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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. 
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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. 
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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 - 
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Figure 7-1 
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Figure 7-6 
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Figure 7-7 



164 

Figure 7-8 
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Figure 7-9 
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