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ABSTRACT 

A hydrazine-fueled piston-type engine f o r  providing 11.2 kW (15 hp) has 
been developed t o  s a t i s f y  the  need f o r  an e f f i c i e n t  power supply i n  the  range 
from 3.7 t o  74.6 kW (5 t o  100 hp) where e x i s t i n g  non-air-breathing power sup- 
p l i e s  such as f u e l  c e l l s  or turb ines  are inappropr ia te .  
oped fo r  an a i r c r a f t  t o  f l y  t o  21.3 km (70 000 f t )  and above and c r u i s e  f o r  
extended per iods.  The NASA Hugh L. Dryden F l igh t  Research Center developed 
a remotely p i lo t ed  a i r c r a f t  and the assoc ia ted  f l i g h t  cont ro l  techniques f o r  
t h i s  appl ica t ion .  The engine i s  geared down i n t e r n a l l y  (2:l) t o  accommodate 
a 1.8-m (6  f t )  diameter propel le r .  An a l t e r n a t o r  is included t o  provide e lec-  
t r i c a l  power. The pusher-type engine i s  mounted onto the  a f t  c losure  of the  
f u e l  tank, which a l s o  provides mounting f o r  a l l  o ther  propulsion equipment. 

The engine w a s  devel- 

About 20 h r  of run t i m e  have demonstrated good e f f i c i ency  and adequate 
l i f e .  One f l i g h t  test to  6.1 km (20 000 f t )  has been made using the  engine 
with a small f ixed-pitch four-bladed propel le r .  The test  was successfu l  i n  
demonstrating opera t iona l  c h a r a c t e r i s t i c s  and f u t u r e  po ten t i a l .  

BACKGROUND 

Hydrazine (N2H4) is f inding increasing acceptance as a non-air-breathing 
energy source f o r  app l i ca t ions  i n  which the  complexity of using two r e a c t a n t s  
i s  prohib i t ive .  Examples include many satel l i te  rocket systems, a i r c r a f t  
emergency power u n i t s ,  undersea buoyancy systems, and as a primary energy 
source f o r  t he  Space S h u t t l e  f l i g h t  cont ro l  system. 
evolved because of the  fundamental c h a r a c t e r i s t i c s  of high energy content  and 
easy conversion of the  l i qu id  hydrazine,  as a monopropellant, i n t o  hot  gas a t  
a temperature of approximately 1200 K (1700 deg F). 
work has been done on systems i n  the  range of 7.5 t o  37.3 kW (10 t o  50 hp). 

These appl ica t ions  have 

However, very l i t t l e  

CONCEPT SELECTION 

After  the industry had been surveyed and severa l  proposals had been con- 
s idered ,  the  "mini-sniffer" a i r c r a f t  ( f i g .  1) w a s  almost dropped as being 
beyond the scope of the  ava i l ab le  funding. 
powering the  mini-snif f e r  lacked high-energy c a p a b i l i t y  and low-weight char- 
a c t e r i s t i c s  needed. The turb ine  machines lacked e f f i c i ency  and the  t h r o t t l e -  
a b i l i t y  required.  It seemed t h a t  some s o r t  of hot-gas expander of the posi-  
t i v e  displacement type would f i t  the  app l i ca t ion  and r e s u l t  i n  cos t -e f fec t ive  

The battery/motor approach f o r  
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system. Hydrazine w a s  a t t r a c -  
t i v e  as the f u e l ,  because of 
i t s  high energy content.  

Figure 1 .- The "Mini-Sniffer" a i r c r a f t .  

The bas ic  objec t ive  of 
t he  mini-sniffer  a i r c r a f t  i s  
to  f l y  an 11.3-kg (25 lbm) 
a i r  sampler u n i t  t o  an a l t i -  
tude of 21.3 km (70 000 f t )  
o r  higher  and maneuver it 
within a 370-km (200 n. mi.) 
range. Preliminary s tud ie s  
indicated tha t  t h i s  ob jec t ive  
could be accomplished with a 
vehic le  having a wingspan of 
approximately 5.5 m (18 f t )  
and a takeoff weight of less 
than 90.7 kg (200 lbm). The 
climb power required w a s  on 
the order  of 11.2 kW (15 hp), 
the c ru i se  power was approxi- 

mately 2.2 kW (3 hp) ,  and the  f u e l  consumption was i n  the  range of l.Oi-kg/MJ 
(6 lbm/hp-h). (The theo re t i ca l  minimum for  hydrazine is approximately 0.59 
kg/MJ (3.5 lbm/hp-h).) The configurat ion required a pusher propel le r  with a 
diameter of approximately 1.8 m ( 6  f t ) .  
choice of a constant-speed engine. 

A var iable-pi tch u n i t  enabled the 

DESIGN ANALYSIS 

Power Level 

An i t e r a t i o n  of power l eve l  as a funct ion of t o t a l  propel lant  required 
was the  f i r s t  ana lys i s  performed. 
mized the run time to  reach a l t i t u d e  and, thereby, minimized fue l  consump- 
t i on .  
ing. Conversely, a smaller engine caused increased run t i m e ,  which caused 
add i t iona l  weight of hydrazine t o  be ca r r i ed .  
provided the  minimum ove ra l l  weight and was opera t iona l ly  cons is ten t  with 
ordinary a i rp l anes ;  i .e.,  no v e r t i c a l  f l i g h t .  
(10 hp-h) was es tab l i shed  t o  f l y  the des i red  air-sampling mission. 

A high power l e v e l  (22.4 kW (30 hp))  &ni- 

However, t he  l a rge  engine more than o f f s e t  t he  hydrazine weight sav- 

The choice of 11.2 kW (15 hp) 

An energy l e v e l  of 26.85 M J  

Expans ion R a t  i o  

A second ana lys i s  w a s  performed t o  determine the bes t  choice of displace-  
ment f o r  t h e  engine. A large-displacement engine, operat ing a t  11.2 kW (15 
hp) output,  could reduce the hydrazine required by increasing the expansion 
energy. Conversely, a small-displacement engine could minimize engine weight 
but would be less e f f i c i e n t  i n  converting the hydrazine decomposition gases 
i n t o  sha f t  power. 
expansion r a t i o  of approximately 5.5 t o  1, using a t o t a l  displacement of 

A t r ade  study indicated t h a t  an intermediate s i z e  with an 
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approximately 131 cm3 (8 i n3 ) ,  was near  optimum. 
re t ica l  s p e c i f i c  f u e l  consumption (SFC) of 0.73 kg/MJ (4.337 lbmlhp-h). AS- 
suming a lo s s  of 2% due t o  gas leakage, 7% due t o  h e a t  leakage, 10% f o r  me- 
chanical l o s s ,  and 7% t o  run the f u e l  pump, the  o i l  pump, and the a l t e r n a t o r  
(72% o v e r a l l  e f f i c i e n c y )  
lbm/hp-h). The t o t a l  of engine and f u e l  weight var ied about 50% between the  
extremes considered. However, f o r  any normal operat ing pressure and e f f i -  
ciency, the  t r ade  was only a f f ec t ed  by approximately 20%, o r  9.1 kg (20 lbm), 
which made t h e  f i n a l  s e l e c t i o n  somewhat i n s e n s i t i v e  t o  displacement. 

This value provided a theo- 

t h e  SFC would be approximately 0.99 kg/MJ (5.85 

CONTROL VALVE 

shown i n  i t s  f i n a l  form i n  f i g u r e  2. 

of t h e  a i r c r a f t  fuselage by e i g h t  ra- 
d i a l  b o l t s  and two tabs t h a t  a t t a c h  

Figure 2.- Engine cross  sec t ion .  The assembly is  mounted t o  the  a f t  end 

the  t r a i l i n g  edges of the  wings. It weighs 17.3 kg (38.1 lbm) including the  
tank but excluding the propel ler .  The engine mechanism is conventional and 
uses elements t y p i c a l  of many s m a l l  two-stroke engines of s i m i l a r  power output.  

SYSTEM DESCRIPTION 

The desc r ip t ion  of t h e  engine in- 
cludes mechanical and e l e c t r i c a l  de- 
s ign ,  o i l  c i r c u i t  design, and f u e l  c i r -  
c u i t  design. 

Mechanical and Electr ical  Design 

The mechanical arrangement i s  

The a l t e r n a t o r  is mounted adjacent t o  the  forward end of the  crankshaft  
by a set  of four f i n g e r s ,  which are a p a r t  of the  crankcase. A clamp holds 
the f inge r s  aga ins t  the outs ide of the a l t e r n a t o r  s t a t o r  t o  provide a f r i c -  
t ion-force r e t en t ion .  The magnesium crankcase a l s o  serves  as a path f o r  hea t  
r e j ec t ed  from the a l t e r n a t o r  s t a t o r .  Permanent magnets are used t o  provide 
t h e  a l t e r n a t o r  f l u x  f i e l d .  Eight rare-earth magnets are mounted on the  r o t o r s  
on each end of the a l t e r n a t o r  and are ro t a t ed  a t  engine speed with a coupling 
using dowel pins  f o r  t he  d r i v e  mechanism. 

-\ 

OlLERlCOOLERS 

Figure 3 . -  Oil d i s t r i b u t i o n  system. 

O i l  C i r cu i t  Design 

The o i l  c i r c u i t  i s  shown isometri-  
c a l l y  i n  f i g u r e  3.  It is designed f o r  
both l u b r i c a t i n g  and cooling and uses 
5606 hydraulic f l u i d  with a 3% by weight 
molybdenum d i s u l f i d e  add i t ive .  The sys-  
t e m  w i l l  operate  s a t i s f a c t o r i l y  with an 
o i l  quan t i ty  as low as 200 cm3 o r  as high 
as 800 cm3. The o i l  t h a t  is sprayed onto 
t h e  underside of the  p i s t o n  f o r  cooling 
a l s o  provides cyl inder  l ub r i ca t ion .  The 
o i l  splashes through e i g h t  0.102-cm 
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(0.040 in . )  diameter ho les  i n  t h e  p i s ton  wal l  j u s t  below the  top r ing .  The 
holes  a r e  i n  l i n e  r a d i a l l y  with the  br idges between the exhaust po r t s  i n  the  
cy l inder .  The holes  i n  the  p i s ton  a l s o  enable p re s su r i za t ion  of the  sealed 
crankcase and prevent c a v i t a t i o n  of the  o i l  pump i n  vacuum operation. Normal 
p i s ton  r i n g  leakage goes i n t o  the  crankcase during the  top p a r t  of the  p i s ton  
t r a v e l ,  and o i l  flows out through the holes  during the  lower p a r t  of the  p is -  
ton t r ave l .  The lower r i n g  spreads the  o i l  on the  upstroke and wipes the  o i l  
splashed on the  lower cyl inder  back i n t o  the crankcase on the downstroke. The 
average crankcase pressure  i s  approximately 13.8 kN/m2 (2  p s i a )  during vacuum 
operat ion,  

ODY ASSEMBLY 

CCUMULATOR 

SUCTION ACC 

RETURN LINE 

Figure 4 , -  Fuel piping system. 

pressure  i s  regulated 
z ine  i s  decomposed i n  
However, t he  elements 
comp 1 ex i t y  . 

Fuel C i rcu i t  Design 

The f u e l  c i r c u i t  is shown i n  f ig -  
ure  4 .  The hydrazine i s  chemically un- 
s t a b l e  and requi res  spec ia l  handling to 
avoid excessive pressure buildup due t o  
decomposition and/or poss ib le  detona- 
t i o n ,  e s p e c i a l l y  where the  hydrazine i s  
used as a hea t - t ransfer  f l u id .  The f u e l  
t r a n s f e r s  h e a t  from the  submerged lub r i -  
ca t ing  o i l  hea t  exchanger t o  the sur face  
of the  tank. 

The f u e l  system is fundamentally 
simple i n  t h a t  the  hydrazine i s  pressur-  
ized with a plunger-type pump and the  

with a con t ro l l ab le  r e l i e f  valve.  The pressurized hydra- 
a c a t a l y s t  bed t o  generate  hot  gas t o  run the engine. 
f o r  s a f e t y ,  se rv ic ing  and dra in ing  add considerable  

A suc t ion  accumulator suppl ies  f u e l  t o  the  pump i n t e r m i t t e n t l y  on demand 
from,the pump plunger;  by t h i s  means, the flow from the  tank is  s t a b i l i z e d .  
A t r a p  i s  b u i l t  i n t o  the  lower end of the  suc t ion  accumulator t o  keep the  gas- 
eous bubble "spring" from passing i n t o  the  pump. The proper bubble s i z e  is  
loaded as a p a r t  of the  serv ic ing .  The system w i l l  no t  work with continuous 
negat ive g rav i ty  but w i l l  work with in t e rmi t t en t  negat ive grav i ty .  

The f u e l  pump uses  a scotch yoke ac tua to r  mechanism and reed-type check 
It pumps approximately 0.361 cm3 (0.022 in3) per revolu t ion  using a valves.  

0.953-cm (0,375 in . )  bore.  
avoid overs t ress ing .  The steel plunger runs i n  a bronze bushing t o  provide 
proper alinement with the  pumping cy l inder .  
s t e e l  cap wbich operates  i n  a s t a i n l e s s  s t e e l  cy l inder  with about 0.008-cm 
(0.003 in . )  c learance.  The bronze bushing f i t s  c lose  enough t o  the  s t e e l  
plunger t o  prevent contac t  between the s t a i n l e s s  steel elements. An O-ring 
made of e thylene  propylene rubber backed up by a t e t r a f luo roe thy lene  i n s e r t  
a c t s  as the  plunger seal f o r  the  hydrazine. A second s e a l ,  below the s t a i n -  
less sec t ion ,  holds the  o i l  i n  t h e  pump case.  A vent  between the  s e a l s  t o  
the overboard r e l i e f  valve prevents any leakage from e i t h e r  s ide  from enter -  
ing the  o the r  system. 

The reeds are f i t t e d  with a curved backstop t o  

The plunger has a s t a i n l e s s  
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A high-pressure accumulator i s  b u i l t  i n t o  the  pump body and connected t o  

A conventional charging-type check va lve  
the  discharge port .  The piston-type accumulator has redundant O-ring seals 
and a n i t rogen  charge f o r  a spr ing.  
is used fo r  charging the  ni t rogen,  and a s t r a i n  gage is  mounted on the  s i d e  
of t he  accumulator f o r  monitoring the  n i t rogen  charge pressure.  

The pressurized hydrazine flows through 0.318-cm (0.125 in . )  tubing t o  
t h e  t h r o t t l e  valve,  which i s  b a s i c a l l y  a r e l i e f  valve with a con t ro l l ab le  set- 
t ing.  
ho ld  approximately 2068 kN/m2 (300 ps ig) .  Any f l u i d  i n  excess of t h e  amount 
t h a t  w i l l  go through the  engine a t  2068 kN/m2 (300 ps ig )  i s  bypassed back t o  
t h e  suc t ion  accumulator through a 0.318-cm (0.125.in.)  l i ne .  A t  f u l l  th ro t -  
t l e ,  the  t h r o t t l e  ac tua tor  compresses the  r e l i e f  valve spr ing  by way of a 
push rod t o  hold  approximately 5860 t o  6205 kN/m2 (850 t o  900 p s i a )  i n  the  
high-pressure sect ion.  To prevent o s c i l l a t i o n s  i n  the  spring/plunger mecha- 
nism of t h e  t h r o t t l e  valve,  a viscous damper i s  i n s t a l l e d  on the plunger. The 
damper is  charged with o i l  (hydrazine-compatible polyalkdl ine g lycol )  with a 
v i s c o s i t y  of approximately 0.001 m2/sec (225 Sus) ,  providing a slow response 
t o  avoid engine speed o s c i l l a t i o n s .  

A t  the  i d l e  pos i t ion ,  the r e l i e f  valve sp r ing  has  enough tension t o  

A check valve i s  i n s t a l l e d  j u s t  downstream of  the  t h r o t t l e  valve i n  the  
l i qu id  l i n e  t o  the  gas generator  t o  prevent b'ackflow from the  engine/gas gen- 
e r a t o r  i n t o  the f u e l  feed system. 
feed system t o  the i n l e t  of the gas generator  through an i n l e t  f i l t e r .  
f i l t e r  minimizes the  p o s s i b i l i t y  of c a t a l y s t  from the  gas generator  en ter ing  
the  l i qu id  feed system and causing decomposition and overpressures o r  
detonat ions . 

A 0.318-cm (0.125 in . )  tube connects the 
The 

The gas generator  is a c a t a l y s t  type normally used on a small rocket en- 
gine.  
s ign  fo r  t h i s  appl ica t ion  is a thermal-type gas generator  having an almost 
unlimited l i f e .  
ever ,  i n  converting the l i qu id  hydrazine i n t o  hot  gas as required.  

It w a s  s e l ec t ed  f o r  i t s  a v a i l a b i l i t y ,  no t  i t s  design. The proper de- 

The c a t a l y t i c  gas generator  functioned s a t i s f a c t o r i l y ,  how- 

The h o t  gas i s  piped across  the  engine-mounting i n t e r f a c e  through a 
0.953-cm (0.375 in . )  Hastel loy 3 (high nickel-chromium a l l o y )  tube welded a t  
each end. 
provide s u f f i c i e n t  f l e x i b i l i t y  t o  minimize stress. 
i s  Loosely r e s t r a i n e d  by a bracket  joined to  the  plenum t o  minimize low- 
frequency, high-amplitude v ib ra t ions .  

This tube c i r c l e s  twice around the  hot-gas plenum on the  engine t o  
The las t  loop of tubing 

The plenum holds approximately 49 cm3 (3  in3)  of ho t  gas,  awaiting open- 
ing of the hot-gas valves. As  the  valves open, an add i t iona l  16-cm3 (1  in31 
volume i s  provided i n  the  cy l inder ,  r e s u l t i n g  i n  a r ap id  drop i n  plenum pres- 
sure  t o  about three-fourths of the plenum charge pressure.  Af te r  the valves  
c lose ,  the plenum rep res su r i zes  and the  gas charge i n  t h e  cy l inder  expands 
t o  push the  p i s ton  t o  do work. 

The hot-gas valves  and assoc ia ted  hardware ( f i g .  5)  a r e  ac tua ted  open t o  
approximately 0.064 cm (0.025 in . )  by the p i s ton  as it reaches the  top end of 
i t s  s t roke .  
open more than they should, a cup-shaped foot  s e a l s  a cavi ty  between the  valve 
and the  p is ton .  A s  t he  cy l inder  pressure  rises, a clamping force  develops. 
This pressure  force holds the  poppets aga ins t  the p i s ton  as the p i s ton  goes 

To p roh ib i t  t h e  valves  from bouncing o f f  the  p is ton  and l i f t i n g  
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Figure 5.- Valves, plenum, and gas 
generator .  
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Figure 6.- Plenum pressure vs crank 
angle.  

over top dead cen te r  (TDC). 
matic spr ing  i n  the  plenum helps  hold 
the  poppet aga ins t  the  p i s ton  and holds 
the  valve closed as the  p i s ton  p u l l s  
away from the  poppet. The pneumatic 
spr ing  is a small volume of gas trapped 
i n  a cav i ty  behind the  valve poppet 
and sealed by the  valve guide as shown 
schematical ly  i n  f igu re  6. The cav i ty  
is pressurized by the  plenum and i s  
sealed s u f f i c i e n t l y  by labyrinth-type 
seal glands t o  maintain the  pneumatic 
spr ing pressure above plenum (and cyl- 
inder)  pressure during the  cy l inder  
f i l l i n g  t i m e ,  the  c los ing  p a r t  of the 
poppet motion, and fo r  a period a f -  
terward. This pressure d i f f e rence  
keeps the poppet from bouncing open 
a f t e r  it seats. 
a t  the  t i m e  of i n i t i a l  contac t  and 
during c los ing  of the  valve i s  low 
enough t o  avoid impact damage. 
operat ion of the  valves  and the  asso- 
c i a t e d  pressures  a r e  shown i n  f igu re  6. 

A pneu- 

The p i s ton  ve loc i ty  

The 

F ina l ly ,  the  expended hot  gas i s  
vented t o  the  atmosphere through e igh t  
exhaust p o r t s  a t  the  lower end of the  
cy l inder  and ducted through a p a i r  of 
s h o r t  exhaust s tacks  - one out  each 
s ide  of the cowling. The f u e l  system 
a l s o  includes a tank d r a i n  valve,  a 
f i l l  tube, a vent tube, and an over- 
board r e l i e f  valve.  

TESTING 

The t e s t i n g  i s  discussed i n  th ree  par t s :  (1) component eva lua t ion  tests 
(pumps, va lves) ,  (2) engine eva lua t ion ,  and (3)  f l i g h t  t e s t .  

Component Evaluation 

The e a r l y  tests were d i r ec t ed  a t  e s t ab l i sh ing  acceptable  component per- 
formance and component conf igura t ion  so t h a t  the  in t eg ra t ed  system design 
could proceed. 

Fuel pump. Testing of the  f u e l  pump re su l t ed  i n  seve ra l  refinements.  
Early t e s t s  were performed with water. The r e s u l t s  demonstrated the  need f o r  
the  accumulators and a cont ro l led  f lexure  of the  reed valve.  
produce a discharge pressure of 6895 kN/m2 (1000 p s i )  a t  the  flow required 
f o r  11.2 kW (15 hp) output with a 13.8-kN/m2 (2 p s i a )  i n l e t  pressure and 

The pump w i l l  
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operation a t  314.2 rad sec (3000 rpm). 

t i o n  of t he  gas generator) .  
ted on the pump, the only problem was with p a r t i c u l a t e  contamination under 
t h e  reed valve.  This contamination r e su l t ed  i n  the  addi t ion  of t h e  f i l t e r  
a t  the o u t l e t  of the tank shutoff  valve j u s t  upstream of the pump i n l e t .  
Momentary operat ion a t  pressures  near 34 474 kN/m2 (5000 p s i )  were observed 
without damage t o  the  pump. 

The output pressure i s  steady within 

In the  approximately 20 h r  of t e s t i n g  accumula- 
approximately 414 kN/m I (60 p s i )  using an o r i f i c e  for  flow cont ro l  (sirnula- 

Hot-gas valving. 
modified two-cycle engine. 
t h e  ex is tence  of a very severe environment. Hamering w a s  immediately evi-  
dent even i n  tests using cold gas as a working f lu id .  It w a s  apparent t h a t  
t he  p i s ton  could p o t e n t i a l l y  cause damage t o  the  poppets during opening but  
not t o  the seat during c los ing ,  and the seats sustained the most damage. The 
valve was apparent ly  being closed by the  flowing gas,  and the  f i r s t  design 
change w a s  t o  reduce the opening l i f t  t o  maintain enough pressure drop across  
the  valves  t o  force  valve contact  with the  p is ton  a t  a l l  t i m e s .  This modi- 
f i c a t i o n  severely reduced the power of the engine and increased the required 
feed pressure.  A t  slow speeds, t h e  pressure equalized anyway, s t i l l  allowing 
the "f loat"  s i t u a t i o n  and an uncontrolled gas-flow-induced c losure  of the  
valves.  

Early tests of t h e  hot-gas valves  were done using a 
The r e s u l t s  were very disappoint ing and indicated 

The next modification was t o  make a suct ion cup on the s t e m  of the  
valves  such t h a t ,  as the  cy l inder  w a s  pressurized,  the  pressure d i f f e r e n t i a l  
across  the cup or  valve "foot" would hold the valve onto the p i s ton  as out- 
l ined  previously.  
mance, but the  da ta  r e l a t i n g  gas pressure and output torque were s t i l l  incon- 
s i s ten t  and unpredictable .  A t  t h i s  po in t ,  it w a s  decided t o  instrument the  
cyl inder  pressure t o  see exact ly  what was  happening. It became apparent t h a t  
t he  valve poppet - once re leased  from t h e  hold of t h e  suc t ion  cup - was bounc- 
ing o f f  the seat very momentarily, admitt ing add i t iona l  working f lu id .  
amount of e x t r a  f l u i d  admitted w a s  a funct ion of speed and t h r o t t l e  s e t t i n g .  

This change gave tremendously improved l i f e  and perfor-  

The 

Because the bouncing e f f e c t  was not causing s i g n i f i c a n t  damage, there  
The power could be adjusted was a g r e a t  temptation not  t o  worry about it. 

with the t h r o t t l e  in  any event. However, the bouncing could be expected t o  
r e s u l t  i n  a somewhat reduced e f f i c i ency  because the  gas admitted la te  would 
not expand as much as planned. 
appl ica t ion  involved, a design change was considered. 

Because e f f i c i ency  is very important for  the  

Various concepts of antibounce mechanisms were evaluated ana ly t i ca l ly .  
Mechanical spr ing arangements considered lacked s u f f i c i e n t  response t o  t r ack  
the motion and could not apply an appropriate  valve-closing force. F ina l ly ,  
t h e  idea  of a "pneumatic" spr ing evolved as out l ined  i n  the  preceding design 
discussion. The pneumatic spr ing  cav i ty  "consumed" some of the plenum volume 
i n  an e a r l y  vers ion  requi r ing  e x t r a  feed pressure but  produced repeatably 
good r e s u l t s .  In  the  f l i g h t  vers ion,  plenum volume was  increased s u f f i c i e n t -  
l y  t o  house t h e  pneumatic spr ing and t o  feed t h e  working chamber without ex- 
cessive pressure drop. 

The high e f f i c i ency  achieved i n  tests of t he  f l i g h t  engine evidences 

In  
very l i t t l e  valve leakage. The most common problem with the valves w a s  
contamination of t h e  seal area with p a r t i c l e s  from t h e  gas generator.  
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runs using a new gas generator ,  which produced few p a r t i c l e s ,  the  performance 
was near the  theo re t i ca l ly  expected leve ls .  

Other tests. The a l t e r n a t o r  w a s  t e s t ed  extensively on the  workbench. 
Several  sets of s t a t o r  windings w e r e  t es ted  i n  an e f f o r t  t o  achieve the ra ted  
4-A cu r ren t  a t  as wide a speed range as possible .  The only s i g n i f i c a n t  prob- 
lem w a s  with the p in  dr ive ,  and the diameter of the p ins  w a s  increased from 
0.318 t o  0.635 cm (0.125 t o  0.25 in.) .  

The t h r o t t l e  valve w a s  t e s t ed  extensively i n  both water and methyl alco- 
ho l  before  i t  w a s  committed t o  use with hydrazine. 
probably the  only p a r t  t h a t  functioned e n t i r e l y  s a t i s f a c t o r i l y  as designed 
and fabr ica ted  the  f i r s t  t i m e .  It required only the  appropriate  shimming and 
adjustment. 
poppet seat o r  a longer spr ing t o  reduce the  e f f e c t  of flow va r i a t ions  on the  
pressure se t t i ng .  

The t h r o t t l e  valve i s  

An improved vers ion might be b u i l t  with a s teeper  angle on the 

The o i l  pump tests w e r e  uneventful.  However, t he  pump, a gear-type u n i t  
i n  an aluminum case,  i s  prone t o  generation of p a r t i c u l a t e  contamination and 
could be improved i n  t h a t  respec t .  Pump flow i s  3 .8  l i t e r s / m i n  ( 1  al/min> 
a t  209.4 rad/sec (2000 rpm). It is about 85% e f f i c i e n t  a t  517-kN/m s (75 p s i )  
discharge pressure.  About 10% losses  
e f f e c t s  . a r e  due t o  leakage and about 5% t o  drag 

Performance t e s t i n g  of propel le rs  
and propel le rs  i n  general  w a s  a prob- 
l e m  i n  t h e  program. The l a rge ,  low- 
speed u n i t s  required for  t h i s  applica- 
t i o n  requi re  an e x t r a  degree of preci-  
s ion  i n  manufacture t o  provide the same 
e f f e c t i v e  l i f t  on both blades t o  avoid 
excessive v ibra t ion .  The propel le r  
being developed a t  the  NASA Hugh L. 
Dryden F l igh t  Research Center (DFRC) 
f o r  u l t imate  use on the  mini-sniffer  
is shown i n  f igu re  7. It is ground con- 
t r o l l a b l e  i n  the  same way as the  thro t -  
t l e  se t t i ng .  Testing of t h i s  u n i t  had 
not  begun a t  t he  t i m e  of t h i s  wri t ing.  

Figure 7.- Propel le r  assembly. 

Engine Assembly T e s t s  

A l l  the  f l i g h t  engine assembly t e s t i n g  w a s  done on the stand arrangement 
shown i n  f igu re  8. Various loads w e r e  simulated by using d i f f e r e n t  propel- 
lers. Most t e s t i n g  w a s  done a t  sea l eve l ,  with some .high-alt i tude t e s t ing .  
Measurements were pr imari ly  of t he  slow-response type using the  meters shown, 
except fo r  the high-speed measurements of cyl inder  pressure and pump d is -  
charge pressure mentioned previously.  
form of meter readings. 

The da ta  were recorded on f i lm  i n  the  

The t e s t i n g  w a s  done a t  t h e  NASA Lyndon B. Johnson Space Center ther-  
mochemical test  f a c i l i t y  pr imari ly  by support cont rac tor  personnel. The 
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secondary-priority nature of the 
work, behind Space Shuttle and other 
ongoing programs, and continuous re- 
design activities ex tended the testing 
over about 2 yr. The test stand was 
designed primarily to minimize inter- 
face with the facility data and con- 
trol systems such that tests could 
be run on short notice whenever a 
schedule opening occurred. This con- 
figuration provided a very appropri- 
ate environment for experimental test - 
ing in which intermittent activity 
is caused by modifications and rework. 

Only two controls were used: (1) 
the electric-motor-operated throttle 
and (2 )  a supplemental vent valve 
that positively vented the fuel pump 
discharge pressure back to the tank 
and simultaneously vented the fuel 
tank pressure. 

Figure 8.- Flight engine test stand. 
The data for engine speed, feed 

pressure, and fuel level are shown in 
figure 9 for a 17-min, 638.79 + 10.47- 
rad/sec (6100 + 100 rpm) run (il.19 kW 

(15 hp)). It should be noted that the engine required approximately 1 min to 
heat the gas generator and the plenum. At about 60 sec, the throttle was 

SFC- 0.82 kglMJ (4.85 LBMIHP-H) 

- 

- 

SFC z 1 .O kgIMJ (6.2 LBMIHP-H) 
- 

- 
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Figure 9.- Speed, pressure, and fuel level vs time for 17-min run at 
628.32 rad/sec (6000 rpm) with small four-blade propeller. 
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advanced t o  f u l l  power, which r e su l t ed  i n  s l i g h t l y  mre than des i red  pressure 
a t  the 2-min point.  The t h r o t t l e  was reduced s l i g h t l y ,  and the power l e v e l  
s t a b i l i z e d  approximately 150 sec i n t o  t h e  run. The run w a s  e s s e n t i a l l y  steady 
for  the durat ion and was terminated because of o i l  deplet ion.  One s i g n i f i c a n t  
aspect of t h i s  run, the  improvement i n  e f f i c i ency  as the  run progressed, i s  
apparently the r e s u l t  of s t e a d i l y  decreasing windage as the o i l  i s  l o s t  and/or 
s t a b i l i z a t i o n  of the  temperature of t h e  hot-gas sec t ion  occurs. The f l i g h t  
conrigurat ion was modified to  include an o i l  b a f f l e  i n  the crankcase t o  reduce 
windage. 

The hea t  leak through the Inconel p i s ton  cap is  apparently minimil. 
No evidence of o i l  coking in the  p is ton  r ing  groove o r  on the  bottom of the  
p is ton  dome was observed, an ind ica t ion  tha t  the operat ing temperature of 
the  u n i t  w a s  less than 422 K (300 deg F). The s t a i n l e s s  steel p i s ton  cap 
general ly  produced a s t r a w  color  on the back s ide  ind ica t ive  of a temperature 
of approximately 589 t o  700 K (600 t o  800 deg F). The steel exhaust manifold 
showed no evidence of excessive heat ing,  ind ica t ing  tha t  the flow of cooling 
a i r  maintained a temperature below 533 K (500 deg F). It d id  g e t  ho t  enough 
t o  coke o i l ,  however. 

Several  i n t e r e s t i n g  da ta  poin ts  were taken i n  unusual circumstances, es- 
(Most pec ia l ly  when the o i l  w a s  l o s t  and p i s ton  se izure  caused a sudden stop. 

o i l  l o s ses  w e r e  by way of broken l i n e s  caused by excessive propel le r  vibra- 
t ion.)  Under t h i s  condi t ion,  l i qu id  hydrazine is trapped between the check 
valve and t h e  hot-gas generator .  
the pressure a t  5515.8 kN/m2 (800 I n  these cases ,  the pressure would 

t h i s  t i m e ,  the only escape of gas is pas t  the hot-gas valves and the p i s ton  
r ings.  
t o  produce overpressurizat ion of feed system hydrazine; however, it never 
occurred. 

Typically,  t he  shutdown would occur with 
s i ) .  

slowly decrease t o  about 2758 kN/m 3 (400 p s i )  over a 30-min period. During 

It i s  t h i s  condi t ion t h a t  should provide t h e  environment necessary 

Apparently, the slow leakage p a s t  the valves and the p is ton  was enough 

The feed tube i n t o  the .gas 
t o  vent  t h e  decomposition products as they were being generated by hea t  soak 
from the gas generator back in to  the feed tube. 
generator i s  a comparatively heavy piece of aluminum i n t o  which t h e  i n l e t  
f i l t e r  i s  fastened. 
i t  soaks out  of t he  gas generator  t o  maintain a s a f e  hydrazine temperature. 
The h ighes t  temperature measured at the  gas generator  i n l e t  under these c i r -  
cumstances w a s  about 366 K (200 deg F). 

This element can apparently r e j e c t  heat  as rap id ly  as 

Another i n t e r e s t i n g  occurrence documented some safe ty  margin i n  the sys- 
t em.  Excessive valve leakage caused i g n i t i o n  of t he  exhaust gases a t  a tem- 
perature  of about 866 K (1100 deg F). Subsequently, severa l  of the c lo th  and 
rubber o i l  l i n e s  j u s t  under the  exhaust manifold ign i ted .  
shut down, but the f i r e  continued and r e su l t ed  i n  considerable hea t ing  of the 
hydrazine pump. 
burned, but the hydrazine was  not heated s u f f i c i e n t l y  t o  cause overpressuriza- 
t ion .  
the t e s t i n g  was continued. 

The engine w a s  

Essen t i a l ly  a l l  t he  combustible material i n  the  engine cowl 

New o i l  l i n e s  were i n s t a l l e d ,  t he  hot-gas valves  were repa i red ,  and 

On seve ra l  occasions,  hydrazine leaks  occurred; however, no i g n i t i o n  
resu l ted ,  even though the l i qu id  and vapor were sprayed through the exhaust. 
This leakage a l s o  occurred i n  f l i g h t  without inc ident .  Of course,  leaking 
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hot-gas valves  (which dump 1 2 0 0 4  (1700 deg F) unexpanded gas out the  ex- 
haus t )  combined with a hydrazine leak would probably r e s u l t  i n  a f i r e ,  but 
t h a t  combination of problems never occurred. 

One of the major problems i n  ve r i fy ing  the  f l i g h t  configurat ion was 
e s t ab l i sh ing  the  proper s i z e  holes  i n  t h e  p i s t o n  t o  provide s u f f i c i e n t  cyl in-  
der o i l i n g  without excessive lo s s  of o i l  through the exhaust. The decis ion 
t o  f l y  a "demonstration" tes t  using a fixed-pitch p rope l l e r  complicated the  
s i t u a t i o n  because it demanded operat ion from about 419 rad/sec (4000 rpm) t o  
628 rad/sec (6000 rpm) during the  climb. Holes t h a t  l ub r i ca t ed  s u f f i c i e n t l y  
a t  419 rad/sec (4000 rpm) were i n s u f f i c i e n t  a t  628 rad/sec (6000 rpm). Con- 
versely,  ho le s  t h a t  o i l e d  s u f f i c i e n t l y  a t  628 rad/sec (6000 rpm) passed o i l  
excessively a t  419 rad/sec (4000 rpm). 
worked o u t ;  bu t ,  as t h e  f l i g h t  t i m e  approached, t h e  only tes t  c a t a l y s t  bed 
ava i l ab le  w a s  shedding many p a r t i c l e s ,  causing valve leakage, producing exces- 
s i v e  hea t ing ,  and shadowing the  r e s u l t s ,  A s  a temporary so lu t ion  f o r  t he  one 
t e s t  f l i g h t ,  a s p e c i a l  o i l e r  w a s  added having four separate  i n j e c t o r s  powered 
by a small  e l e c t r i c  motor. 
i n to  the engine j u s t  downstream of the valves through small (0.033-cm 
(0.013 in . )  i.d.1 steel tubes. A f i n a l  test  run v e r i f i e d  good performance, 
and the test i n j e c t o r  w a s  i n s t a l l e d  on the  a i r c r a f t  fo r  lack of a new u n i t .  

A compromise could probably have been 

This system i n j e c t e d  upper cy l inde r  l u b r i c a n t  

F 1 igh t T e s t  

The new engine fo r  the  tes t  f l i g h t  passed a l l  the checkout c r i te r ia  with 
a good margin. Although a s t a t i c  tes t  of the  new engine before f l i g h t  would 
have been d e s i r a b l e ,  the f a c t  t h a t  the gas generator w a s  s e r ious ly  l i f e  l i m -  
i t e d  toge the r  with t h e  schedule and man-hour l i m i t a t i o n s  prohibi ted a s t a t i c  
t es t  run. 

The veh ic l e  w a s  checked out  and serviced a t  DFRC the  night  before  the  
f l i g h t .  It was c a r r i e d  about 8 km (5 s. mi.) across  the dry lake  the morn- 
ing of November 23, 1976. A f i n a l  communication l i n k  checkout w a s  made, the  
tank was pressurized t o  413.69 kN/m2 (60 p s i a ) ,  and the upper cyl inder  o i l e r  
was turned on. A t  about 9:30 a.m., t he  engine w a s  s t a r t e d  and the  f l i g h t  
w a s  begun. The same bas i c  engine parameters were monitored i n  the  ground 
telemetry van as were monitored i n  the  development tests.  Engine pressure 
and speed increased normally as the a i r c r a f t  taxied fo r  takeoff.  The a i r -  
c r a f t  l i f t e d  o f f  much t h e  same as it had many t i m e s  before  using a chain-saw 
engine. About 20 sec i n t o  the climbout, however, the f u e l  feed pressure 
dropped suddenly and t h e  power sagged; then, almost as suddenly, t h e  power 
increased again. The f i r s t  thought was t h a t  a bubble passed through the hy- 
draz ine  pump. 

The climbout continued, and a r i g h t  t u rn  w a s  performed as planned. 
Within about 5 min i n t o  t h e  f l i g h t ,  it became apparent from the  climb rate 
tha t  the  power was a l i t t l e  less than expected but within the estimated to l -  
erance. However, within 8 t o  10 min, it appeared t h a t  t he  power l e v e l  was 
out of tolerance on the low s ide .  

About 25 min i n t o  t h e  f l i g h t ,  t he  t h r o t t l e  w a s  advanced i n  an e f f o r t  t o  
obtain more power, but t h i s  s e t t i n g  caused the  power t o  decrease s t i l l  fur- 
t h e r ,  even though t h e  pressure increased properly.  Since the  pressure w a s  
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then dangerously high (near  6550 kN/m2 (950 p s i ) ,  t he  upper maximum allow- 
ab le ) ,  the t h r o t t l e  was decreased s l i g h t l y .  The power increased appreciably.  
When the  power increased,  the  climb began again but  s t i l l  a t  a less than de- 
s i r a b l e  r a t e .  A t  about 30 min i n t o  the f l i g h t ,  the  fue l  tank p res su re  w a s  
ind ica t ing  near  deple t ion  of t he  fue l .  

The slow climb proceeded t o  near 6.1 km (20 000 f t )  a t  34 min, when f u e l  
feed pressure  became s l i g h t l y  i n t e r m i t t e n t ;  the  pressure  dropped, the  engine 
speed dropped, and the run was f inished.  The p i l o t ,  located i n  the  base 
tower about 8 km (5 s. mi.) away9 nosed the  plane over ,  set the  t h r o t t l e  t o  
"cf f9 ' '  and began the  long g l i d e  down, About 30 min l a t e r ,  the  veh ic l e  landed 
on the  dry lake near  t he  takeoff  po in t ,  The tank s t i l l  had the  same low pres- 
s u r e  (about 13.8 kN/m2 (2 psis)). The engine windmilled a t  about 189 t o  209 
rad/sec (1800 t o  2000 rpm) a l l  t he  way down because of  the  fixed-picch propel- 
ler. The gas generator  and a l l  o ther  components were a t  ambient temperature 
on landing. 

The r e t r i e v a l  crew not iced almost immediately that the f i n i s h  w a s  re- 
moved from the  p rope l l e r  blades i n  an a rea  about 15 cm (6  in . )  from the  hub. 
It was apparent t h a t  a s t rong solvent  had r insed  the f i n i s h  o f f ,  Approxi- 
mately in  l i n e  with t h e  a r e a ,  the  hydrazine pump discharge f i t t i n g  was found 
t o  be loose. There were no other  ind ica t ions  of any problem w i t h  the  engine 
a t  t h a t  t i m e .  

The c r a f t  was ca r r i ed  back t o  the checkout lsenricing a rea  and f lushed 
with methanol; t he  loose f i t t i n g  was v e r i f i e d  as the source of a leak.  The 
engine w a s  disassembled t o  eva lua te  the condi t ion of the hardware and t o  de- 
tennine t h e  cause of the  low power and the  inver ted  t h r o t t l e  response. No 
ex terna l  leaks  were found i n  the high-pressure hot-gas sec t ion ,  but one of 
the  small o i l e r  tubes was broken where i t  connected t o  the  engine. 
the valves and seats were somewhat b r ine l l ed ,  The p i s t o n  and r ings  appeared 
normal and had no measurable dimensional change. 

Also, 

The l i q u i d  hydrazine leak could not account for  the power reduct ion be- 
cause i t  w a s  small enough t o  be automatical ly  co r rec t ab le  by the  t h r o t t l e  
valve. The momentary power sag during the  takeoff had the c h a r a c t e r i s t i c  
timing of t h e  t h r o t t l e  valve response. Also, because the  pressure  increased 
and was maintained during the  f l i g h t ,  t h i s  leak was not the  cause of the  
power sag. The va lve  damage observed ( b r i n e l l i n g )  w a s  apparent ly  the  r e s u l t  
of windmilling the engine with hot  valves during the  g l i d e  down (without the  
pneumatic spr ings  opera t ing) .  
cont ro l lab le-p i tch  p rope l l e r ,  stopping the engine a f t e r  the run by going 
s l i g h t l y  p a s t  t he  f ea the r  point .  The leak r e s u l t i n g  from the  f r a c t u r e  of the  
upper cy l inder  o i l e r  tube (0 .033  cm (0.013 in . )  i .d.1 was i n s u f f i c i e n t l y  
la rge  t o  be s i g n i f i c a n t  and very l i k e l y  occurred on t h e  way down s ince  the re  
w a s  no evidence of any hot-gas leakage. There simply was no immediate expla- 
na t ion  of t he  power reduct ion during the  f l i g h t ,  o r  of t he  inver ted  t h r o t t l e  
response, 

This problem w i l l  be e l iminated with the  new 

The two poss ib le  explanat ions of t he  f l i g h t  anomalies a r e  f u e l  feed block- 
age and/or mechanical reduct ion of valve l i f t .  
t o  be open i n  the  process of system f lush ing  a f t e r  f l i g h t .  
engine could possibly have readjusted i t s e l f  mechanically during i t s  f i r s t  
run t o  e f f e c t i v e l y  reduce the  valve l i f t  ., 

The f u e l  system w a s  v e r i f i e d  
However, the  new 

Actual ly ,  t h i s  self-adjustmeat 
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was expected, because i t  occurred t o  some ex ten t  on the  t e s t  engine but  no t  
t o  the  degree tha t  apparent ly  occurred during f l i g h t .  The l i f t  w a s  set a t  
0.069 cm (0.027 in . )  during assembly, 0.005 cm (0.002 in . )  more than normal 
i n  the development engine. This adjustment w a s  made t o  allow for  "set" i n  
the  new three-piece c rankshaf t ,  run-in of the  new bear ings ,  and any o the r  
de f l ec t ions  which might a f f e c t  the  l i f t  adversely.  However, behavior of the  
f l i g h t  engine i n  the  f i n a l  minutes of opera t ion  was s i m i l a r  t o  t h a t  of the  
development engine with low-valve-lift s e t t i n g .  With the valve l i f t  near 
0.030 cm (0.012 i n . ) ,  h igher  pressure causes  s t r u c t u r a l  f l exure  and add i t iona l  
reduct ion i n  l i f t ,  which reduces both the  flow area  opened by the  valves  and 
the  t i m e  f o r  flow. Conversely, reduced pressure  reduces s t r u c t u r a l  d e f l e c t i o n  
and thereby increases  the  area-time i n t e g r a l ,  which increases  flow and power a 
The valves  were deformed j u s t  enough by windmilling during descent t o  p roh ib i t  
a good ind ica t ion  of whether va lve - l i f t  reduction a c t u a l l y  happened, but it 
seems reasonable  

The f l i g h t  t e s t  demonstrated the opera t iona l  c h a r a c t e r i s t i c s  of a 
hydrazine-fueled non-air-breathing a i r c r a f t  engine.  The f l i g h t  produced no 
complications o r  o ther  unforeseen problems. With appropr ia te  precaut ions,  
the  sys t em can be handled with l i t t l e  more t i m e  and e f f o r t  than any o the r  
power system. Although the  f l u i d  is  tox ic ,  it requi res  a cumulative exposure 
t o  be s e r i o u s l y  dangerous, bar r ing  excessive exposure. The most dramatic 
hazard is of course a f i r e ,  but the f l u i d  - having r e l a t i v e l y  low vapor pres-  
sure  - i s  no t  e a s i l y  ign i t ed .  The p o s s i b i l i t y  of detonat ion of the  hydrazine 
i s  p r a c t i c a l l y  e l iminated by proper design t o  keep the  f u e l  cool (below about 
366 K (200 deg F). 

CONCLUSIONS 

The valving concept has  been demonstrated and i s  being patented,  bu t  the  
work required t o  optimize the performance of the  valving concept fo r  any spe- 
c i f i c  app l i ca t ion  s t i l l  must be done. The design f o r  the  bes t  choice of s e a l  
perimeter,  l i f t  he ight ,  poppet length ( f o r  e l a s t i c  deformation on contac t  
with the  p i s t o n ) ,  seal width,  pneumatic spr ing volume, guide clearance and 
to le rances ,  and mater ia l  choice fo r  guide, s e a t ,  and poppet can only be 
es tab 1 i shed through ana l y  s i s  and cons iderab l e  t e  s t ing . 

Any vapor or  hot-gas expander-cycle machine can u t i l i z e  the valving con- 
cept .  A steam engine i s  a good example. The low-weight, simple,  p o s i t i v e  
mechanism involved can make it  a candidate fo r  mobile appl ica t ions .  However, 
the  valving concept may be l imi ted  t o  app l i ca t ions  i n  which the  engine always 
dr ives  the  load. I n  t h a t  case,  the  pneumatic spr ings  a r e  always pressurized 
and the  va lves  w i l l  no t  f l o a t  as they d id  during the  downward g l i d e  i n  the  
f l i g h t  test. However, i f  valve f l o a t i n g  occurs a t  a s u f f i c i e n t l y  low speed 
and/or temperature,  i t  may cause no problem. Also, depending upon the  temper- 
a t u r e  and speed involved, a mechanical spr ing  might be added t o  supplement 
the  pneumatic spr ing f o r  e l imina t ing  the  f l o a t i n g  operat ion.  The most s ign i f -  
i can t  improvement fo r  the  concept might be the  use of a thermal-type gas gen- 
e r a t o r  (one t h a t  does not  shed p a r t i c l e s  i n t o  the  engine).  
is a v a i l a b l e ,  but the design d e t a i l s  must be resolved and the hardware devel- 
oped. A gas  generator  t h a t  mounts on t h e  va lve  plenum, e l imina t ing  the  hot-  
gas de l ivery  tube, would a l s o  be a s i g n i f i c a n t  improvement. An appropr ia te  
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thermal-type gas genera tor  could withstand the  v i b r a t i o n  environment of the  
engine,  and i t s  volume and weight could be combined with t h a t  of the  plenum, 

It appears t h a t  the  most promising d i r e c t i o n  f o r  optimizing the  concept 
i s  to  s t r i v e  €or higher  pressure r a t i o s  across  the engine (plenum t o  ambient); 
by t h i s  means, t he  t h e o r e t i c a l  work produced by the  engine i s  maximized and 
the s i z e  required i n  the plenum and valving is minimized. The only o f f s e t -  
t i n g  e f f e c t s  a r e  t h e  leakage ac ross  t h e  valves  during the  closed por t ion  of  
the cycle  and e x t r a  mechanical loading during opening. The r e s u l t s  t o  d a t e  
ind ica t e  however, t h a t  these  problems should not  be se r ious  and pressures  
as high as 20 684 kN/m2 (3000 p s i )  might be used. 

Also, t he  use of very la rge  bore t o  s t roke  r a t i o s  (2.0 o r  g r e a t e r )  
should prove a t t r a c t i v e  because very l a rge  valves  can be used and correspond- 
ingly smaller l i f t s .  This technique enables  an increace i n  engine speed with 
corresponding decrease i n  s i z e  and weight. It a l s o  enables bui ld ing  a s t i f -  
f e r  engine mechanism so t h a t  h igher  pressures  can be used. 
weight i s  reduced, the opt imizat ion of displacement and expansion r a t i o  out- 
l ined  i n  t h e  design d iscuss ion  i s  dr iven  toward l a r g e r  expansion r a t i o s ,  
which r e s u l t  i n  a more e f f i c i e n t  o v e r a l l  design. 

I f  t he  engine 

A mathematical nodel constructed t o  encompass a l l  aspec ts  of t he  engine 
operat ion and design w i l l  enable quick, easy opt imizat ion fo r  any p a r t i c u l a r  
appl ica t ion .  
Hot-gas and vapor-cycle expanders using low-grade hea t  a r e  f inding increased 
app l i ca t ions  because of t he  continued changes i n  the  bas ic  energy supply. 
This engine concept o f f e r s  one add i t iona l  design a l t e r n a t i v e  fo r  power sys- 
t e m  s e l e c t i o n ;  i t s  mechanical s impl i c i ty  provides good economic v i a b i l i t y .  

Testing of var ious  designs as they evolve w i l l  r e f i n e  the  model. 
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