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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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