion  is now 
f r a c t i o n s  such t h a t  

+ m  + m  + m 4 + m 5 + m 6 + m 7 + m 8 + m g = 1 . 0  ml 2 3 

This is done f o r  convenience and t h e  reason f o r  i t  w i l l  be  demonstrated 
later. 

The n ine  products  of combustion r ep resen t  an es t imated  99.998 per-  
cent of  t h e  chemical composition of an equ i l ib r ium mixture  a t  exhaust  
gas temperatures  below 3000' R. 

An oxygen ba lance  r e s u l t s  i n  

2ma + mw = "1 + 2m2 + m3 + m4 + 2m5 

o r  

"1 = 2m + mw - 2 9  - m3 - m4 - 2m5 a 

A carbon ba lance  g ives  

' "6 x mf = 9 + m3 + p 

o r  

m2 + m3 + p m6 - 
mf - X 

Since o u r  measurement of C li 
s e n t  Cp Hq as CH 

is i n  ppm carbon equivalent ,we can repre-  p .  9 Equation (2) then becomes 
4IP' 

m 2 + m  + m  - 3 6  
"f - X 
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The remaining atomic balances are as follows: 

(3) 4 2m + - m + 2m7 y mf + 2mw = 
1 P 6  

Hydrogen balance:  

Nitrogen balance:  (3.72744)(2)m a = m4 + 2m8 (4) 

Argon balance: (0 .04451)ma = 3 (5 1 

Water Correct ion Fac to r  

Since CO, C02, and 02 are measured on a dry volumetr ic  b a s i s  (water  
vapor be ing  removed from the exhaust  sample be fo re  measurement) and HC 
and NO are measured on a w e t  volumetr ic  b a s i s ,  w e  must determine the 
amount o f  water vapor removed from t h e  dry sample i n  o rde r  t o  c o r r e c t  a l l  
measured values  t o  e i t h e r  a dry o r  a w e t  volumetr ic  b a s i s  f o r  c a l c u l a t i v e  
purposes. I n  doing t h i s  w e  are so lv ing  f o r  one of  t h e  unknowns - 
m i  (H20). 

W e  can de f ine  t h e  f u e l  t o  dry a i r  mass r a t i o  as 

mf(12.011x + 1 . 0 0 8 ~ )  
- f 

A ma(138.  2689) 
- -  

where 

( 1 2 . 0 1 1 ~  + 1 . 0 0 8 ~ )  = f u e l  molecular weight 

and 

138.2689 = pounds-mass o f  a i r  pe r  lbm-mole of oxygen 

The s p e c i f i c  humidity, o r  water vapor t o  dry a i r  mass r a t i o ,  is 

mw(18. 016) - _ -  W 
A ma(138. 2689) (7) 

S u b s t i t u t i n g  equat ions (2) ,  ( 6 ) ,  and (7) i n t o  equat ion (1) and rearrang- 
i n g  the terms gives  

(m2 + m3 + m6)(12.011 + 1.008 $) 
138.2689(:) 

- 2m2 - "3 - "4 - 2"5 (8) 
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For c l a r i t y ,  equation (8) may be rewr i t ten  using chemical symbols t o  rep- 
r e sen t  the  mole f r a c t i o n  f o r  each cons t i tuent :  

(C02 + CO + HC) 12.011 + 1.008 
= [z + 7.67478 :][ ‘ 

138.2689 (f ) H2° 

- 2C02 - CO - NO - 202 (9) 

Equation (9) then represents  t h e  t o t a l  w a t e r  vapor (humidity p lus  w a t e r  
of combustion) contained i n  the  exhaust gas with each cons t i tuent  meas- 
ured on a w e t  bas i s .  

Defining t h e  water cor rec t ion  f a c t o r  as 

w e  can convert t he  e n t i r e  equation (9) t o  dry bas i s  measurements by 
d iv id ing  by (1.0 - H2O): 

4- ‘‘dry + 1 HCwet  - H 2 0  (12.011 + 1.008 

1 - H 2 0  138.2689( i) 

(11) 
Nowet - 2o 

2 dry 
- c o  - 2 dry dry 1 - H20 - 2co 

where 

“2 w e t  etc. - - co 2 dry 1 - H20 

The so lu t ion  t o  equation (11) may be obtained i t e r a t i v e l y  by assum- 
ing  a value f o r  H20 on t h e  r i g h t  s i d e  of t he  equation, so lv ing  f o r  H20 on 
the l e f t  s i d e ,  using t h i s  new value f o r  H20 on the  r i g h t  s i d e  and repeat- 
i n g  the  process u n t i l  s a t i s f a c t o r y  agxeement has been obtained between 
the assumed and ca lcu la ted  values. Using t h i s  scheme, convergence is ob- 
ta ined  usually wi th in  four  i t e r a t i o n s ,  

A more expansive chemical. equilibrium ca lcu la t ion  w a s  made over the  
normal range of fue l - a i r  r a t i o s ,  considering the  products of combustion 
to  include C, A r ,  CO, C02, H2, H20, N 2 ,  02, 0, OH, H, NO, N ,  NH3, and CH4. 
The maximum e r r o r  determined i n  the  ca l cu la t ion  of water vapor using our 
abbreviated product of combustion equation w a s  less than one-half of  one 
percent. 
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The so lu t ion  t o  the  w e t  cor rec t ion  f a c t o r  then was  obtained by using 

The assumptions made i n  order t o  e f f e c t  a so lu t ion  
f i v e  equations ( ( l ) ,  (2), (6),  (7) ,  and (10)) involving f i v e  unknowns (%, 
s, m l ,  mf,  and %). 
t o  t h e  water cor rec t ion  f a c t o r  are 

(1) The combustion equation represents  a l l  of the  elemental cons t i tu -  

/ 
en t s  involved i n  the  a c t u a l  combustion process. 

(2) The r a t i o  of hydrogen t o  carbon atoms f o r  a l l  100/130 octane 
av ia t ion  gasolines remains constant a t  (y/x) . 

While there  are similar methods which can be used t o  ca l cu la t e  t h e  
water cor rec t ion  f a c t o r ,  i t  is  be l ieved  t h a t  this method involves the  use 
of t h e  least number of assumptions lead ing  t o  the  most accurate estimate 
of C, based on the  q u a n t i t i e s  cu r ren t ly  being measured. 

Calculation of Mass Emission Values 

As mentioned previously, t h e  raw emissions are measured on a volu- 
metric bas i s  i n  percent o r  ppm. I n  order t o  determine the  emissions 
based on t h e  requirements of the EPA Standards, these  volumetric values 
must b e  converted t o  volumetric flow rate and then t o  mass flow values 
i n  accordance with 

(12) 
Pol lu tan t  Po l lu t an t  

X volumetric 
concentration 

Pol lu tan t  Exhaust 
mass 
emission flow dens i t y  
rate rate 

X 
volumetric - - 

For t h i s  equation, t he  po l lu t an t  d e n s i t i e s  are spec i f i ed  i n  the  Federal 
Register at  a standard pressure and temperature of 760 mm H and 68' F. 
The values of po l lu t an t  volumetric concentrations (CO, HC, 8%) are 
measured, and i n  order  t o  ca l cu la t e  t he  mass emission rates the  exhaust 
volumetric flow rate m u s t  be known. 

The EPA Standards s ta te  t h a t  the  exhaust volumetric flow rate " sha l l  
be ca lcu la ted  i n  accordance with good engineering p rac t i ces  . I '  

73.~0 methods are used by TCM t o  ca l cu la t e  t he  exhaust volumetric flow 
rate - one is  c a l l e d  the  Exhaust Volume Method and t h e  o ther ,  t he  Carbon 
Balance Method. 

The b a s i s  f o r  t h e  Exhaust Volume Method is i n  the ca l cu la t ion  of t he  
exhaust volunaetric flow rate at  t h e  standard pressure  and temperature of 
760 mm Hg and 68' F using the  assumption t h a t  t h e  exhaust gas follows the  
i d e a l  gas equation of state: 
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where 

VEXH 

R 

m 

T 

MEm 
P 

f 

A' 

3 exhaust  vo lumetr ic  flow rate, f t  / h r  

u n i v e r s a l  gas cons t an t ,  1545.33 f t-lbf/lbm-mole-oR 

t o t a l  exhaust  gas m a s s  flow ( a l s o  equa l  t o  t o t a l  i nduc t ion  m a s s  
flow of f u e l  and a i r  by p r i n c i p l e  of  mass conse rva t ion ) ,  lbm/hr 

abso lu t e  temperature,  528' R (68' F) 

exhaust  gas molecular weight  

exhaust  p r e s s u r e ,  2116 l b f  / f t  

f u e l  mass flow, lbm/hr 

humid a i r  mass flow, lbm/hr 

2 (760 mm Hg) 

I n  equat ion  ( 1 3 ) ,  R, T, and P are given va lues  and & is measured. 
The va lue  of t he  exhaust  gas molecular weight can be  c a l c u l a t e d  from ex- 
haus t  products  

where MEXH i s  t h e  "apparent molecular weight" of t h e  exhaust  gas ,  M i  
is t h e  molecular weight of each c o n s t i t u e n t  and 
of  each c o n s t i t u e n t  which can b e  determined from measured concent ra t ions  
and s o l u t i o n  of  equat ions  (2) t o  ( 7 ) .  So lu t ion  of equat ion  ( 1 4 )  f u r t h e r  
r equ i r e s  an assumption of exhaus t  hydrocarbon hydrogen t o  carbon r a t i o  
q/p. S tudies  have i n d i c a t e d ,  however, t h a t  extremely unreasonable  va lues  
of c a l c u l a t e d  f u e l - a i r  r a t i o  are obta ined  when t h e  sum o f  t h e  exhaust  gas 
mole f r a c t i o n s  are cons t ra ined  t o  uni ty .  

m i  is  t h e  mole f r a c t i o n  

Therefore ,  t h e  method used by TCM f o r  e s t ima t ing  t h e  exhaust  gas 
molecular weight  is  based OR chemical equ i l ib r ium c a l c u l a t i o n s  and as- 
sumes t h a t  chemical equ i l ib r ium e x i s t s  among the exhaust  products  f o r  a 
given measured f u e l - a i r  equivalence r a t i o .  This assumption i s  reasonable  
since t h e  major c o n s t i t u e n t s  which c o n t r i b u t e  t o  the exhaust  molecular  
weight (e.g., N2, C02, H20, CO) do not vary  s i g n i f i c a n t l y  from e q u i l i b -  
rium p red ic t ions .  The c a l c u l a t i o n  of mass emissions of carbon monoxide 
as an example would be  as fo l lows  by s u b s t i t u t i n g  equat ion  (13) i n t o  
equat ion  (12) : 

Since,  by t h e  i d e a l  gas assumption, 
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S u b s t i t u t i n g  equat ion  (16) i n t o  (15) y i e l d s  

o r  

lh co = re) ( f  + A') (CO)  

where 

Iil m a s s  emission rate of CO, lbm/hr 

M 

co 

molecular weight of C O Y  28.011 lbm/lbm-mole 

exhaust  gas molecular weight lbm/lbm-mole 

co 

%m 
( f  + A') t o t a l  induct ion  mass flow rate, lbm/hr 

co w e t  volume f r a c t i o n  of CO i n  exhaust  

The Carbon Balance Method of c a l c u l a t i n g  exhaust volumetr ic  flow 
rate is  a l s o  used by TCM. This method provides  a cross-check on the 
Exhaust Volume Method and is t h e  s a m e  method used i n  the  c a l c u l a t i o n  of 
t u rb ine  engine emissions.  

The Carbon Balance Method is be l i eved  t o  be  t h e  more a c c u r a t e  as 
measurement of a i r f low A and e s t ima t ion  of exhaust  gas molecular  weight 
MEXH are no t  r equ i r ed .  
carbon atoms i n  t h e  combustion equat ion ,  and by conserva t ion  of mass, 
the  carbon in t roduced  i n t o  t h e  engine i n  the  molecular form of f u e l  must 
be accounted f o r  i n  t h e  carbon-containing exhaust  product molecules CO, 

The Carbon Balance Method accounts  f o r  a l l  the  

0 2 9  cp  Hq" 

A s  w i t h  t h e  Exhaust Volume Method, t h e  assumption is made t h a t  t h e  
i d e a l  gas equat ion  o f  state a p p l i e s .  

The d e r i v a t i o n  of  the Carbon Balance Method is  as fol lows.  From 
equat ion  (2) t h e  carbon ba lance  equat ion ,  

mZ + m3 + m6 - moles of f u e l  - - 
mf - X moles of w e t  exhaust  
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The volumetric flow rate of the  exhaust can then be ca lcu la ted  as f o l -  
lows : 

where 

kXH molar flow rate of exhaust,  lbm-moles/hr 

MEXH molecular weight of exhaust, lbm/lbm-mole 

exhaust gas density , lbm/ f t 3 
PEXEi 

W e  def ine  

f 
% X H = i q q  

where 

f mass f a e l  flow, lbm/hr 

Mf molecular weight of f u e l  

m 

From the  i d e a l  gas equation of s ta te  

from carbon balance eq. (2),  moles of fuel/moles of w e t  exhaust f 

%XI RT -- - -  
P PEXH 

Subs t i t u t ing  equations (19) and (20) i n t o  (18) gives 

f 

Subs t i tu t ing  t h i s  r e s u l t  i n t o  equation (12) and using carbon monoxide as 
an example gives 

c 

The density of CO (pco) by i d e a l  gas consideration i s  
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and the  molecular weight of t h e  f u e l  is 

Mf = ~ ( 1 2 . 0 1 1  + 1.008 "1 
We can s u b s t i t u t e  equations (23), (24), and (2) i n t o  equation (22) t o  
obta in  

fM co co 

(12.011 + 1.008 z, (HC + CO + C02) 
;n' = 

co 
X 

Note t h a t  the  value x i n  equation (24) cancels with the  x i n  equa- 
t ion  (2) s o  t h a t  i t  i s  not necessary t o  know the  molecular form of the  
f u e l  bu t  only the  H/C r a t i o  y/x. 

This method is a t t r i b u t a b l e  t o  Stivender (see SAE Paper 710604) and 
has the  advantage of producing an exhaust volumetric flow rate ca l cu la t ion  
independent of measured air  flow which is a source of some probable e r r o r  
i n  the  Exhaust Volume Method. It is i n s t r u c t i v e  t o  look a t  t h e  d i f f e r -  
ence between these  two methods. I n  order t o  do this w e  can take t h e  
r a t i o  of Carbon Balance t o  Exhaust Volume m a s s  flow values f o r  CO using 
equations (25) and (17): 

ii' ( f / N  (MExH) 
(26 1 co - =  ' co (12.011 + 1.008 f ) ( H C  + CO + C02) (1.0 + :+ i) 

This ind ica t e s  t h a t  any d i f fe rences  between t h e  two methods 
(hLo/hco f 1.0) are a function of fue l - a i r  r a t i o  and measured values of 
HC, COY and C02 ( t h e  value of f/A 
only). Therefore, the  r a t i o  of these two values is  a good ind ica to r  of 
the  measurements of f u e l  flow, airflow, and HC, 60, and C02. TCM experi- 
ence has shown t h a t  while t h i s  r a t i o  is not equal t o  uni ty  f o r  most 
engines, a general range of values can be e s t ab l i shed  f o r  a p a r t i c u l a r  
engine model and opera t ing  mode. 

MEXH as used by TCM is  a function of 

As an example, when t e s t i n g  t h e  Tiara 6-285-B engine, the  r a t i o  of 

Upon rechecking the  recorded emis- 
Go/&co 
have a value of this r a t i o  of 1.33. 
s ions  da t a  i t  w a s  found t h a t  an e r r o r  had been made i n  reading the  value 

w a s  near 0.97 f o r  the  takeoff modes. A po in t  w a s  observed t o  

of c02. 

These two methods of ca l cu la t ing  exhaust m a s s  emissions provide a 
good check on the  accuracy of measured values. 
Balance Method provides a convenient means for  t he  measurement of exhaust 

In  addi t ion ,  t he  Carbon 
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emissions i n  a f i e l d  survey o r  f l i g h t  test s i t u a t i o n ,  as measured a i r f low 
is  not required. 

Calculation of Fuel-Air Ratio 

The Exhaust Emissions Standards requi re  a check on accuracy of meas- 
ured da ta  which involves t h e  ca l cu la t ion  of fue l - a i r  r a t i o  from exhaust 
gas cons t i tuents .  
cent of the measured fue l - a i r  r a t i o  i n  order  f o r  the  test t o  be  va l id .  
(See P a r t  87.96, subparagraph (b) of the Regulation.) 

This ca lcu la ted  fue l -a i r  r a t i o  must be  wi th in  k5.0 per- 

An example of t h i s  method is given i n  the  t e x t  " In te rna l  Combustion 
Engines and Air Pollution" by E. F. Obert , page 353. The method is 
simple and r e l i a b l e  i f  t he  molecular form of the  f u e l  and exhaust hydro- 
carbons i s  known, t h a t  is i f  w e  know the  values x ,  y, p, and q i n  
Cx Hy and Cp Hq. 

To t h i s  point i n  the  ana lys i s  w e  have scrupulously avoided assump- 
t i o n  of these values by using equations i n  the  form such t h a t  only t h e  
value of y/x must be known. This value has been measured and thus 
e l imina tes  a poss ib le  source of e r r o r .  

An a l t e r n a t i v e  method f o r  ca l cu la t ing  fue l - a i r  r a t i o  has been de- 
veloped by R. S. Spindt i n  SAE Paper 650507 which requi res  t h e  use of 
r a t i o s  including y/x, e l imina t ing  the  assumption of f u e l  molecular form, 
and avoiding t h e  e r r o r s  encountered by previous inves t iga tors .  

A subsequent SAE Paper (660118) e n t i t l e d  "An Evaluation of Techniques 
f o r  Measuring Air-Fuel Ratio" by L. C. Broering, Jr., shows t h a t  t h e  
Spindt Method is accura te  t o  wi th in  k5.0 percent a t  a fue l - a i r  r a t i o  of 
0.067. This conclusion, however, w a s  based on a l imi t ed  da ta  base using 
an automotive engine. 

The der iva t ion  of the  Spindt Method w i l l  not be covered here  except 
t o  say t h a t  the  required input values are 02, CO, C02, HC, y /x ,  and t h e  
assumption of t h e  water-gas equilibrium parameter, K Equation (27) is 
the  Spindt equation: P '  

€ 1-0 - -  - - 
'= FBk11.492)FC 1.0 + E/2 + D + 

+ E 

where 

f /A calculated.  fue l - a i r  r a t i o  

FB (CO + C02)/ (CO + C02 + HC) 

FC (12,011)/(12.011 + 1.008 y / x ) ,  f r a c t i o n  of carbon i n  f u e l ,  Cx Hy 
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E co/co2 

D 02/ CO2 

K 

The water-gas equilibrium parameter comes from the  chemical equation 

(Hp)  (CO) / ( 3 )  (C02) P 

H2 + C02 2 H20 + CO 

where 

Bas ica l ly ,  chemical equilibrium d i c t a t e s  through 
t h a t  when a chemical system is i n  equilibrium a t  
the  mole f r ac t ions  of t h e  r eac t an t s  (H2 and C02) 
CO) take on values such t h a t  t he  value 
constant. 

Kp i n  equation (29) remgins 

the  "mass ac t ion  law" 
a constant temperature 
and products (H70 and 

Another way t o  look a t  t h i s  phenomenon is t h a t  i n  equation (28) 
the  rate of change of H2 + C02 i n t o  H20 + CO i s  equal t o  t h e  rate of  
change of H20  + CO i n t o  H2 and C02. 

The bas i s  f o r  t h i s  assumption i n  the  combustion process is t h a t  as 
the  exhaust gases expand and cool in  the expansion and exhaust s t rokes ,  
t h e  rates of reac t ion  decrease t o  a very s m a l l  value due t o  the  sudden 
decrease i n  temperature and the  water-gas equilibrium reac t ion  is  essen- 
t i a l l y  "frozen" a t  t he  higher temperature values. 
i nva l id  i n  t h a t  the temperatures of the exhaust gases a t  the  s tar t  of t h e  
expansion s t roke  vary considerably with engine opera t ing  mode and fuel-  
a i r  r a t i o .  For tihe most p a r t ,  a t  least a t  t h e  higher power modes of  t he  
a i r c r a f t  emissions cyc le  ( takeoff ,  clinib, approach), TCM has  found t h a t  
measured values of fue l - a i r  r a t i o  agree t o  wi th in  the  required 55.0 per- 
cent of those ca lcu la ted  by the  Spindt Method. 

This assumption is 

Having taken a l l  reasonable s t e p s  necessary t o  assure t h e  accuracy 
of t he  da ta  co l l ec t ed  from the  f i v e  d i f f e r e n t  engines inves t iga t ed  t o  
date, t h e  conclusion has been reached t h a t  the  Spindt Method is  not  ac- 
cura te  t o  wi th in  55.0 percent a t  low power modes ( t a x i / i d l e ) .  I n  addi- 
t i on ,  i t  has been determined t h a t  the  requirement t h a t  measured and cal- 
cu la ted  fue l - a i r  r a t i o s  be wi th in  k5.0 percent is not s u f f i c i e n t  t o  prove 
t h a t  the  measured emissions d a t a  i s  accurate. A case i n  po in t  is  the  
takeoff mode da ta  po in t  mentioned previously where a reading e r r o r  w a s  
discovered i n  the  value of C02 on the  Tiara 6-285-B engine. The e r r o r  
w a s  made evident by not ing  an unusual value of Carbon Balance aga ins t  
Exhaust Volume mass emissions data. The ca lcu la ted  fue l - a i r  r a t i o  f o r  
t ha t  da ta  poin t  w a s  w e l l  within k5.0 percent of  t he  measured value. 
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Mode 

1 

2 
3 

5 
4 

A thorough inves t iga t ion  of the source of e r r o r  i n  the  Spindt 
Method l ed  t o  t h e  discovery t h a t  t he  assumption of a constant value of 
the  water-gas equi l ibr ium parameter is i n  e r r o r .  
3.5 as i t  b e s t  f i t  h i s  data.  Indications from TCM d a t a  show t h a t  t h e  
value of Kp may vary from 2.1 t o  4 . 4 .  
equilibrium constant may be appl icable  i n  comparing s i m i l a r  engine operat- 
i n g  conditions,  but i n  general  it would not be  v a l i d  t o  assume i t  as a 
constant fo r  a l l  modes of operation. 

Spindt used a value of 

A s p e c i f i c  value of t h e  water-gas 

Mode name T i m e  i n  Power, Engine rpm, 
mode, percent percent 

min 

Taxi / 12.0 ( a) (a> 

Takeoff .3 100 (100) 
Climb 5.0 75-100 (a> 
Approach 6.0 40 (a) 
Taxi / 4.0 (a) (a) 

idle-out 

id le - in  

When using t h e  Spindt Method f o r  c a l c u l a t i n g  f u e l - a i r  r a t i o  with a 
constant value f o r  Kp, it seems inappropriate t o  eliminate a lower power 
da ta  poin t  where ca l cu la t ed  and measured fue l - a i r  r a t i o s  are not  w i th in  
the  prescribed k5.0 percent tolerance.  

Total  cycle 27.3 

Unless another c a l c u l a t i v e  procedure is developed with the  proinise 
of g rea t e r  accuracy i n  p red ic t ing  fue l - a i r  r a t i o s  a t  lower power modes, 
it seems unlikely t h a t  the  requirements of d a t a  v a l i d i t y  can be m e t ,  

--- --- 

Exhaust Emissions Standards 

Once the  mass emission values of CO, HC, and NO have been de ter -  
mined, the  ca l cu la t ion  of exhaust emissions relative t o  the  EPA standards 
( t ab le  B-2) i s  straightforward. 

TABLE B-2. - EPA EMISSIONS REGULATIONS REQUIREMENTS 

This t a b l e  shows the  required five-mode LTO cycle. In each mode, 
run consecutively, t h e  mass emissions are ca lcu la ted  i n  lbm/mode. The 
sum of these values,  lbm/cycle, is then divided by the  engine r a t ed  
brake horsepower s o  t h a t  t he  f i n a l  emissions values are given i n  
lbm/bhp/cycle. The Standards spec i fy  as maximum allowable values: CO, 
0.042 lbm/bhp/cycle; HC, 0.0019 lbm/bhp/cycle; NO,, 0.0015 lbm/bhp/ 
cycle. 
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ATTACHMENT I 

TCM Emissions Measurement System Modifications 

- Date: 9/3/74 t o  10125174. 

Problem: 
being connected t o  common suc t ion  l i n e .  

Loss of sample flow due t o  i n t e r a c t i o n  of 3 analyzer pumps 

Correction: Balancing valves and surge chambers f i t t e d  t o  improve 
t h i s  condition. 

Problem: 
ca l ib ra t ing .  

S t r i p  c h a r t  recorders out of c a l i b r a t i o n  wi th  no means of 

Correction: 
incorporating a standard cell  f o r  c a l i b r a t i n g  0 - 1 mV scale. 

Instrumentation designed and constructed fo r  6 channels 

Problem: 
times. 

No means of measuring sample flow response and residence 

Correction: Event markers and char t  speed switching i n s t a l l e d  on 
each s t r i p  cha r t  recorder. 

- Date: 12/2/74 t o  2110175. 

Problem: Exhaust sample residence t i m e  excessively slow. 

Correction: Two 20-foot heated l i n e s  from exhaust sampling pipe t o  
analyzers provided by Scott .  One of t hese  removed t o  agree  wi th  the 
EPA Federal Regis te r  ( i s sue  July 17 ,  1973, p. 19099, Sec. 87.93). 
Rewiring and plumbing e f f ec t ed  t o  maintain a temperature i n  t h i s  
l i n e  of 310' F. 

Problem: 
temperature of t h e  20-foot heated l ine t o  drop. 

Standby sampling of cell  a i r  i n  cold weather caused t h e  

Correction: 
hardware t o  maintain i n l e t  air  a t  310' F. 

Heater i n s t a l l e d  i n  t h e  standby a i r  i n l e t  with con t ro l  

-- Problem: 
per analyzer ava i lab le .  

D i f f i cu l ty  i n  c a l i b r a t i n g  analyzers when only one span gas 

Correction: 
the  system wi th  appropriate changeover valves f o r  c a l i b r a t i n g  25, 
50, 75, and 100 percent of instrument scales. 

Fourteen addi t iona l  gases purchased and connected i n t o  

Problem: 
sys  t e m .  

No means of measuring sample a i r  on input t o  induction air 

Correction: 
over valves and f i t t i n g s  as requested by NAFEC. 

Sample l i n e  and f i l t e r  i n s t a l l e d  with necessary change- 
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Date: 5/6/75 t o  6/26/75. 

Problem: 
s o l e  not  hea ted  causing moisture  problems. 

Sample l i n e s  t o  NOx analyzer  and d rye r  u n i t  i n  main con- 

Correct ion:  Heating appara tus  i n s t a l l e d  t o  maintain sample l i n e s  a t  
180° F. 

Problem: 
gas .  I n s u f f i c i e n t  capac i ty  of pumps t o  overcome r e s t r i c t i o n  of l ine  
hea ted  f i l t e r  due t o  exhaust  contaminants.  

Sample flow no t  be ing  maintained when sampling exhaust  

Correct ion:  Higher capac i ty  pump i n s t a l l e d  i n  t h e  downstream end of 
t h e  20-foot hea ted  l i n e .  This  gave only  a p a r t i a l  c o r r e c t i o n  t o  
problem. 

Date: 10/20/75 t o  11/26/75 

Problem: Sample flow s t i l l  unstable .  

Correction: A l l  pumps rep laced  by one master pump s i t u a t e d  n e a r  
exhaust  sampling p ipe  a t  upstream end o f  20-foot hea ted  l i n e .  
cess sample gas r e l i e f  valve i n s t a l l e d  downstream o f  20-foot hea ted  
l i n e  wi th  flow gage. This has e f f e c t i v e l y  s t a b i l i z e d  flow rates, 

Ex- 

Problem: 
of  3.0 CFH. 

CO and 602 flow gages hard  t o  r ead  a t  r equ i r ed  flow rate 

Correct ion:  24 CFH gages rep laced  w i t h  5 CFH gages. 

TCM 215 HC Analyzer Modif icat ions 

Date: 10/14/74 t o  10/21/74. 
_I_ 

Problem: Detec tor  bench temperature e x h i b i t s  lack of c o n t r o l  (i.e., 
kfjV F) . 
Correct ion:  Cont ro l  updated by Sco t t  t o  c o n t r o l  w i t h i n  kZ0 F. 

Date: 12/2/74 t o  12120174. 

Problem: HC sample pump (MEi21) gave i n s u f f i c i e n t  sample flow (i.e., 
3 CE'H max.). 

Correct ion:  Higher capac i ty  pump (MB115) f i t t e d  t o  g ive  10.5 CFH. 
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Date: 5/6/75 t o  6/26/75. 

Problem: 
ranges. 

HC analyzer c a l i b r a t i o n  nonlinear on 50 K and 100 K 

Correction: Fine w i r e  i n se r t ed  i n t o  de tec tor  c a p i l l a r y  tube t o  
reduce flow rate. 

Problem: Res t r i c t ion  t o  flow caused by vapor condensing i n  HC 
sampling tubes and flowmeter downstream of  detector.  

Correction: I n t e r i o r  temperature of HC analyzer r a i sed  from 80 
t o  120" F by disconnecting fan ,  c los ing  a l l  vents,  and i n s u l a t i n g  
flowmeter from f ron t  panel. 

0 

Problem: Particles g e t t i n g  i n t o  system and p a r t i a l l y  blocking de- 
t e c t o r  c a p i l l a r y  tube. 

Correction: 
analyzer. 

Heated f i l t e r  (310' F) i n s t a l l e d  i n  input t o  HC 

TCM NO, Analyzer Modifications 

Date: 9/3/74 t o  10/25/74. 

Problem: Cannot maintain Scot t  325 analyzer sample flow rates. 

Correction: Changed sample pump from MB21 t o  Model MB41. 

Problem: 
ment. 

All N4, measurements measured dry as per design of equip- 

Correction: Scot t  325 w a s  replaced with a Beckman 951 (unheated 
analyzer).  
t o  bypass dryer. 

Sample l i n e s  t o  the  951 heated and pipe work rerouted 

Date: 12/2/74 t o  2/15/75. - 
Problem: Beckman 951 (unheated version) giving low readings of NO,. 

Correction: Replaced 951 with Model 951H. 

Date: 5/6/75 t o  6/26/75. 

Problem: 
moisture en te r ing  t h e  reac t ion  chamber. 

Correction: Temperature of reac t ion  chamber r a i sed  from approximately 
80° t o  110' F by disconnecting hea t  con t ro l  fan and i n s u l a t i n g  reac- 
t i o n  chamber. Thermocouple w a s  i n s t a l l e d  t o  record temperature. 

951H exh ib i t i ng  a progressively reduced readout due t o  
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Problem: 
a t  input of r eac t ion  chamber when switching from converter t o  bypass 
of converter. 

NO2 could not be measured because of pressure d i f fe rence  

Correction: 
the tube gave unstable resul ts  and w a s  replaced wi th  needle valve 
and pressure gage connected t o  t h e  c a p i l l a r y  tube. 

Balance valve which cons is ted  of c rude  clamp pinching 

- Date: 12/18/75 t o  1/12/76. 

Problem: Instrument could not  be  ca l ib ra t ed ,  Reaction chamber w a s  
s t a rved  of ozone. Ozonator Teflon lamphousing w a s  cracked and 
cap i l l a ry  tube t o  ozonator w a s  p a r t i a l l y  blocked due t o  d i s t o r t i o n  
of Teflon tubing. 

Correction: Lamphousing w a s  replaced and c a p i l l a r y  tubing was  re- 
placed with needle valve. 
housing every 6 months. 

Beckman has advised replacing Teflon 

Ozone, which reacts with impure Teflon, 
even when t h e  analyzer is not  i n  use as 
the  instrument f o r  purging. 

Capabili ty of purging the  ozonator wi th  
and is now a rout ine  procedure. 

is normally always present 
there  i s  no provision i n  

nitrogen has been i n s t a l l e d  

Problem: 
span gas. Reaction chamber flow rates had changed from 693 cc/min 
t o  500 cc/min, due t o  t h e  cap i l l a ry  tube becoming p a r t i a l l y  re- 
s t r i c t e d .  

Instrument c a l i b r a t i o n  w a s  nonlinear at high values of 

Correction: Reaction chamber c a p i l l a r y  tubing was replaced wi th  a 
1/8-inch tube and a needle valve. 

Problem: 
no provision f o r  feeding i n  zero gas, 
oxygen i s  turned o f f .  This gives a zero po in t  somewhat lower than 
when using a zero gas. 

There w a s  a zeroing problem - t he  951H unl ike  t h e  951. had 
Zero poin t  adjusted when t h e  

Correction: Solenoid valve with tubing 
t o  allow zero gas t o  be introduced i n t o  

and switching w a s  i n s t a l l e d  
t h e  analyzer.. 

Date: 6/22/76 t o  7/26/76. 

Problem: Sent instrument t o  Beckman t o  be  modified f r e e  of charge 
with promised r e t u r n  of 1 week .  A f t e r  modification, Beckman found 
problem with no i se  s i g n a l  on output due t o  f a u l t y  photomultiplier 
tube. Tube w a s  replaced a t  TCM expense. Upon r e tu rn  the  u n i t  was  
found t o  have water vapor condensation i n t e r n a l l y  - a problem which 
had not e x i s t e d  before sending t h e  u n i t .  
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