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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  
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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- 



325 

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 
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