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Ttie o b j e c t i v e  o f  t h i s  s t u d v  was to  c h a r a c t e r i z e  f r e e - p i s t o n  and k i n e m a t i c  
S t i r l i n g  e n g i n e s  f o r  s t a t i o n a r y  a p p l i c a t i o n s  up t o  b r a k e  powers of  400 k i l o -  
w a t t s .  Comparison and e v a l u a t i o n  o f  t h e  d e s i g n s  were made on t h e  b a s i s  o f  
mechan ica l  f e a s i b i l i t y  and e n g i n e  performance:  t h e  i n f l u e n c e s  o f  v a r i o u s  
working f l u i d s ,  l i f e  c y c l e ,  h e a t e r  head material, and o p t i m i z e d  e n g i n e  geom- 
etries o n  e n g i n e  d e s i g n  were  examined. The proposed  e n g i n e  d e s i g n s  for b o t h  
t h e  f r e e - p i s t o n  and t h e  k i n e m a t i c  S t i r l i n g  e n g i n e  were  found t o  be  mechan ica l ly  
a c c e p t a b l e  f o r  t h e  d e s i g n a t e d  50,000 hour  l i f e  criteria, and c o u l d  be  developed 
f o r  s t a t i o n a r y  a n p l i c a t i o n s ,  a c h i e v i n g  b r a k e  e f f i c i e n c y  r a n g i n g  from 34 p e r c e n t  
f o r  a 30 kW au to lmt ive -de r ived  k i n e m a t i c  e n g i n e  t o  46 p e r c e n t  e f f i c i e n c y  i n  t h e  
400 kW power class. O t h e r  per formance  r e s u l t s  are: 

X S t i r l i n g  e n g i n e  u s i n g  a n  aovanced v a r i a b l e - s t r o k e  o u t p u t  
c o n t r o l  sys t em is a v i a b l e  s t a t i o n a r y  a l t e r n a t i v e  t o  t h e  
p r e s e n t l y  developed mean p r e s s u r e  c o n t r o l  sys t em f o r  a u t o -  
mo t ive  a p p l i c a t i o n s  by o f f e r i n g  a m u l t i p l e  o f  o p e r a t i o n a l  
and  per formance  advan tages .  

The c o n v e r s i o n  o f  a k i n e m a t i c  e n g i n e  d e s i g n  i n t o  a f r e e -  
p i s t o n  c o u n t e r p a r t  was ach ieved  th rough  t h e  u s e  o f  a new 
h y d r a u l i c  o u t p u t  sys tem,  which shows s i g n i f i c a n t  a d v a n t a g e s  
f c r  d i r e c t  d r i v e  o f  h y d r a u l i c  l o a d s .  

With common component m a t e r i a l s  a n  automot ive-der ived  s t a t i o n a r y  
k inema t i c  e n g i n e  u t i l i z i n g  hellurn as t h e  working f l u i d  a c h i e v e s  
:he b rake  e f f i c i e n c y  o f  36.3 p e r c e n t ,  whereas  a s t a t i o n a r y  en- 
g i n e  des igned  e x c l u s i v e ? y  f o r  t h i s  a p p l i c a t i o n  r e a c h e s  a v a l u e  
o f  40.5 p e r c e n t .  

Hydrogen as a  working  f l u i d  o f f e r s  a t  least  a 2 p e r c e n t  b e n e f i t  
o v e r  hel ium. 

F ree -p i s ton  S t i r l i n g  e n g i n e s  o v e r  t h e  power c l a s s e s  c o n s i d e r e d ,  
and i n c o r p o r a t i n g  hy8 a u l i c  f l u i d  o u t p u t ,  r eached  w i t h i n  two 
p e r c e n t a g e  p o i n t s  o f  s i m i l a r - s i z e d  k i n e m a t i c  e n g i n e s  w i t h  common 
m a t e r i a l s .  The 400 kW e n g i n e s  were n o t  op t imized  w i t h i n  t h i s  
s t u d y ,  t h u s  f u r t h e r  e f f i c i e n c y  g a i n s  would be expec ted .  

Whilc s i g n i f i c a n t  g a i n s  i n  e f f i c i e n c y  were ach ieved  w i t h  t h e  k i n e m a t i c  e n g i n e s  
op t imized  e x c l u s i v e l y  f o r  t h e  s t a t i o n a r y  a p p l i c a t i o n ,  au tomot ive -de r ived  en- 
g i n e s  would c o u n t e r b a l a n c e  t h i s  performance w i t h  c o s t  a d v a n t a g e s  d e r i v i n g  from 
bo th  a  mature  technology b a s e  and p a r t s  cowdironality. 

The f r e e - p i s t o n  S t i r l i n g  e n g i n e s ,  on t h e  o t h e r  hand w h i l e  a c h i e v i n g  comparable 
pcr formance ,  o f f e r  p o t e n t i a l l y  ex tended  l i f e  d e s i g n  advan tages  o v e r  t h e  k ine-  
ma t i c  e n g i n e ,  by e l i m i n a t i n g  t h e  need f o r  h i g h  p r e s s u r e  d i f f e r e n t i a l  r o d  seals. 

In  c o n c l u s i o n ,  t h e  i n h e r e n t  h i g h  e f f i c i e n c y  and t h e  m u l t i - f u e l  c h a r a c t e r i s t i c s  
of S t i r l i n g  e n g i n e s  demons t r a t e  t h e s e  d e s i g n s  a r e  p o t e n t i a l l v  major  c o n t r i b u t o r s  
i n  r e l i e v i n g  U.S. dependence on imported pe t ro l eum q u o t a s .  Fu tu re  d e s i g n  and 
dcvclopment wark shou ld  be pursued ,  e s p e c i a l l y  when t o d a y ' s  S t i r l i n g  e n g i n e  
t ~ > c i ~ n o l o g v  ( au tomot ive )  h a s  reached a  l e v e l  o f  m a t u r i t y  which p roves  i t s  s u i t -  
~ b i l i t v  for a m u l t i p l i c i t v  of  a p p l i c a t i o n s ,  i n c l u d i n g  s t a t i o n a r y  power p l a n t s .  



This repor t  conta ins  the  r e s u l t s  of a nine-month study con t r ac t  awarded to  
Uechanical Technology Incorporated (MTI) by the  hJ~SA/Lewis Research Center 
(NASA/LeRc) t o  assess the  p o t e n t i a l  of S t i r l i n g  engines f o r  s t a t i o n a r y  appl i -  
ca t ions  a t  power l e v e l s  up t o  400 kW. Both kinematic (crank-driven) and f ree-  
p i s ton  engines were analyzed i n  terms of mechanical f e a s i b i l i t y  and performance, 
which includes the  parameters o f  l i f e ,  e f f i c i ency ,  and f e a s i b i l i t y .  S t i r l i n g  
engines o f f e r  high e f f i c i ency ,  low noise,  and mult i -fuel  c a p a b i l i t y  and, i n  
s t a t i o n a r y  power app l i ca t ions ,  they can con t r ibu te  s i g n i f i c a n t l y  t o  t h e  n a t i o n a l  
goal of reducing our  dependence on petroleum resources.  The engine configu- 
r a t i o n s  include a 33 kW kinematic S t i r l i n g  engine derived from a u t o m t i v e  appl i -  
ca t ion ,  a 400 kW conceptual kinematic design, and two conceptual f ree-p is ton  
s t a t i o n a r y  engines u t i l i z i n g  hydraul ic  f l u i d  output.  

The s t a r t i n g  point  of  the  kinematic engine eva lua t ion  w a s  t o  modify the  auto- 
motive S t i r l i n g  engine generated under Contract DEN 3-32, which has been under 
developuent s i n c e  1979: t h i s  engine is described as t h e  Reference Engine System 
Design (RESD). Bas ica l ly ,  t he  design w a s  no t  changed, but  downrated t o  meet the  
s t a t i ona ry  engine l i f e  requirement of 50,000 hours and a l l  unnecessary auto- 
motive accessor ies  and a u x i l i a r i e s  were removed o r  tmdif ied t o  match the  sta- 
t ionary engibe requirenents .  Af t e r  eva lua t ion  of t he  downrated version,  t h e  
automotive-derivcd engine w a s  optimized exc lus ive ly  f o r  t he  s t a t i ona ry  appl i -  
ca t ion  t o  eva lua te  performance po ten t i a l .  Changes were l imi ted  t o  those com- 
ponents which could be incorporated without i n t e r f e r i n g  o r  in f luenc ing  t h e  major 
components i n  the  RESD production l i ne .  The ob jec t ive  w a s  t o  eva lua te  t h e  per- 
formance of a s t a t i ona ry  engine t h a t  i n  essence could be "pulled" from an  auto- 
motive production l i n e  without s p e c i a l  production o r  development requiyements. 

To determine the  impact on design and performance of a higher  output power, a 
400 kW optimized kinematic engine was developed t o  achieve peak e f f i c i ency  and 
w a s  not constrained by t h e  RESD production c r i t e r i a .  These engines were evalu- 
a ted  with both hydrogen and helium a s  t he  engine working f l u i d  and a l s o  a l t e r n a t e  
component ma te r i a l s  were considered. 

S imi la r iy ,  f ree-pis ton S t i r l i n g  engines (FPSE) incorporat ing a hydraul ic  f l u i d  
output were designed t o  match the power output  of the optimized s t a t i ona ry  
kinematic engine counterparts .  Here the  working gas was helium and no var ia -  
t i ons  i n  mater ia l  were included. The 37.5 kU and 400 kU engines were sca led  
from the 37.5 kW kinematic optimized engine. 

The complete matr ix of engine designs is summarized i n  Table 1. It should be 
noted, a l l  the desigcs u t i l i z e d  the same a n a l y t i c a l  codes and have the equiv- 
a l e n t  mechanical design background. Except f o r  the  base l ine  automotfve-derived 
kinematic engine, the designs contained i n  t h i s  study a r e  c l a s s i f i e d  a s  coa- 
ceptual  configurat ions requi r ing  f u r t h e r  de t a i l ed  ana lys i s  and development t e s t  
v e r i f i c a t i o n .  



TABLE 1 -- 
Suamrazy OF Stationary Stirling Engines 

Task 

Indicated Power 
(Size) 

Brake Power 
(Class) 

Sect ion 

Bas is 

Heater Tube 
Material 

Cylinder 
Mate rial  

r I 

1 2 
. 

Kinematic Kinematic 

i i 

t 1 

37.5 kW 500.0 kW 
L 

30.0 kW 400.0 kW 
L 

t 
I 

1 
2.2 2.3 I 3.0 

Sandvik IN-625 U-700 IN-625 IN-625 

, 

3 

Hydraulic 
Free 

Piston 

37.5 kW 

I 
30.0 kW 

4.0 

I 
1 

Hydraulic 

Piston 

, 

Working Gas 

Conceptual 

Jrake Efficiency 
Percent 35.5 / l l l l l l  33.9 38.4 36.8 45.6 42.4 40.5 

. A 



2.0 40 kW KINEMATIC STIRLING ENGINE 

2.1 Introduct ion - 
Task 1 wi th in  t h i s  Section eva lua tes  t he  f e a s i b i l i t y  of adapt ing au tomt ive -  
der ived S t i r l i n g  engines with kinematic output  d r i v e s  t o  s t a t i o n a r y  appl i-  
ca t ions  i n  t he  40 kW power c l a s s .  Tuo engines a r e  considered: automotive- 
der ived with minor ex t e rna l  modif icat ions only and an  optimum conf igura t ion  
with l imi ted  engine geometry and ma te r i a l  modifications.  I n  both cases  t he  
performance inf luences  of w i n g  e i t h e r  hydrogen o r  helium gas as a working 
f l u i d  a r e  discussed. 

2.2 37.5 kW Reference Engine (Baseline Engine) 

2.2.1 Des ign Approach 

This  engine is a d i r e c t  app l i ca t ion  of the  Automotive S t i r l i n g  Reference Engine 
designed and developed under t h e  D.O.E. Development Contract (DEN 3-32). To 
achieve high l i f e  requirements, t h e  automtlve-derived engine w a s  derated wi th  
only minor component changes. Addit ional ly,  t h i s  approach has a lower cos t  
p o t e n t i a l  by maint.aining p a r t s  componality with a mature engine which o f f e r s ,  
i n  tu rn ,  an a v a i l a b l e  production source. The Automotive Reference Engine 
System (RESD) design is shown i n  Figure 2.2.1 and, f o r  t h e  s t a t i o n a r y  appl i -  
ca t ion ,  has no i n t e r n a l  engine design changes. Only the  a c t u a l  engine s teady  
s t a t e  opera t ing  condit ions of temperature, pressure,  and rpm w i l l  be derated 
t o  extend the  automotive engine design l i f e  of 3500 hours (simulated automotive 
duty cycle)  t o  a 50,000-hour s t a t i o n a r y  engine l i f e  ( s ing le  po in t ,  s teady s t a t e ) .  
Under these  condit ions,  an extension of the  design parameters of  creep l i f e  i n  
t h e  hot engine p a r t s  and a reduct ion i n  wear i n  t h e  s e a l  a r e a  are se l ec t ed  as 
the  primary c r i t e r i a .  Fatigue w a s  not a prime considerat ion,  due t o  t he  re- 
duced d a i l y  s t a r t - s t o p  occurrences i n  t he  s t a t i o n a r y  app l i ca t ion ,  a s  compar,=*: 
with the  3500-hour l i f e  of t he  automotive engine. The complete automotive 
engine performance and design is contained i n  the  "Automotive S t i r l i n g  Reference 
Engine Design Report" Reference 1. 

The Automotiv? Reference Engine provides 60 kW brake output power a t  a maximum 
speed of 4010 rprn and a mean Dressure of 15 MPa. To achieve ~aximum mileage, t h e  
peak brake c , ff ic iency of 43.5 Dercent is reached a t  the  part-power condit ion 
of 22.1 kW, 1100 rpm, 15 MPa. 

By the d i r e c t  i n t e r r e l a t i o n s h i p  of engine weight and volume with vehic le  drag  
and weight, automotive engine i n s t a l l a t i o n s  tend t o  c0nstrai.n t he  engine s i z e  
and demand high power densi ty .  These i i m i t a t i o n s  can be relaxed i n  the sta- 
t ionary engine i n s t a l l a t i o n  wherevzr op t iona l  o r  performance ga ins  can be 
rea l ized .  Design changes a r e  proposed, t he re fo re ,  t o  the  base Reference En- 
gine i n  the ex t e rna l  heat ing system t o  take advantage of t h i s  condi t ion.  

While the study includes t h e  inf luence of hydrogen and helium a s  working gases ,  
the f i n a l  s e l e c t i o n  w i l l  depend upon the engine app l i ca t ion  and performance 
objec t ives .  An ana lys i s  of a l l  poss ib le  working gases shows t h a t  hydrogen and 
helium a r e  b e t t e r  than any o the r  gas f o r  t he  S t i r l i n g  Engine. Hydrogen has t he  
highest  thermal conduct ivi ty  and the  lowest v i scos i ty ,  which a r e  t he  key charac- 
t e r i s t i c s  fo r  tile e f f i c i e n t  S t i r l i n g  cycle.  But, hydrogen permeates e a s i l y  
through metal and can degrade mater ia l  p rope r t i e s  through embritt lement.  Also, 
highly e f f e c t i v e  sea l ing  designs a r e  required t o  diminish the p o t e n t i a l  f o r  
leakage of t h i s  gas. On the o t h e r  hand, helium, with twice the  molecular weight,  
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can be  con ta ined  more r e a d i l y .  I t s  thermal  c o n d u c t i v i t y  is almost as good as 
hydrogen, but  its v i s c o s i t y  is twice  as h igh ,  which r e s u l t s  i n  h i g h e r  f low 
l o s s e s  and l o s s  i n  e f f i c i e n c y .  I t  fo l lows ,  t h e r e f o r e ,  t h a t  a n  eng ine  des igned 
to run wi th  hvdrogen as a working g a s  runs  poor ly  w i t h  helium as a d i r e c t -  
s u b s t i t u t e  working gas .  But, t o  minimize t h e s e  i n f l u e n c e s ,  each d e s i g n  was 
opt imized e x c l u s i v ~ l y  wi th  t h e  s e l e c t e d  workJng gas .  

2 . 2 . 2  Cyl inder  and Heater  Tube L i f e  

The primary l i f e - l i m i t e d  components on t h e  Automotive Reference  Engine shown 
i n  F igure  2.1-1 a r e  t h e  p i s t o n  c y l i n d e r  housing and t h e  h e a t e r  t u 3 z  network. Usinp 
t h e  e x i s t i n g  m e t e r i a l s  and des ign  of t h i s  eng ine ,  t h e  r e q u i r e d  l f m i t i n g  oper-  
a t i n g  parameters  were determined t o  extend t h e  3500-hour automot ive  l i f e  t o  
50,000 hours .  With s t r e n g t h  p r o p e r t i e s  o f  t h e  c y l i n d e r  m a t e r i a l  o f  XF818 a t  t h e  
1 percen t  c r e e p  s t r e n g t h  f o r  s e l e c t e d  meta l  t empera tu res ,  t h e  i i m i t i n g  charge  
p r e s s u r e s  were c a l c u l a t e d  and p resen ted  i n  Table  2-2-10 

The s t r e n g t h  and stress of t h e  Multimet N-155 ( o r  12RN72) h e a t e r  t u b e s  were 
checked a t  t h e  g iven d e r a t e d  p r e s s u r e ,  t empera tu re ,  and r o t a t i o n a l  speed con- 
d i t i o n s  us ing  t h e  Larson-Miller  parameter f o r  t h i s  material at 50,000 hours  
l i f e .  M a t e r i a l  p r o p e r t i e s  were t aken  i n  p a r t  from Reference 2. The c r i t e r i a  
of  accep tance  was t h e  s a f e t y  f a c t o r ,  which must e q u a l  o r  exceed t h e  ex i s t . ing  
Automotive Reference Engine va lue  of 1 .65 a t  i ts average  o p e r a t i n g  p o i n t .  

2 . 2 . 3  S e a l  LifeIEngine  Speed - -- 

Engine o p e r a t i n g  speed and o p e r a t i n g  environment have a d i r e c t  i n f l u e n c e  on seal 
i i f c  i n  t h e  Automotive Reference System Design (RESD) and a p p l y i n g  t h e  d u r a b i l i t y  
r e l a t i o n s h i p  of p i s t o n  speed t o  s t r o k e  imposed i n  Reference 3 t o  meet 50,000 
tlours of l i f e ,  t h e  maximum RESD r o t a t i o n a l  speed o f  4000 rpm should  be reduced 
t o  2200 rprn f o r  t h e  automotive-derived s t a t i o n a r y  engine .  The v a r i a t i o n  of  
power and e f f i c i e n c y  wi th  rpm a t  t h e  comparable p r e s s u r e  and c y l i n d e r  temper- 
a t u r e  f o r  t h e  l i f e  r r i t e r i a  is shown i n  Figure  2.2-2. E s s e n t i a l l y  any rprn below 
2200 rpm can h e  s e l e c t e d ,  but  c o n s t a n t  speed o p e r a t i o n  below 2200 rpm on a 
f ixed  s i z e  engine  r e s ~ r l t s  i n  e x c e s s i v e  power d e r a t i n g ,  c a u s i n g  u n a t t r a c t i v e  
power t o  weight and volume r a t i o s .  To provide  d i r e c t  d r i v e  c a p a b i l i t y  wi th  
three-phase  e l e c t r i c  g e n e r a t o r s ,  t h e  s e l e c t e d  o p e r a t i n g  speed f o r  t h i s  s tudy  
was s e t  a t  1800 rpm, s e t t i n g  t h e  power c l a s s  a t  an  i n d i c a t e d  l e v e l  of 37.5 
k i l o w a t t s .  

2 . 2  S e l e c t i o n  of Design Point  and Opera t ing  Condi t ions  --- 

A t  ttie s e l e c t e d  rpm and l i f e  c r i t e r i a ,  t h e  v a r i a t i o n s  of power and e f f i c i e n c y  
wi th  c y l i n d e r  head temperature  and p r e s s u r e  a r e  p l o t t e d  i n  Figure  2 . 2 - 3 .  A s  i l l u s -  
t r a t e d ,  t h e  near-maximum brake e f f i c i e n c y  f o r  t h e  least c v l i n d e r  temperature  
(1+b4Q°C)  occurs  a t  t h e  i n d i c a t e d  power around 40 kW, where t h e  l i m i t i n g  c y l i n d e r  I 

p r e s s u r e  reads  123 ba r .  Th i s  c o n d i t i o n  was s e l e c t e d  a s  t h e  d e s i g n  p o i n t  f o r  
cornpar i sons  wi th  o t h e r  con£ i g u r a t  ions  and is sunnnarizetl a s  fo l lows  : 

1300 rprn 

bbq°C: t iea ter  tube  temperature  

3 7 . 5  kW i n d i c a t e d  power 

b 4 W :  c v l  indcr  temperature  

1 2 3  bar  charge  p r e s s u r e  

hydrogen a s  t h e  working f l u i d  





L 

Pist on 
Speed Limitation* 

- 

Creep  L i f e  50,000 Hrs. 
P r e s s u r e  

Cylinder Temperature 649°C 
Heater Tube Temperature 669°C 
Cooler Temperature 
Working Gas 

Fig. 2 . 2 - 2  Performance of Autoinotive Reference Engine  - 
Variable RPM, Fixed  Temperature 

8 
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- Indicated Cycle Efficiency 

Indicated Power 

- 

- 

- 
t 

Creep Life 50,000 Hrs. 
Constraints 

Material XF818 - Working Gas H2 
Cooler Temperature 57°C 
Speed 1800 rpm 
I J 

Point 

Cylinder Head Temperature ("C) 
UI ln 

F i g .  2.2-3 Performance of Automotive Reference Engine - 
Fixed RPM, Variable Temperature 

9 



P c r f o t u n c c .  Lor Hz and He vork ing  f l u i d s  are c o q a t e d  i n  T r b l e  2-2-2. A t  coartant 
tube temperature and f i x e d  g e o r t r y ,  t h e  i n t r o d u c t i o n  o f  helium u a v o r k i n e  SU 
r e a u l t s  i n  about a 5 percent  1008 i n  brake power and a d r o p  o f  about  1.6 to 2.0 
percentage p o i n t s  i n  brake af f i c i*my.  

2 . 2 . 5  - Auxi l i a ry  Loads 

Auxi l iary  coaponenta a r e  s u p p o r t i v e  systems necessa ry  f o r  t h e  complete o p e r a t i o n  
of Lhe S t i r l i n g  engine.  Although t h e  i r t e g r ~ t e d  system d e s i g n  o f  t h e  a u x i l i a t i e a  
m d  c o n t r o l s  f o r  s t a t i o n a r y  a p p l i c a t t o n r  a r e  o u t s i d e  t h e  scope o f  t h i o  report, 
t h e i r  a c t u a l  load requirements are included i n  t h e  pet fot r r rncc  q u o t a t i o n s .  Cer- 
t a i n  v e h i c l e  a u x i l i a r i e s  are not a p p l i c a b l e  to t h e  s t a t i o n a r y  i n s t a l l a t i o n s ,  thuc 
providing small g a i n s  i n  er:lne o u t p u t  power and e f f i c i e n c y .  Table  2.2-3 s u t  
a r r i z e z  t h e  a u x i l i a r y  r a q u i r e w n t s  of t h e  A u t w t i v e  Reference Engine and thoae  
:cquirzd f o r  t h e  r t r t i o n a r y  eng ine  system. Car a c c c s a o r i e s  such as t h e  s t e e r i n g  
and brake punpa are c l imina tcd ,  and a l s o  t h e  v a r i a t o r  d r i v e  s y s c e a  f o r  tire COI- 

b r ~ a t o r  a i r  h lover  can be reroved f o r  t h i s  a p p l i c a t i o n .  The d e r a t e d  engine allour 
r e s t z i n g  of t h e  m r k i n g  gas  conpresaor ,  a i r  blower, and alternator. Cooling and 
l u h r i c e t i n g  s y s t e m  would be unchanged. F i p t r e  2.2-4 t1 ;us t ra tes  t h e  modified 
a u x i l i a r y  i n s t a l l a t i o n  f o r  t h e  s t a t ionr r rv  engine when viewed from t h e  f r o n t .  

2.2.b Prct ier ter  and Combustor &va lua t ion  and O p t l a i t a t i o n  -- 
The o r i g i n a l  autolroti\-e engine e x t e r n a l  h e a t i n g  system des ign  was reviewed t o  
d c t ~ n n t n e  i f  i m p r o v e ~ n t s  con he ~ d e  e x c l u s i v e l v  f o r  t h e  s t a t i o n a r y  power system. 
Th ts  svstem inc ludes  t h e  p ruhea te r ,  duc t ing ,  exhaust ,  combustor, and h e a t e r  tube 
c..rmponent n and t h e  r e s u l t  lo are . i iscussed i n  t h e  f o l l o v i n p  s e c t  ions .  

2. l .O.l  -- Prehea tc r  

Wltho~rt a p rehea te r ,  e l l  t h e  h e a t  rne rgv  i n  t h e  exhaust  is l o s t  t o  t h e  a taospherc .  
A ivcl iea tc t  a l lows  recovery of p a r t  of t h i s  r e j e c t e d  hea t  bv providing a hea t  ex- 
ctrrngcr hetwc?en t h e  exhaust  gas and t h e  incoming ambient s i r .  By r a i s i n g  t h e  
tc*mperature o f  t h e  a d l e n t  a i r  p r i o r  t o  t h e  corbus t ion  p rocess  less f u e l  is re- 
quirvd t o  r a i s z  t h e  temperature up t o  t h e  des ign  o p e r a t i n g  temperature .  

Fvaltmt ton of t h e  p rehen te r  d!scloaed t h a t  t w o  a r e a s  could  be improved f o r  a 
s t a t l o n a r u  r p p l l c a t i o n  where volume, d iameter .  and he igh t  r t . sCr ic t tons  do not  
r x t s t  3s thcv do In an automobile.  The two a r e a s  a r e :  

1 .  Ked\lr*cd p ressure  drop - achiqved bv i n c t c a s i n ~  p r c h e r t c r  v o l u m .  

2 .  i;c.dt~c-t.~l t.,mdtrrt i t % i r  l o s s  - achfeved through increased i n s u l a t  !on. 

i k t ~ d t  l trig thv intier and ~ > u t e r  d iamete r s  of t h e  p r e h e a t c r  was tound to improve 
11tq.rt tratistc*r cfftctcnc-v bv a l m s t  s i x  p o i n t s  from 89 t o  89.H percen t ,  whi le  the  
a r e a  c-xpcmcd t o  c ~ u t s i d c  titvat l o s s  increased onlv  30 pe rcen t .  Therefore ,  u l a r g e  
rrt.11~-atcr trr reccmmendzd f o r  t h e  s t a t  i o n r w  engine app l  :cat ion.  I 

Tl~rce  a r c a s  ware reviewed f o r  p o s s i b l h  improvement f o r  t h e  A u t o m t i v c  Reference 
Engine 111 t l ~ *  - i t . i t i t~riaru : r r ~ p l i c a t i o n .  c:onstdcratton f o r  c o m p a t t h t l i t v  wi th  
. * x i  st ttig p to . i .~ct  ion p a r t s  was included in  conjunct  ion w i t h  t h e  d e s i r e  f o r  low 
aSos t tmpnc.t ~.li.sngt~?i . 



TABLE 2.2-2 

REFERENCE ENGINE MODIFIED AND DOSRSRATED RM 50.000-HOUR LIFE 

Sec t  ion 

Engine Tvpe 

Working Fluid 

Teaperatwe Heater Tube 

Temperature Cylinder 

Temperature Cooler 

Pressure 

Speed 

Displacement Engine 

No. of Cylinders 

Indicated Power 

Auxi l iary  Power 

Drive Power 

Brake P w e r  

Indicated E f f i c i e n c y  

Comhustion E f f i c i e n c y  

Brake Ef f L C  iency 

Heater Tube Matzrial  

Cylinder Material 

Heat Input 

s f c  

Torque 

Bar 



TABLE 2.2-3 

Al~XI1.IARY COHPONENTS AND POWER REQUIREMENTS AT BASELINE ENGINE OPERATING POINT 

Eliminateci 

- Variator Drive Svster for Combustion Air Blower 

Optimized 

- Uork inq Gas Compressor (Electrically Activated) 

- Combustion Air Blower (Fixed Ratio Drive) 

- Alternator 

Unchanged 

- Cooling System: 

Ir'ater Pump 

Radiator Fan 

- Lubrication Pump 

Operating Point 

- 123 Bar 

- 1800 rpm Spced 





The e f f o r t  explored: 

Comburntor loading 

Cdmbuetor dynamics 

a Heater tubes hea t  t r a n s f e r  

Combustor volu#, loading f o r  t h e  e x i s t i n g  automotive RESD engine is a l ready  
r e l a t i v e l y  low when compared t o  recupera t ive  s n l l  gas t u rb ine  engine car- 
bus tors ,  t he re fo re ,  no change is proposed f o r  t he  s t a t i o n a r y  engine appl ica t ion .  

In  t he  eva lua t ion  of t he  gas  dynamics through the  combustor t o  t h e  heat  tubes 
i n  t h e  e x i s t i n g  RESD engine, a recontoured combustor using a ceramic material 
t o  con t ro l  d i f f u s i o n  r a t i o  would be recorarended. 

Heat t r a n s f e r  was ca l cu l a t ed  f o r  a t y p i c a l  automotive RESD combustor t o  de- 
termine t h e  e f f e c t  of a skewed i n l e t  ve loc i ty  p r o f i l e .  A f l a t  p r o f i l e  e n t e r i n g  
the  hea t e r  tubes  was campared t o  one i n  which var ious  flow rates were concen- 
t r a t e d  ac ros s  50 percent of  t h e  tube area. The ne t  e f f e c t ,  shown i n  Table 2.2-4 
f o r  t he  f i r s t  row of tubes only,  was a reduct ion i n  hea t  t r a n s f e r  of 21.4 percent  
a t  low power and 26 percent a t  high power. It c a n b e  assumed t h a t  some of t h i s  
heat would be recovered by t h e  seccnd h e a t e r  tube row and a l s o  by t h e  preheater .  
With t he  volume r e s t r i c t i o n s  of t h e  automotive S t i r l i n g  combustor, it is issumed 
the  s t a t i o n a r y  app l i ca t i on  w i l l  a l low a design g iv ing  uniform ve loc i ty  r e s u l t i n g  
i n  performance gains  by improved aerodynamic matching. F u r t h e m r e ,  i f  ti ~ s e  
improved designs r e s u l t  i n  s h o r t e r  h e a t e r  tubee t he re  is a n  added e f f i c i e ~ c y  
advantage by reducing dead .volum~ and f r i c t i o n  l o s s .  

The r e s u l t s  o f  t h e  est imated hea t  system a n a l y s i s  f o r  t h e  s t a t i o n a r y  eng1i.e com- 
bus tor  is  i l l u s t r a t e d  i n  Figure 2.2-5 and s h o w  tuo  major design changes: 

a An enlarged preheater  with e x t r a  i n s u l a t i o n  t o  recover more 
heat  from the  combustor exhaust.  

A recontoured combustor using a ceramic ma te r i a l  t o  con t ro l  
d i f f u s i o n  r a t i o  and unify t he  ve loc i ty  d i s t r i b u t i o n  around 
t h e  hea t e r  tubes.  

2 . 2 . 7  Performance Map Generation 

By use of an tlTI performance pred ic t ion  code, descr ibed i n  Appendix A, a family 
of ind ica ted  power, cyc le  e f f i c i e n c y ,  and cy l inder  l i f e  t r ends  a s  a func t ion  of 
charge pressure (Figures 2.2-6 t o  2.2-11) were developed a t  t h e  following ope ra t i ng  
condi t ions:  

Cylinder Heat Temperature: 5 3 8 ' ~  649 '~  760 '~  

Heater Tube Temperature: 558 '~ 669 '~  780'~ 

Cooler Temperature: 2 7 ' ~  57Oc 8 7 ' ~  



TABLE 2.2-4 - 

Low Power 

Intermediate 

High Power 

EFFECT OF FLOW DISTRIBUTION OK HEATER SYSTEM PERFORMANCE -- 

Mass 

Flow 

Rate (g /s)  

Skewed Flow Condition Concentrated Flow 
Condition 

2 /3  Flow for  L/2 A l l  Flow for  ~ / 2  

113 Flow for LIZ No Flow for  L / 2  

Percent Heat Transfer Percent Heat Transfer 
Loss Due t o  Flow Skew Loss Due t o  Flow Skew 

Negl ig ib le  

1 .5% 

2.0% 
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Efficiency 
Cooler @ 27°C 

Life Greater Than 
Heater Tube Temperature 5 5 8 O C  

Charge Pressure (bar) 

l l  ln 

Fig. 2 . 2 - 6  H2 Reference Engine, Indicated Power and Cycle Efficiency vs  
Charge Pressure, Cylinder Temperature = 5380C 



Point 

Cylinder Life - Hnurs 

Efficiency 

30 60 90 120 150 
Charge Pressure (bar) W1131 

i .  . 2 - 7  112 H t > I t - r t > r ~ c ~  Engines. Indicated Power and C v c l e  Efficiency vs 
f'!lar):~, ~ ' T ~ ~ S S U ~ Z .  t. 4 1  i n d c r  Temperature = h 4 9 O ~  



Cylinder Life - Hours 

Charge Pressure (bar) 
MI 1?4 

Fiy. 2.:-I) HZ Reference Engine. Tndieated  Power and Cycle Efficiency vs 
Charge Pressure, Cylinder Temperature = 7 6 0 ~ ~  



Efficiency 
I 

Cylinder 760°C 2 

I 
Cooler I.D. Temperature 27°C 
sped 1800 rpm 

Charge Pressure (bar) 

F i g .  1 . 2 - 9  H2 Reference Engine, Indicated Power and Cvcle Efficiency v s  
Charge Pressure, Cooler Temperature = 2 7 O C  



Efficiency 

t 

Cooler I.D. Temperature 57°C 
Speed 1800 rpm 

Charge Pressure (bar) 
Yl717 

t i .  2 . 2  1 H? Reference Engine, Indfcated  Power and Clvcle Efficiency vs 
Charge Pressure , Cooler Temperat:ure = 5 7 O ~  
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Efficiency 

Cylinder 760°C 

Cooler I.D. Temperature 87°C 
Speed 1800 rpm 

Charge Pressure (bar) 
a1 l f l  

Fig. 2 . 2 - 1 1  Hz Reference Engine, Indicated Power and Cycle Efficiency vs 
Charge Pressure, Cooler Temperature = 870C 



These maps (F igures  2.2-6 t o  2.2-11) show t h e  s e n s i t i v i t y  o f  power and e f f i c i e n c y  
t o  h e a t e r  and c o o l e r  temperature  v a r i a t i o n s  and permit  system s t u d i e s  t o  aasess 
t h e  performance of t h e  Automotive Reference Engine a t  v a r i o u s  o p e r a t i n g  con- 
d i t i o n s .  These curves  were generated us ing hydrogen as t h e  working gas  on ly .  
I n  Figure  2.2-6 t h e  50,000-hour c r e e p  l i f e  criteria is exceeded whereas t h e  
c y l i n d e r  l i f e  3-s d i sp layed  i n  F igures  2.2-7 and 2.2-8 a t  h i g h e r  set temperatures  
as a f u n c t i o n  of charge p ressure .  Figure  2.2-7 h i g h l i g h t s  t h e  base  d e s i g n  p o i n t  
a t  123 b a r ,  6490C c y l i n d e r  temperature .  By conpar ison,  F igure  2.2-8 i l l u s t r a t e r  
g a i n s  i n  e f f l i i e n c y  a t  t h e  h i g h e r  c y l i n d e r  temperature ,  b u t  wi th  c o n s i d e r a b l e  
l o s s  i n  l i f e .  

The ASE Reference Engine was downrated t o  meet t h e  50,000-hour c reep  l i f e  c r i t e r i a .  

Improvements i n  t h e  e x t e r n a l  system a r e  p o s s i b l e  due t o  t h e  l e s s e r  volume con- 
s t r a i n t s  i n  t h e  s t a t i o n a r y  a p p l i c a t i o n .  

The engine produced 30.6 kW brake ou tpu t  power a t  a  brake e f f i c i e n c y  of 35.5 per- 
c e n t  us ing  hydrogen as a  working gas .  I f  helium is s e l e c t e d  as a working gas ,  
brake power is 28.8 kW a t  a brake e f f i c i e n c y  of 33.9 percen t .  

2.3 Optimized Reference Engine 

2.3.1 I n t  roduct Jon 

I n  t h e  previous  s e c t i o n ,  t h e  d i r e c t  use 9f t h e  ASE Reference Engine f o r  s t a t i o n a r y  
engine a p p l i c a t i o n  was explored.  I t  determined t h e  use of t h e  Reference Engine 
a t  a d e r a t e ~  o p e r a t i n q  po in t  was f e a s i b l e .  

I n  t h i s  s e c t i o n ,  t h e  requirement f o r  " d i r e c t  s u b s t i t u t i o n "  is  re laxed  t o  a l l o w  
changes i n  m a t e r i a l s  and engine dimensions. The engine,  i n  e f f e c t ,  becomes a 
ta i lo rec i  "Reference Engine" f o r  t h e  s t a t i o n a r y  a p p l i c a t i o n .  The o p t i m i z a t i o n  
procedvre is l i n i t e d  t o  t h e  upper end of t h e  engine and c o n s i d e r s  only  t h e  par-  

zula: component dimensions r a t h e r  than b a s i c  s t r u c t u r e .  The lower d r i v e  end 
-anl.csse, c r a n k s h a f t ,  e t c . )  is not  changed. The engine speed (1803 rpm) and 
s i p n  l i f e  (50,000 hours)  a r e  he ld  flsed. 

The  philosophy t o  r e t a i n  maximum commonality wi th  t h e  automobil. productic:r ,lard- 
wpre is s t i l l  maintained.  

2 . 3 . 2  Conceptual Design - 

Because of t h e  need t o  o p e r a t e  wi th  the  same engine d r i v e ,  major m d i f  i c a t i o n s  
of the  engine dimensions w a s  not  p r a c t i c a l .  The p i s t o n  diameter  was allowed t o  
vary only  by a  l i m i t e d  e x t e n t  due t o  d r i v e  geometric acd c o n s t r u c t u r a l  con- 
s t r a i n t s .  Th i s  provides  a l s o  common block c a s t i n g s  wi th  t h e  Automotive Reference 
Engine. The l a y o u t ,  which resemble.; c l o s e l y  t h e  b a s e l i n e  engine,  is shown i n  
i, rgure 2.3-1. 

The p resen t  ASE Reference Engine s e l e c t s  Climax Molybdenum XF818 f o r  t h e  c y l i n d e r  
and r e g e n e r a t o r  housings.  ?'he seamless h e a t e r  head tubes  a r e  drawn from Sandvik 
13KN72 ( a n  i ron-based z l l o y ) .  For the  optimum Reference Engine these  m a t e r i a l s  
were replaced wi th  Tnconel-625, w h i c h  is a nickel-based a l l o y  wi th  b e t t e r  c reep  
rup turc  p r o p e r t i e s  than t h e  S a n d v i k  12RN72. Inconel-713LC replaced t h e  o r i g i n a l  



Fig. 2 . 3 - 1  Opt imtrrn E ~ ~ g i n e  - Cross Sect i o n  



XF818 used i n  t h e  regenera to r  and c y l i n d e r  c a s t i n g s .  These m a t e r i a l  changes 
allowed o p e r a t i o n  a t  h igher  working g a s  temperatures  g iv ing  b e t t e r  o v e r a l l  
engine  e f f i c i e n c y  . 
2.3.3 Cycle Analysis  and Opt imizat ion 

With t h e  l i f e ,  power, speed,  and lower end s e l e c t e d  i n  S e c t i o n  2.2 on t h e  d e r a t e d  
Reference Engine, t h e  c y c l e  o p t t m i t a t i o n  e f f o r t  concen t ra ted  on op t imiz ing  com- 
ponent s i z e s  and materials. 

A ccmparison o f  r e f e r e n c e  and opt imized eng ine  h o t  s i d e  mate:ials is given i n  
Table 2.3-I-, where a g a i n  t h e  Larson-Miller parameter was u t i l i z e d  as a q u a l i -  
t a t i v e  t o o l  f o r  each m a t e r i a l .  

With t h e  materials chosen, an i t e r a t i v e  s t u d y  w a s  conducted t o  determine t h e  
h ighes t  e f f i c i e n c y  f o r  v a r i a t i a n s  i n  charge  p ressure ,  c y l i n d e r  temperature ,  and 
p i s t o n  diame'ers. Figure  2.3-2 summerizes t h e s e  r e s u l t s .  The s e n s i t i v i t y  of 
e f f i c i e n c y  t o  temperature,  punping, and conduction l o s s e s  a t  h i g h e r  p r e s s u r e  re- 
s u l t  i n  a maxilaan e f f i c i e n c y  around 7000C. The corresponding v a r i a t i o n  i n  p i s t o n  
diameter  is a l s o  i l l u s t r a t e d  i n  Figure  2.3-2 and,  wi th  c o n s i d e r a t i o n  o f  keeping 
t h e  o v e r a l l  block dimensions t h e  same, t h e  o v e r a l l  o p t i m i z a t i o n  p o i n t  vas se- 
l e c t e d  t o  be: 

a 1800 rpm 

a 100 b a r  charge p r e s s u r e  

r 724O h e a t e r  head temperature  

37.5 kW i n d i c a t e d  power . 704' c y l i n d e r  temperature  

hydrogen a s  t h e  working g a s  

Helium gas  was s u b s t i t u t e d  f o r  hydrogon i n  t h i s  op t imiza t ion  e f f o r t  and a g a i n  
c e r t a i n  dimensions were al lowed t o  vary.  The r e s u l t s  of both hydrogen and 
helium o p t i m i z a t i o n s  on component dimensions are given i n  Table 2.3-2. 

The o v e r a l l  performance of both  hydrogen and helium eng ines  at 100 ~ a r  oper- 
a t i n g  pressrvre is shown i n  F igure  2.3-3.  Table  2.3-3 summarizes t h e  performance 
d i f f e r e n c e  of a 1 . 7  p o i n t  e f f i c i e n c y  l o s s  a t  cons tan t  power i f  t h e  hydrogen 
working f l u i d  is replaced by t h e  helium and t h e  engine reoptimized.  

2.3.4 - Enkine Component Evaluat ion and Opt imizat ion 

S t r u c t u r a l l y  t h e  h e a t e r  head was s a t i s f a c t o r y  wi th  i ts o r i g i n a l  dimensions and 
t h e  main change i n  t h i s  a r e a  was t h e  s e l e c t i o n  of t h e  Inconel-625 tube material 
i n  p lace  of t h e  Sandvik 12KN72, r e s u l t i n g  i n  a small r e d u c t i o n  i n  tube o u t e r  
d iameter .  

The combustor and p r e h e a t e r  improvements incorpora ted  i n  t h e  Reference Engine 
(Sec t ion  2 . 2 )  were included i n  t h e  optimum engine.  

Xegenerator dimensions were changed as i n d i c a t e d  i n  Table 2.3-2 and c o o l e r  dimen- 
s i o n s  rema ined unchanged. 

2 5 



TABLE 2.3-1 

Component 

MATERIAL CHANCES FOR OPTIMUM ENGINE 

Heater Tubes 

Cyl inder Wall 

Regenerator Housing 

Reference Engine 

Sandvik 12RN72 

XF818 

XF818 

Optimum Engine 



l rcvlinder Temperature 

Indicated Power 37.5 kW 
W4dngG.r  H2 
sp.rd 1800 rpm 
Mat& 

Cylinder 713LC 
Heater Tube UUtW 

Selected 

Point 

Reference Engine - 

P i t o n  ~ i a m e i e r  

Charge Pressure (bar) 

F ~ R .  2 . ; - 2  Charge Pressure, Piston Diameter, 
Efficiency Combinations 
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ORlGlNf3L PLY. :S 
OF POOR QUALITY 

y HZ Power 

rHe  Power 

\ L HI Efficiency 

I Efficiency 

Selected 

Point 

Heater Tube Temperature 724'C 

Reuun 100 bar 
1800 rprn 

Engine Speed (rpm) 
801761 

F i s .  2 . 3 - 3  T h r  Influence of Working Gas on Optimum Engine Performance 
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TABLE 2.3-3 

H /He OPTIMIZATION - 

Engine Optimized for Both Gases 

Same Operating Point (704'~, 100 bar, 1800 rpm) 

Differences Found: 
H2 He A Change 

Cycle Efficiency ( X )  50.70 48.52 -2 .2  

Indicated Power (kW) 37.50 37.50 0 

Brake Power (kW) 31.56 31.56 0 

Brake Efficiency ( X )  38.44 36.75 -1.7 



The optimized engine required less power t o  overcome f r i c t i o n  and a u x i l i a r y  
loads due to :  

lower opera t ing  pressure  - reduced from 123 t o  100 bar  

redesigned water pump 

The impact is surm~arized i n  Table 2.3-4 where a u x i l i a r y  and f r i c t i o n  loads  are 
reduced from 6.88 t o  5.95 kW (a 13.5 percent reduct ion) .  

2.3.5 Performrace Hop Generation 

Performance maps (Figures 2.3-4 t o  2.3-9) were generated f o r  t h e  helium gas 
vers ion of t he  engine. The se l ec t ed  range of hea t e r  and coo le r  temperatures 
is given i n  Table 2.3-5. 

The ind ica ted  torque c h a r a c t e r i s t i c s  of  t he  two optimized engines  and t h e  Re- 
ference Engine are given i n  Figure2.3-10. The corresponding brake torques 
a r e  shown a t  1800 rpm. 

2.3.6 Summary 

The ASE Reference Engine has been downrated f o r  u t i l i z a t i o n  i n  a long- l i fe  
(50,000 hours) s t a t i ona ry  engine app l i ca t i on  and a second conf igura t ion  w a s  
optimized using both hydrogen and helium working f l u i d s .  A slnm~ery of t he  oper- 
a t i n g  and performance parameters of the  four  engines  is given i n  Table 2.3-6, 
and shows the  optimized engine is approximately t h r ee  po in t s  higher  i n  brake 
e f f i c i ency  f o r  both hydrogen and helium gases.  The helium design imposes a two 
point e f f i c i ency  penalty over  hydrogen. A s i g n i f i c a n t  por t ion  of t he  e f f i c i e n c y  
improvement i n  the  optimized engine is due t o  reduced f r i c t i o n a l  d r i v e  losses .  
A s  a gu ide l ine  on the  impact of e f f i c i ency  gains ,  a p l o t  of f u e l  consumed as a 
funct ion of  e f f i c i ency  has been prepared. Figure 2.3-11 i l l u s t r a t e s  a t h r e e  
point gain i n  optimizing t h e  engine saves 30,000 Kg of f u e l  during t h e  l i f e  cycle .  



TABLE 2.3-4 - 

E N G I N E  COMPONENTS - AUXILIARY POWER CONSUMPTION AT DESIGN POINT 

System Reference Engine Optimum Engine Explanation 

Drive F r i c t i o n  

Cooling 

Water Pump 

Fan 

Combus t o r  

Air Blower 

Atomizing 

Lube O i l  Pump 

3.8 Lower Pressure 

0.09 Optimized Geometry 

0.98 Fixed Ratio Drive 

Tota l  Power (kW) 6.88 

TABLE 2.3-5 

PERFORMANCE MAP GENERATION - OF-iMIIM -- ENGINE 

Optimized f o r  He 

Matrix of Data f o r  He N = 180e rpm 

Cylinder Head Heater Tube Cooler 
Temperature (OC) Temperature (OC) Temperature (OC) 



0RfGIfY:tL F z  b i i L  iS 
OF POOR QUALITY 

Efficiency: 
Cooler I.D. 27% 

2 

Hutn Tube Temperature 613% 
hgim Speed la00 rpm 

d 

0 I 1 I I I I 
40 60 80 100 f 20 140 

Charge ~ressur; (bar) 

I .  2 . 3 -  Opt  mum He Engine Performance 6 5 9 3 V  Cylinder Temperature 



Indicated Power (kW) or Cycle Efficiency !%) 

1 a A . . 
0 Clr N dr3 IP ul m 

Cylinder Life (hours x 10') 
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. 
Hutor Tube Temperature 836% 
EnsiM s w  1800 rpm 

v 

F i g .  3 Optimum He Ei~gfne Performance @ 8160C Cyl inder  ;'emperature 



Engine Speed 1800 rpm 

Charge pressure (bar) 

801816 

Fig. 2 . 3 - 7  Optimum Hc Engine Performance @ 27OC Cr,oler Temperature 



Efficiency: 

@ Design 

Engine Speed 1800 rpm 

I I I I I I 
40 60 80 100 120 140 

Charge pressor; (bar) 

PO1830 

F i g .  2 . 3 - 8  Optimum He Engine Performance @ 57OC Cuoler Temperature 



Efficiency: 

Engine Speed 1800 rp 

Ad-- 60 80 I 100 I 120 I 140 I 
Charge pressure (bar) 



Reference and Optimized H2 Engine 

Optimized He Engine 

*Reference He Engine 

Speed (rpm x lo3) 

Ind. 
Taak Power GU Speed Brake 

(k W) 
0 1.1 37.5 

1.1 35.7 He 152.7 
0 1.2 37.5 n2 167.2 

1.2 37.5 Ha 

Fig. 2.3-10 Indicated Torque Curve 
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Sect ion 2.2 Reference Eng 

Sect ion 2.3 Optimum 

Efficiency 

10 000 k - .+ z Slope 

ine 

Engine 

Selected  

Point 

30 kW Output 

% Brake Efficiency 

Fig. 2.3-11 Results - Effect of Brake Efficiencv 
on Fuel Consumption 



3.0 400 kW KINWTIC ENGINE (TASK 2 ENGINE) -- 
3.1 I n t r o d u c t i o n  

The o b j e c t i v e  of Task 2 was t o  develop a conceptual  des ign  f o r  a h igh-e f f i c iency  
400 kW engine which is not  burdened by p r i o r  autoarotive c o n s t r a i n t s .  Ease o f  
f a b r i c a t i o n ,  d u r a b i l i t y  and c o s t  were considered i n  t h e  s e l e c t i o n  o f  overall 
des ign,  des ign  f e a t u r e s ,  and materials. The c y c l e  o p t i m i z a t i o n  e f f o r t  i n c l u d e s  
a l t e r n a t e  h e a t e r  head r a t e r i a l s  and working f l u i d s .  

The perforreance w a s  e s t a b l i s h e d  f o r  a n  Inconel-625 h e a t e r  tube ,  hel ium gas 
engine wi th  t h e  same o p e r a t i n g  temperatures  and speed as t h e  opt imized 37.5 
kW engine ( s e e  Sec t ion  2 ) .  An alternate case ,  us ing  Cdimet-700 h e a t e r  t u b e  
m a t e r i a l s  and H2 gas ,  reached a brake e f f i c i e n c y  l e v e l  o f  45 percen t ,  t h e  
h ighes t  e f f i c i e n c y  l e v e l  achieved under t h i s  s tudy .  Primary c r e d i t  f o r  t h i s  
improvement de r ived  from a s i g n i f i c a n t  r educ t ion  i n  t h e  d r i v e  system f r i c t i o n  
losset;. 

3.2 Conceptual Layout 

The conceptual  layout  of t h e  400 kW kinemat ic  engine is based on t h e  same four-  
square ,  double-act ing (Rinia)  c o n f i p r a t i o n  as t h e  a u t m t i v e  engine.  The 
50,000-hour l i f e  and 1800 cycles /minute  speed v a l u e s  were maintained.  The lay- 
o u t  i n c a r p o r a t e s  t h r e e  improved f e a t u r e s :  t h e  va r iab le - s t roke  2-crank, c o n c e n t r i c  
regenera to rs  ( r a t h e r  than c a n i s t e r  t y p e ) ,  and i n d i v i d u a l  c y l i n d e r  head combustors 
i n  p l a c e  o f  one l a r g e  c e n t r a l  combustor. Figure  3.2-1 i l l u s t r a t e s  t h e  o v e r a l l  
e n g i ~ ~ e  l ayou t .  

3.2.1 Variable-Stroke Z-Crank 

The v a r i a b l e - s t r o k e  Z-crank is a s i g n i f i c a n t  d e p a r t u r e  from t h i  convent ional  
cranksiiaft  r r c i p r c c a l - t o - r o t a r y  m t i o n  system. X s i m p l i f i e d  schematic of t h e  
2-crank svstem iz-  shovn in Figure  3.2-2 .  While somwhat similar t o  ttie wobble 
p l a t e  system used on t h e  P h i l l i p s / F o r d  a u t o a o i i v e  engine,  t h e  2-crank avo ids  t h e  
d e f i c i e n c i e s  found i n  50th systems. 

Tt*c .--crank concept tias been under s tudy  a t  MTI f o r  s o r  t ime and a number of 
p a t e n t s  have been f l l e d .  A d e s c r i p t i o n  of its mechanical cpera t ion  can be found 
in  Reference 4. 

Adapting t h e  Z-crank tc the  400 kW s t a t i o n a r y  engine proved a t t r a c t i v e  f o r  t h e  
f o l  lowing reasons  : 

S i ~ n i f i c a r i t  ( ' ~ 5 0  percen t )  r educ t ion  i n  d r i v e  system f r i c t i o n  l o s s .  

Increased volumc.tric and ~ e o m e t r  i c  power dens it  i e s .  

El iminat ion of gears f o r  reduced n o i s e  and c o s t .  

S i m p l i f i c a t i o n  of pawer c o n t r o l s .  The f a c t  t h a t  t h e  subjec: engine 
is J constant-spct-d mactiine does not i ~ p l y  c o n s t a n t  load.  The 
v a r i a b l e - s t r o k e  f e a t u r e  a l lows power t o  be c o n t r o l l e d  a t  cons tan t  
cng inr  prt.ssurt-. Ti1 is system r e p l a c e s  ttie more complicated mean 
pressure cc~nt r o l  s y s t c a  11st-d in t h c  automot i v t  engines .  
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Balancing Plate 

Fig. 3 . 2 - 2  MTI 2-Crank Hechanism 



a Simplici ty .  Fever o v e r a l l  p a r t s  a r e  required f o r  t h i s  eyst- than  
f o r  a conventional S t i r l i n g  crankshaft system. 

3.2.2 Concentric Regenerator 

A regenerator  s t o r e s  and reclaims cyc le  hea t  as t h e  working gas rec iproca tes  
between the  engine's expansion and colnpressfon volumes. This reclaiming of 
heat i e  v i t a l  t o  t he  high e f f i c i ency  performance of t he  S t i r l i n g  engine, which 
requi res  a l a rge  tenperatwe d i f f e rence  t o  maintain a high C a t n o t  e f f i c i ency  
(Reference 4),  1.e. 

where: k = function of engine design 

TE = expansion space temperature 

TC = compression space temperature 

For the  reference and optimized engines of Sect ion 2.0, canis ter- type regen- 
e r a t o r s  were used (see Figure 2.2-1). These regenerators  c r e a t e  pressure , 

l o s se s  which result from duct ing t h e  working f l u i d  from the  quadrant design 
of t he  hea ter  head tubes t o  t h e  c i r c u l a r  can i s t e r .  

A concentr ic  regenerator  design w a s  s e l ec t ed  i n  t he  400 kW kinematic engine, 
which has t he  same heat  conduction l o s s  r a t e s  as t h e  c a n i s t e r  design, but  mini- 
mizes t he  pumpifig l o s s  and reduces dead volume. The engine design has four  
concentr ic  regenerators ,  one f o r  each c j  l i nde r .  Figurs 1.2-3 i l l u s t r a t e s  t h e  
concentr ic  regenerator  l oca t ion  r e l a t i v e  t o  o thz r  sys t en  components. 

3.2.3 I ~ d i v i d u a l  Combustors 

Design values f o r  heat t r a n s f e r  and hea t  release r a t e s  d i c t a t e d  t h a t  hea t e r  tube 
, l engths  must be sho r t .  Further ,  the  concent r ic  regenerators ,  descr ibed i n  
Section 3.2.2, requi re  t h a t  t h e  tubes be d i r ec t ed  from the  expansion space of 
the cyl inder  t o  the  regenerator.  concentr ic  t o  but a t  a l a r g e r  rad ius  than each 
cyl inder .  For t h i s  tube configurat ion,  i t  is convenient t o  use four  combustors 
of 125 kW each, one on each cy l inder  c e n t e r l i n e .  The a l t e r n a t i v e  of one c e n t r a l  
combustor r e s u l t s  i n  a geometry which makes uniform heat  d i s t r i b u t i o n  d i f f i c u l t .  
The combustor is discussed i n  d e t a i l  i n  Sect ion 3.4. 

3.3 Cycle Analysis and Optimization 

3.3.1 Optimization Swmnary 

Cycle ana lys i s  and opt imizat ion r e s u l t s  were incorporated i n t o  the conceptual 
layout.  The performance code was held t o  the  c o n s t r a i n t s  l i s t e d  i n  Table 3.3-1 
and dimensions were optimized without exceeding the  given limits. A t o t a l  of 
th ree  opt imizat ions were accomplished - a l l  with an ind ica ted  power l e v e l  of 
500 kW. Table 3.3-2 contains  t he  d i f f e r e n t  materiallworking gas combinations, 
the displacement and indicated e f f ic iency  of each engine. A dimensional com- 
parison of the th ree  optimum engines is  given i n  Table 3.3-3 and a summary of 
heat energy input ,  output ,  and e f f i c i e n c i e s  is given in  Table 3.3-4. An expla- 
nat ion of the displayed hea ter  tube mater ia l s  is given i n  t he  following Section 
3.3.2. 
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Heater Head Tube 

Direct Gas Flow Passage- 

Fig.  3 .2-3 Concentric Regenerator 



TABLE 3.3-1 

CYCLE ANALYSIS AND OPTIMIZATION 

-3e Constraints 

a Speed: I 1800 rpm 

< 
a Temperature, Heater Tube: - 800°c 

Temperature, Cooler: = 57Oc 

< 
Pressure: - 150 bar 

TABLE 3.3-2 

400 kW KINEMTIC ENGINE OPTIMIZATIONS 

Heater Tube Working Engine 3 Indicated 
Material Gas Displacement (cm ) Efficiency 

Udimet 700 Hz 4915 58.71 

Udimet 700 He 5400 54.51 

Inconel 6 2 5  He 6089 5 2 . 4  
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400 kW KIiiDIATIC ENGINE SlRIMARY - -.----------- .---- 

TASK 

~ P Q  

Working F l u i d  

Tempera ture  H e a t e r  

T e m p e r a t ~ r e  C y l i n d e r  

Tempera tu re  Coo le r  

P r e s s u r e  

Speed 

Displacement  Engine  

Number of C y l i n d e r s  

I n d i c a t e d  Power 

A u x i l i a r y  Power 

D r i v e  Power 

Brake  Power 

I n d i c a t e d  E f f i c i e n c y  

Brake  E f f i c i e n c y  

Combustion E f f i c i e n c y  

Heater Head Material 

C y l i n d e r  M a t e r i a l  

Heat ?npu t  

s f  c 

F ~ r q u e  

O C 

C 

O C 

b a r  

r pat 

cm3 

V a r i a b l e  2-Crank 

He 

8 0 0  

780 

57 

150  

1800  

5400.66 

4 

500 

35 .8  

32.2 

432 

54.51 

42.41 

90 .0  

U-700 

7 1  3-LC 

1018.8 

0 .20  

2289 
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3.3.2 Material Change - 
The o p t i m i z a t i o n  p rocess  r e q u i r e s  an i t e r a t i o n  of t h e  code r e s u l t s  u n t i l  con- 
vergence t o  a s a t i s f a c t o r y  s o l u t i o n .  Such was t h e  c a s e  when Inconel-625 ma- 
terial rep laced  Udimet-700 i n  t h e  h e a t e r  tubes .  A number o f  50,000-hour l i f e  
s o l u t i o n s  were generated based on t h e  Larson-Miller parameter f o r  t h e  Inconel-  
625 material, b u t  because Xnconel-625 has  s i g n i f i c a n t l y  d i f f e r e n t  h igh temperature  
p r o p e r t i e s  than  Udimet-700. i t  was necessary  t o  d rcp  head temperature ,  r e s u l t i n g  - 
i n  a lower i n d i c a t e d  e f f i c i e n c y .  Mul t ip le  runs  of t h e  o p t i m i z a t i o n  code were 
performed t o  minimize t h i s  decrease .  I t  should be noted Udimet-700 is consid-  
e r e d  n o t  p r a c t i c a l  f o r  t h i s  a p p l i c a t i o n ,  b u t  w a s  i~;;uded t o  show t h e  g a i n s  of 
performance a t  a h i g h e r  temperature .  

Figure  3.3-1 summarizes t h e  r e l a t i o n s h i p  of charge p r e s s u r e ,  temperature ,  f a c t o r  
of s a f e t y ,  and i n d i c a t e d  c y c l e  e f f i c i e n c y  f o r  t h e  Inconel-625 material h e a t e r  
cube v e r s i o n  o f  t h e  engine.  The I x u s  of c y c l e  e f f i c i e q c y  aclii.evable a t  t h e  
minimum s a f e t y  l i m i t  o f  1 .65 (same as S e c t i o n  2) is shown. T h l s  c h a r t  concludes  
optimum e f f i c i e n c y  o c c u r s  a t  724OC h e a t e r  t u b e  temperature  wi th  a charge p r e s s u r e  
around 120 bar  p ressure .  F igure  3.3-2 i l l u s t r a t e s  a two p o i n t  r educ t ion  i n  c y c l e  
e f f i c i e n c y  a t  1800 rpm when t h e  m a t e r i a l  was changed from Udimet-700 t o  Inconel-  
625, which r e q u i r e s  a reduc t ion  i n  o p e r a t i n g  temperature  and p r e s s u r e  t o  main- 
t a i n  50,000-hour l i f e .  

3.3.3 Working Gas Change - 
This  s tudy  was i n i t i a t z d  wi th  hydrogen (H2) working gas  and extended t o  i n c l u d e  
helium (He)  working gas  f o r  both  t h e  Udimet-700 and Inconel-625 h e a t e r  tube ma- 
t e r i a l  ve r s ions .  The impact of t h e  gas  s u b s t i t u t i o n  is i l l u s t r a t e d  i n  Figure  3.3-3, 
which i n d i c a t e s  a f o u r  p o i n t  drop i n  e f f i c i e n c y  wi th  t h e  s u b s t i t u t i o n  of working 
gas  and reop t imiza t ion .  

While performance comparisons have Seen held  a t  1800 rpm, i t  has  been demonstrated 
i n  F igures  3.3-2 and 3.3-3, g a i n s  i n  brake e f f i c i e n c y  a r e  p o s s i b l e  a t  lower rpm, 
at  t h e  l o s s  of power ou tpu t  a t  f u l l  s t r o k e .  Hovever, h igher  l o s s e s  i n  e f f i c i e n c y  
occur below 50 percen t  s t r o k e  a t  t h e  lower rpm, as desc r ibed  i n  Sec t ion  3.3.4. 

3.3.4 Var iab le  S t roke  Output and E f f i c i e n c y  

The v a r i a b l e  s t r o k e  f e a t u r e  of t h e  400 kW engine provides  a s impie r  c o n t r o l  
system than t h e  rnean p r e s s u r e  c o n t r o l  t o  modulate power a t  cons tan t  engine speed.  
A s e t  of c h a r a c t e r i s t i c s  were generated f o r  power and i n d i c a t e d  2 i f i c i e n c y  a s  a 
i u n c t i o n  o f  both speed and percent  of s t r o k e  f o r  che helium engines .  

She s t r o k e  is c o n t r o l l e d  by a h y d r a u l i c  a c t u a t o r  system incorporated i n t o  t h e  
v a r i a b l e  ang le  Z-crank des ign .  Reducing s t r o k e  t o  50 percen t  reduces power 
output  by 7n percen t ,  wi th  an advantageous e f f i c i e n c y  ga in  o f  2 p o i n t s ;  e f f i -  
c iency urops o f f  much more r a p i d l y  below 56 percen t  s t r o k e .  A rcduc t ion  t o  2 5  
percent s t r o k e  r e s u l t e d  i n  an approximate 10 po in t  drop in cyc.1 c ,  I f f i r  i c - r 1 r . 1 .  
Figures 3.3-4 and 3.3-5 i l l u s t r a t e  t h e  c h a r a c t e r  ist ic5 for  c a l f .  v.tr I . ~ i , l l  .,I. rc,L,. 
Ldimet-700 und Inconel-b25 helium eng ines ,  respc9ct ; . / : . l y .  

3.4 Engine Components Analysis  and Opt imizat ion 

t , \ c l t -  op t imiza t ion  1s performed f o r  t h e  engine i t:;r. lf ,  1 . z ~ .  i 11tl ; ; I ; ;  i : ,+ .  , , / I  1 r;l;i. 

i o 3 p c ) n c n t s  such as t h e  combustion and coo l ing  s y s t e m ! ; .  'I'll i :, ,.P, 1 : I O ~ I  . ; o w  r1.v i c  ,A 

: . i ~ e s ~ ,  :;ystcms in r e l a t i o n  t o  t h e  s p e c i f i c  requirement.; and logisiir. ac!v;,nt,l;;r::, 
: f  i scat ior .nrv  engine i n  t h e  400 kW power c l a s s .  

5 0 
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Wind- 
55 ' Hwta Tub. 

7-c Heater f ub. OmD- 
MIY ~erpcratute 80O0C 

5 4 -  

Cycle Efficiency 

50 

2.0 Minimum 

1.4 

1.2 

Charge Pressure (bar) - 
Fig .  3 . 3 - 1  Charge Presaitre, Factor of Safcty/Efficiency Combinations 



Efficiency U-700 

loo0 2000 3000 4000 

Engine Speed (rpm) 

F i g .  3 . 3 -  (:omllclrison o ;  licntcr Tuhe Material i n  a 400 kbl Engine 
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Heater Tube Temperature 800°C 
Cool.--r Te;nperatuce 

150 bar 

Engine Speed (rpm) 
#I 141 

Fig. 3 . 3 - 3  Performance Comparison Eetween 
Optimized He and I?2 in a 460 kW Engine 



150 bar 
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L - 7 1 1 0  !!at. r i n 1  
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Full Stroke (.fficirncy) 
r . 7 5  Strob ( e f f k k n ~ )  r 

 eater Tube Temperature 724'C 
* 

Cooler I.D. Temperature 51°C 
Charge Pressure i 2 0  bar , 

Engine Speed (rpm) 
mas 

F i g .  1.3-5 400 kU Hc Engine Performance with Varied Stroke and IN-625 Material 



3.4.1 Combustion System 

A s  d e s c r i b e d  i n  S e c t i o n  j .2.3,  t h e  combustion sys t em c o n s i s t s  o f  f o u r  s e p a r a t e  
combustors .  Two combustor  Jcs i g n s  w r r r *  gent*r;rted: t h e  f i r s t ,  a mrr conven- 
t t o n a l  s i ng lc -pas s  d e s i g n ;  and tlie second,  ;a more complcx hut  p o t e n t i a l  l v  h igh -  
pe r to rming  double-pass  drhs ign. Hoth J c s i g n s  were gttncarated f o r  t tic. f o l lowing :  

a a l lowance  f o r  f u e l  v a w r i z a t i o n  and mixing;  

a s u f f i c i c r ~ t l y  long  r e s i d e n c e  t imc i n  t h e  main combust ion  zone t o  
e f f e c t i v e l y  consume t h e  hydrocarbon components o f  t h e  f u e l ,  y e t  
w i thou t  p roduc ing  l a r g e  q u a n t i t i e s  o f  NOx o r  CO;  

a combustor  l o a d i n g  v o l u ~ ~  d e s i g n  w i t h i n  l i m i t s  of c u r r e n t  S t i r l i n g  
e n g i n e  combustors ;  

a improved aerodynamics  i n  t h e  combustor  and d i f f u s e r  l e a d i n g  t o  t h e  
h e a t e r  t u b e s  t o  o b t a i n  optimum h e a t  t r a n s f e r  a t  t h e  t v b e s ;  

p re l i ea t e r  h e a t  t r a n s f e r  rate similar t o  Lhe ASE Refe rence  E n g i ~ e ;  

a adequace  combustor  w a l l  c o o l i n g ;  and ,  i n c o r p o r a t i o n  o f  s w i r l  i n  t h e  
primarv ;:on2 t o  improve m i s i n g  and produce a f lame s t a b i l i z a t i o n  
zonr  . 

3.4.2 Single-Pass  Combustor -- 

The s i n g l e - p a s s  cgmbustor  shown i n  F igu re  3.6-1 s a t i s f i e s  t h e  s t a t e d  d e s i g n  re- 
qu i r emen t s .  ' 5 s  f e a t u r e s  i n c l u d e :  

a a l a r g c  combust ion  volume  hove t h e  h e a t e r  t u b e s  t o  promote good 
f u e l  v a p o r i z a t i o n ,  adequa tc  mixing  volume, and smooth f low th rough  
t h e  h e a t e r  t u b e s ;  and ,  

a low-cost ,  low-load ceramic  L inc r  and  f low d i v i d e r  t o  sererate com- 
b u s t  ion  from e x h a u s t  a l r  and t o  d i r e c t  f low th rough  t h e  t u b e s .  

Because o f  s p a c e  1 i m i t a t  i o n s  imposcd hv the a d j a c e n t  c y l i n d e r .  t h c  p r c h e a t e r  was 
p laced  above the  combustor .  The  volume o f  t h e  p r e h e a t e r  is doub le  t h a t  cf t h e  
Kt.fert.nct. Lngint. f o r  t h e  same h e a t  t r a n s f e r  l o a d i n g  i n  o r d e r  t o  f a v o r  h i g h e r  
combustion e f i i c i e n c y .  i n s u l a t i o n  t h i c k n e s s  is i n c r e a s e d  t o  abou t  t h r e e  i n c h e s  
t o  compensate f o r  t h c  l a r g e r  t~xposc*d s u r f a c e  a r s n .  Turn ing  vanes  i n  t h c  d u c t  
app roach ing  tire !~taatcr a i d  in  r e d u c i n ~ .  f low l o s s e s .  

I'l1t~ combincd atamdvnamic. and t lirrmodgnamic a r e a  d i f f u s i o n  r a t i o  f o r  t h i s  com- 
t ~ u s t o r  is 8 . 7 ,  o f  wtiicll :tppro?iimatc.ly 2 . 0  can  be a t t r i b u t e d  t o  h e a t  r e l e a s e .  
I'l~is 1 t . a ~ ~ ~  aerodvnamic J i f t u s i o n  a t  abou t  4 ,  which i s  t o o  l a r g e  a r a t i o  f o r  
i~on-st.i,aratc-d i l o w .  l ' l ~ e .  t iow pas5ii):i.s a r e  di~signt*ci t o  m i n i m i z e  t i ~ e s e  f l o w  
-;tspar:it ion i o s s c s .  wh i ( - 1 1  c-;lnnot ht. c o m p l t ~ t e l y  el iminated .  

t\Lthouqh a doul~1t .-pass c ~ ~ m h r ~ s t o r  cltssi jin w a s  c o n s i d e r e d ,  i t  was dec ided  t o  use  
th.3 s i n g l e - p a s s  combustor dylc. t o  i t s  s i m p l i c i t y ,  1owc.r p o t e n t i a l  c o s t ,  and good 
t .1  f i  t. i c>ncv  I c-vi. l . I'll i s l i ~ v r ~ l  was ('st imnttvi, somewhat c o n s e r v a t  i v c  l y  , a t  90 
jlc*rc-cQlit . 



Air Inlet 

Preheat 

l e r  

I n s u l a t i o n  

F i g .  3 .4-1 Cornhustor f o r  t h e  400 KW S t a t i o n a r y  S t i r l i n g  Lngine 
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A final consideration for the combustor system is the method of controlling 
the heat input to each cycle. Because of the Stirling engine's high thermal 
inertia, a relatively simple, slow-rate system could be utilized to monitor 
heat required and to adjust fuel and airflows to provide tube temperature 
control as the power Level varies and as the engine and combustor degrade with 
time. This system has the advantage of allowing the engine to keep operating 
at high output if one combustor or cycle deteriorates. 

3.4.3 Cooling System 

A well desidned cooling system is critical to achieve goad engine performance, 
For exanple, Carnot efficiency (the maximum efficiency a Stirling engine is theo- 
retically capable of achieving) is more sensitrve to cold end temperature chanpe 
than hot end temperature. For a heater temperature of 650'~ (923k) and a 
cooler temperature of 50°C (323k). Carnot efficiency is 65 percent. If the 
heater temperature is increased 10oC, Carnot efficiency increases about 0.4 
points. However, if cooler temperature is decreased 10°C, Carnot efficiency 
rises about 1.1 points. Thus, at these temperatures, a degree change in the 
cold chamber has over a two-fold effect over a degree change in the hot chamber. 

Stationary applications arc not ovcrlv restricted by size, weight, engine com- 
partment pressure, and styling of a vehicular installation. This is counter- 
balanced by the lack in readily available ram cooling airflow. 

It is assumed the stationary application is either a self-contained cooling 
package installation or an external coolant source. 

In a self-contained cooling system. a radiator with fan will be required. At 
a standard ambient temperature of 20oC. Table 3.4-1 sul~mafizes the performance 
characteristics of the radiator and fan cooling system. 

2 ScalL: from the 40 kW engine, the radiator has a frontal area of 3.71 m . A 
co~~servative estimate of water-side pressure drop would be equal to the 40 kW 
engine, or 3.73 psi. The hydraulic power is then: 

it is assumed the radiator core raises cooling air temperaturc to one- 
tlaJ i of the difference between the coolant inlet cemperature (31°C) and the 
cooling air (210C). therefore giving an 8'~ rise. 

If an txxternal water supply, sue., as a river, pond, or cooling tover, is avail- 
able. 3 lower t!;an ambient temperature coolant will increase engine efficiency. 
Cooling ponds could cool 12 to i8 pounds of water per hour: 100 for each square 
foot of pond surface area. 

The pressure drop losses through the radiator would be replaced b y  those of a 
strainer; furthermore, witk. brackish or salt-water cooling, a lisuid-to-liquid 
heat exchanger is recommended to protect the engine. 

r\nalvses of the 400 kW en~frle in this report assumed the more general radiator/ 
fan configuration rather than the  (-ooling pond. 

J .  5 Performance Map Generat :?_o_c - 
,I full set oi perforaancr maps was t:cncratrd for the Udimet 700 1:-lium 



TABLE 3.4-1 

PERFORMANCE OF A RADIATOR WITH FAN (21°C M I E N T  TEMPERATURE) - 

I n d i c a t e d  Power Output  

I n d i c a t e d  E f f i c i e n c y  

T o t a l  Heat  I n p u t  

Heat R e j e c t e d  t o  R a d i a t o r  

C o o l t ~ r  Tube Wall AT 

Coolant  Temperature 

Coo lan t  Flow H20 

Hydrau l i c  Power 

Pump E f  i i c i e n c y  

Pump Power 

500 kW 

58.7 p e r c e n t  

852 kW 6 
(2.906 x 1 0  B t u l h r . )  

352 kW 6 (1.2 x 1 0  B t u l h r . )  

2.2OC (4'F) 

42°C Out,  37°C I n  (108°F Out ,  98°F I n )  

1 5 . 1  Kglsec .  (240 GPM) 

.39 kW (0.522 t??) 

50 p e r c e n t  

. 78  kW (1.04 HP) 

R a d i a t o r  Coo l ing  Air AT 8 ° C  (14°F) 

Coo l ing  Air Flow Requi red  2700 Kg/min. (5954 l b l m i n .  ) 

A i r  Dens i ty  (84°F)  3 
1.17  Kg/m ) 

3 
( . 073  l b / f t .  ) 

Volume F low  2 309 m3/min. (81 ,565  cfm) 

R a d i a t o r  F r o n t a l  Area 3.71 m 
2 

(40 f t . ' )  

Face V e l o c i t v  10. /. m/sec. (34  f t l s e c . )  

Fan Kf t i c i c n c b  0 . 5  

Fan i'owtar 9 .6  kW (12.85 HP) 
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working  g a s  e n g i n e .  ' I ~ I C  r e q u i r e d  o p c r a t  i n g  m a t r i x  p o i n t s  a b o u t  t h e  o r i g i n a l  
d e s i g n  p o i n t  a r e  g i v e n  i n  T a b l e  3.5-1. The f u l l  set o f  per formance  c u r v e s  i s  
g i v e n  i n  F i g u r e s  3.5-1 t h rough  3.5-3, where t h e  a b s c i s s a  is a p e r c e n t a g e  of  
f u l l  s t r o k e  r a t h e r  t h a n  c h a r g e  p r e s s u r e .  I n d i c a t e d  power and c y c l e  e f f i c i e n c y  
are shown a l o n g  l i n e s  o f  c o n s t a n t  c o o l e r  t e m p e r a t u r e .  

T h i s  d a t a  set is augmented by a d d i t i o n a l  c u r v e s  o f  t h e  I n c o n e l  625 he l ium con- 
f i g u r a t i o n  e n g i n e  ( F i g u r e s  3.3-5 and 3.5-4) .  

3.6 Summary and  Comparison - 400 kW K i n m a t i c  Engine Summary -- 

Tab le  3.3-4 provide:; a c o n v e n i e n t  summary o f  t h e  e n g i n e s  e x p l o r e d  under  t h i s  
t a s k .  The programs i l i g h e s t  e f f i c i e n c y  o f  45.6 p e r c e n t  is a c h i e v e d  w i t h  t h e  
L'dimet 700 h e a t e r  t u b e  m a t e r i a l  and t h e  H2 working  g a s .  The e n g i n e  h a s  a 
J i s p l , ~ c e m e n t  o f  o n l y  five. Liters and o p e r a t e s  a t  a h i g h  b r a k e  s p e c i f i c  o u t p u t  
af  87 .9  kW/k o r  117 bhp/P. Brake s p e c i f i c  f u e l  consumption w a s  a v e r y  a t t r a c -  
t i v e  0.17 kg/kW-hr. U-700 however, as mentioned e a r l i e r ,  is a s t r a t e g i c  m a t e r i a l  
w i t h  f a b r i c a t  i o n  1 i m i t a t i o n s .  'Therefore ,  s u c h  a  m a t e r i a l  is c o n s i d e r e d  imprac- 
t i c a l  f o r  t h i s  a p p l i c a t i o n .  

T h e  I n c o n e l  625 h e a t e r  tube/He working  g a s  e n g i n e  p r o v i d e s  a  b s f c  of  0 . 2 1  kg/kW-hr 
and a b r a k e  o u t p u t  power of  429.6 kW. E x t e r n a l  d imens ions  between t h e  e n g i n e s  
d i d  no t  vary  s i g n i f i c a n t l y  and t h e  weight  of  t h i s  e n g i n e  and d r i v e  s y s t e m  h a s  
been e s t i m a t e d  a t  1000 kg (2200 l b s . )  The b r a k e  e f f i c i e n c y  is 40.5 p e r c e n t .  

'1 comparison was made on  a b r a k e  o u t p u t  b a s i s  between t h e  two e n g i n e s  of  S e c t i o n  
2 . 0  and  tilt! Udimet 700 l i c a t e r  t u b c  material c n g i n e s  o f  S e c t i o n  3.0. T a b l e  3.6-1 
compares tllr ilydrogen (H?) working  g a s  e n g i n e s  and a l s o  i n c l u d e s  a column f o r  a 
400 kW e n g i n e  w i t h  Z-crank and  a G-crank ( au tomot ive  e n g i n e  t y p e )  d r i v e  svs tem.  
Tclblt! 1.11-2 is a  s i m i l a r  comparison f o r  t h e  he l ium w o r i i n g  f l u i d  e n g i n e s .  The 
la rg t .  d i f i e r e n c ~ >  Ijetween t h e  optimum 3 7 . 5  kW e n g i n e  and t h e  400 kW e n g i n e  i s  
r s s e n t  i a l  l y  d~it .  t o  t i l t '  %-crank  d r  ivt. sy s t em e f  f i c i e n c v  and h i g h e r  o p e r a t i n g  tem- 
p e r a t  l l r c B .  
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* Heater Tuba O.D. Tempcnhm 8001: 
Charge Prsrrure 150 b u  

&Engine S m d  1800 rpm 

@ Design 
Point 

% of Full Stroke 

F i n .  3 . 5 - 2  He Gas, Cylinder Temperature = 780°C 
400 kW K i n e m t i c  



Cooler 27°C 7 r c m l e r  57°C 

Cooler 87°C / 

Cooler I.D. 27°C 

57°C 

Power 

Heater Tube O.D. Temperature 911°C 
Chaaqe Pressure 150 bar 
Engine Speed 

'%of Full Stroke 10191; 

F i g .  1 . 5 - 1  Ilc. ( I n s ,  Cylinder Tefiperature = 891°C 
A00 kW Kinematic 



Heater Tuba O.D. Tempertun 724'C 
Charge Pressure 
Engine Speed 

% of Full Stroke 
rUI 

Fig. 3 . 5 - 4  In-625 Heater Tube Material, He Gas 
400 kW Kinematic 
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TABLE 3.6-2 

&OO AND 37 .5  kW KINFMTIC ENGINE COMPARISON (He C A S l  ------ 

E n g ~ n e s  

Operat ing Condi t ions  Reference (He) Opt h u m  (He) 400 kW (He) 
"2" - "u" - 

Pressure  ( b a r )  123 130 150 

Heater Tube Temperature (*c) 669 7 24 800 

Cdoler Tube Temperature (OC) 5 7 5 7 57 

Engine Speed (rpm) 1800 1800 1800 

Ind ica ted  Power (kW) 35.71 37.5 500 

Heat Input  t o  Tubes* 

Heat Rrjec t ion* 

Pumpi~g  Loss* 

Drive 9;:stetn Power* 

Auxili.ary Power* 0.09 0.07 0.08 

Ind icd ted  C y c l e  Ef f i c iency  ( X )  46.61 48.52 54.51 

drake Sf f i c  iencv ( Z )  ** 33.58 j6.75 4 2 . 2  39.1 

* Pcr Brake kW Output. 
** :I. 9 r'or,ihuscor E f  f i c i cncy  Included 



4.0 SMALL FkEE-PI.ST'.)N (37.5 kW) WITH HYDRAULIC OUTPUT (TASK 3 ENGINE) -- - --- 
4.1 I n t  roduc t ion 

Tlris s e c t i o n  d e s c r i b e e  t h e  d e s i g n  and a n a l y s i s  o f  a s ing le -cy l inder  f r e e - p i s t o n  
S t i r l i n g  eng ine  (FPSE), wt~ich p rov ides  37.5 kW of  power f o r  s t a t i G n a q  .ppl i -  
c a t i o n s .  S ince  e x i s t i n g  PTSE s i n g l e - c y l i n d e r  d e s i g n s  are a n  o r d e r  o f  magni- 
t u d e  smaller than  t h e  t a r g e t  s i z e ,  a s c a l i n g  a l g o r i t h m  is developed t o  a l iow 
use of proven d e s i g n  technology. The s t a r t i n g  p o i n t  f o r  s c a l i n g  was t h e  op- 
timum engine d e s c r i b e d  i n  S e c t i o n  2.0. A f t e r  c o n v e r t i n g  from kinemat ic  t o  
f ree-pis ton,  t h e  t a s k  e f f o r t  concen t ra ted  on developing a m t c h i n g  h y d r a u l i c  
ou tpu t  system. A s e l e c t i o n  p rocess  r e s u l t e d  i n  development of a h y d r a u l i c  
pumping u n i t  compat ible  wi th  t h e  ou tpu t  power c h a r a c t e r i s t i c s  of t h e  FPSE. 
Performance curves  f o r  t h e  engine,  comparisons t o  t h e  o r i g i n a l  Task 2 engine,  
and a d e s c r i p t i o n  o f  t h e  h y d r a u l i c  system are included i n  chis d i s c u s s i o n .  

4 .2  Free-Piston Engine S i z e  S c a l i n q  

The des ign  of t h i s  F?SE eng ine  w a s  s c a l e d  from a n  e x i s t i n g  eng ine  sys tem ts 
g e c e r a t e  t h e  i n i t i a l  eng ine  l ayou t .  Nuo~erous s c a l i n g  a lgor i thms  were reviewed; 
each had its p a r t i c u l a r  advantages ,  c a p a b i l i t i e s ,  and l i m i t a t i o n s .  However, 
four  s c a l i n g  a lgor i thms ,  i d e n t i f i e d  i n  Table 4.2-1, w e r e  considered f o r  t h e  
definition of t h e  i n i t i a l  37.5 kW h y d r a u l i c  f r e e - p i s t o n  engine.  F i n a l l y ,  
a lgor lzh i i  1 w a s  s e l e c t e d ,  s i ~ c e  i t  provided t h e  most d i r e c t  scale-up i n  t h e  
range requ i red .  The sequence of t h e  s c a l i n g  and subsequent  d e s i g n  ref inement  
a r e  l a i d  o u t  i n  rab le  4.2-2. The a l g o r i t h m  was a p p l i e d  i n  S t e p  4 t o  g e n e r a t e  
t h e  FPSE des ign  t h a t  was then opt imized by t h e  same procedurzs  a p p l i e d  t o  t h e  
kinemat ic  optimum engine.  The concep tua l  l ayou t  p rocess  desc r ibed  i n  Sec t ion  
4 3 e n s u r e s  t h a t  dimensior,al c o n s t r a i n t s  ( w a l l  t h i c k n e s s e s ,  a l lowance f o r  c c o l -  
ing flow, s t r u c ~ u r a l  i n t e g r i t y )  were p roper ly  taken i n t o  acccunt .  

4.3 Conceptual Layout - Engine - 

Although t h e  engine des ign  shown in Figure  4.3-1 w a s  "scaled" from t h e  optimized 
k i n e m t i c  37.5 k V  engine of S e c t i o n  2.3, t b e  two eng ine  l a y o u t s  h e a r  l i t t l e  geo- 
r,oc-ic resemblance. The major d i f f e r e n c e s  between t h e  des igns  are as fo l lows :  

8 s 'ng lc -cy l inder  des ign  ( c u r r e n t  SPSE's a r e  a l l  s i n g l e - c y l i n d e r )  

gas s p r i n g s  t o  r e p l a c e  kinemat i: ( c r a n k s h a f t )  l i n k a g e s  

c o n c e n t r i c  r e g e n e r a t o r s  and c o o l e r s  r a t n e r  than  c a n i s t e r  type 
( c u r r e n t  FPSE s t a t e  of t h e  a r t )  

freedarn of s;troke r a t h e r  than f ixed  p i s t o n  s t r o k e  

37. 1.W power diaphragm t o  r e p l a c e  t h e  eng ine  rod s e a l  

a d d i t i o n a l  dead volume to  a l l o w  o v e r s t r o k e  05  d i s p l a c e r  d u r i n g  
power t r a n s i e n t s  
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TABLE 4.2-1 

HYURAULIC FPSE SCALING ALGORITHMS 

Objective - b t e r r i w  p rac t i ca l  l lmi t t  
~f scal in8  up a M E  while 
maintaining constant e f f i c i e n c ~ .  

D - Dtsplrcer U - b a t e r  R Ragmaerator C - Cooler 

~'ase : .'Lmbin*d a t l t l p l c  cvllnders i n to  1 cylinder 

\JJ reqmerat.-r and coolers i n  pa ra l l e l  

L-nit .  Geumtrv 

r e  : r r v  ~ a c r v  and Up.r.cin8 Polot (P. T. Zrrpuency) 

!o:d :onstrat caponen t  etfecti-ss 

2zi.l ;anscan: l o s u r ~  uaic Output 

. = I : :  S s a l r b l r  t o  s i n q l c  :vllnders bclov 1 W 

S F ,  - Yunb8r at  Passa(les lu Heat ExIuaser 

' A * *  ::' . e ' -merr .r  and . i s  jprlnq J;r~:n( 

& - Powr ~ u t p u c  h t i o  

?' - , .turec Pressure bC1O 

X - Enqlne q ; m r c r v  Factor 

m?, 
SF: 

t o r t .  ',,be :r .nster  area and reqeneratdr ironcal aro4 



3 7 . 5  kW FPSE SCALING PROCESS STEPS 
----.- 

Engine l y p e  -- No. of f.vlinders -- .--A 
Output Comment 

Start Kinematic 4 37.5 kW Optimum Engine, Section 2.3 (Task 1.2) 

Step 1 Kinemat i c 

Step :! Free-Piston 

Step 3 Free-Piston 

Step 4 Free-Piston 1 

Step .5 Free-Piston 1 

9.375 Optimum Engine, Section 2.3 (Task 1.2) 
Per Cylinder 

9.375 Nonop t imi zed 

9.375 20 Percent Overstroke* and then 
Optimized (100 percent Stroke = 10.16 crn) 

37.5 Combi~red Paralleled Heaters, Regenerators, 
Coolers 

37.5 Optimized 

*Overstroke is an extension of the piston amplitude beyond design 
to allow margin for transient conditions when amplitudes m y  
exceed design. 
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Espans i 

~ ~ - e ; l t r i i  

. i n g  Water 

Fig. 4. l -1  3 7 . 3  kk. FPSE w/Preheater and Combustor (Power Diapnragm Sot Stlo-n) 



Tlic. dvs i gn coasc r.2 i n t s  ;~nd f rcedoms imposed d u r i n g  t ht- o p t  i m i z a t  i o n  p r o c e s s  
arc g i v e n  i l l  'Table G . 3 - 1 .  Tlbis t a b l e  c o n t a i n s  a l i s t i n g  of  t h e  c r i t i c a l  
ri imt.ns ions  o f  tlrc n t h w  c~ng i o r  and a comparison o f  t h e  e q u i v a l e n t  dimens ion  i n  
tire optimum rnb' * 1ncb. 

A d d i t i o n a l  feature.;  O L  t l r t .  e n g i n e  are : 

E x t e r n a l  Combustion S y s t e a  - The combustor  developed i n  S e c t i o n  
3 . 2 . 3  w a s  s c a l d  down f o r  u se  i n  t h i s  eng ine .  

t i e a t e r  Head - A s i . * g l e  row o f  h e a t e r  t u b e s  was found t o  be adequa te .  
T h e  tclbes v e c t o r  t h e  working g a s  d i r e c t l y  i n t o  t h e  c o n c e n t r i c  r e g e n e r a t o r .  

4.4 Conceptua l  Layout - Hydrau l i c  Motor - 

rhe o u t p u t  o f  t h e  c o n c e p t u a l i z e d  30-Hertz FPSE e n g i n e  a c t s  t h rough  a r e c i p r o -  
c a t i n g  metallic d iap t~ tagm.  The power a v a i l a b l e  a t  t h e  d iaphragm i n t e r f a c e  is 
approx ima te ly  33 kW. To c o n v e r t  t h i s  ene rgy  i n t o  h y d r a u l i c  o u t p u t ,  a new power 
c o n v e r s i o n  u n i t  w a s  des igned  to  s a t i s f y  t h e  f o l l o w i n g  r equ i r emen t s :  

8 compatibi : i ty w i t h  FPSE power / f requency c h a r a t t e r i s t i c s ,  i.e. 
s t a b i l i t y  

maximum d e s i g n  e f f i c i e n c y  

50,000-liour l i f e  

m a n u f a c t u r a b i l i t y  

s c a l a b i l i t y  

The s e l e c t i o n  precess c o n s i d e r e d  d i f f e r e n t  v e r s i o n s  of  t h r e e  h y d r a u l i c  power 
u n i t  f a m i l i e s :  vane t y p e ,  p i s t o n  type .  and  g e a r  t ype .  E igh t  p r e l i m i n a r y  l a v -  
o u t s  based  on t h e s e  sc t~emes  were  g e n e r a t e d .  A l i s t i n g  o f  t h e  schemes is g iven  
i n  Tab le  4.4-1. 

An as ses smen t  of each  scilemc w a s  conducted  f o r  mechanica l  c o n s t r a i n t s  and pe r -  
formance q u a l i t i e s .  Each per formance  a t t r i b u t e  w a s  g i v e n  a w e i g h t i n g  f a c t o r  
based  on i t s  r e l a t i v e  impor tance .  T h i s  p r o c e s s  r e s u l t e d  i n  t h e  s e l e c t i o n  o f  
t h e  cam-driven p i s t o n  d e s i g n  shown i n  F i g u r e  4.4-1. A list o f  d iaphragm pump 
dimensions  is  g iven  i n  Tab le  4.4-2 and r h e  o p e r a t i n g  sequences  for t i l t .  pump are 
d e s c r i b e d  i?. Tab le  4 . 4 - 3 .  

Some mechanic&? f e a t u r e s  of  t h e  h y d r a u l i c  pump are g i v e n  - - , . .4--4. I t  is 
impor tant  t o  stress c e r t a i n  a d d i t i o n a l  f e a t u r e s  o f  the s:. ,, 1 ,G Ly: 

The chosen  lie- ign h a s  a h igh  f i l l  rate t h a t  r e q u i r e s  a l p e r c h a r g i n g  
sys tem.  T h i s  c a r  be ach ieved  by p r e s s u r i z i ~ i g  t h e  s u p p l y  t a n k  o r  by 
use of some of  tlie h y d r a u l i c  pump o u t p u t  t o  p r o v i d e  a F r e c s u r e  head 
t o  t h e  s u p p l y  l i n t - .  



ORI~ii<.&L F.:.- 1 ' 
OF p o C ~  QL)w~*~  TABLE 4.3-1 

COMPARISON OF EN(;INE CEOHETRY AND PERFORMANCE RETWEEN 
37.5 kW FREE-PISTON ENCINE AND SECTION 2.3 K i m T I C  ENGINE 

Engine Type Free-Pis ton Kinematic 

Operat ing Condi t ion 

Charge Pressure  b a r  100 i~i 

Maximum Cyl inder  Temp. " C 704 704 

Maximum Heater Tube Temp. OC 724 724 

Output kU 37.5 37.5 

Number of Cyl inders  

Displacement 

Disp lacer  Dia/Cyl 

Disp lacer  Area 

Disp lacer  Amplitude 

Disp lacer  Rod Diameter 

P i s t o n  Amplitude 

Phase Ar :le 

1 4 combined 

1349.2 491.3 

205.2 67.82 

330.7 144.5 

20.4* 17.00 

60.04 13.54 

Engine -,peed rPm 30 Hz 1800 

Heater  ube I . D .  

Heater -idbe O.D. 

Tube E f .  . c t i v e  Lenztb m / t u b e  

Number *.' Tubes 

Regenerator F r o n t a l  Area cm2 

Regenerator Length nrm 

Regenerator Wire Diameter mm 

Regen ? r a t o r  F i l l i n g  Fac to r  X 

Cooler Tube 1.9. m 

Tube E i f  e c t  i v e  Length mm 81.38 5 7 

Number o f  Tubes 1600 1600 

Heat Input @ Heater Tubes kW 77.46 77 .3  

Indicaccd Cvcle 
Ef f i c  iencv 

Brake Output k W 36.0** 33.74*** 

Brake Ef f ic iency  

Brake E f f i c i e n c y  wi th  X 
Combustor (90% E f f i c i e n c y )  

*With 20% 7verscroke 
**Indicated power l e s s  power l o s s  a t  t h e  c a p i l l a r y  Lube and gas s p r i n g s  

***Indicated power l e s s  lower end d r i v e  f r i c t i o n  on ly  



TABLE 4.4-1 

VANE - 
Cingle 

Multi 

PRELIMINARY HYDRAULIC OUTPUT SCHEMES 

CHOICES 

PISTON 

Stepped 

Cam-Dr iven 

Concentric 

SELECTED - 
Cam-Driven Piston 

FEATURES 

Stability 

Simplicity 

Efficiency 

Scalability 

GEAR - 
Interrupted 
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TAaLE 4 . 4 2  -- 

HYDHAULKC PUMP DIMENSIONS 

Power Diaphragm Diameter 19 i n .  

Pump Drive Piston Rore 4 . 3  i n  

Pump Drive Piston Stroke Variable 

Pump Output Piston Bore 1.125 i n  2.85 cm 

Pump Output Piston Stroke Variable 

Overall Length 28 i n .  71 .1  cm 

Overall Height 

Width 

Overall Volume 

50 i n .  127 cm 

23 i n .  58.42 cm 

18.6  f t  3 526.7 !2 



OR!G!!JP'L F,'.: : i ; : 
OF POOR QUALITY 

TABLE 4 . 4 - 3  

HYDRAULIC PUMP OPERATING SEQUENCE 

S t a r t  Action a t  Extreme Limit of Power 
Diaphragm Effec t  - 

1. Power Diaphragm 1s disp laced .  a Energy t r a n s f e r r e d  t o  power diaphragm 
f l u i d  f o r c i n g  motion of  Pump Drive 
P i s t o n  (PDP). 

a A s  PDP moves toward mid-point of 
s t r o k e ,  four  Pump Output P i s t o n s  move 
t o  decrease  volume i n  pump outpu t  
c y l i n d e r s .  Output f l u i d  l e a v e s  
c y l i n d e r s  a t  d e s i r e d  pressure .  

a Aa PDP m ~ e s  away f r o a  mid-point , 
volume in t h e  pump output  c y l i n d e r s  
increases .  Check valvos oped t o  
r l l o v  f i l l i n g  by supercharged input  
f l u i d  . 

2 .  Pump Drive P is ton  fPDP) is a Incompressible  f l u i d  connect ions 
d i s p l a c e d .  t r a n s f e r  some of energy through PDP 

t o  t r a n s f e r  f l u i d  on o t h e r  s i d e .  

a Transfe r  f l u i d  moves counterbalance 
p i s t o n s  t o  o f f s e t  i n e r t i a  of PDP. 

5 .  ;ounterbalance P is tons  a r e  a Incompressible bounce space f l u i d  
d i sp laced .  responds t o  counterbalance p i s t o n  

movement by d i s p l a c i n g  another  d i a -  
phragm a g a i n s t  a gas s p r i n g  (compres- 
s i b l e  f l u i d ) .  

Th? bounce space now has s t o r e d  t h e  energy not  absorbed going 
through t h e  pump. The power diaphragm, having passed one-half 
amplitude. is now being d i sp laced  by a nega t ive  pressure  d i f -  
f e r e n t i a l  a c r o s s  i r  (engine pressure  lover  than pump pressure ) .  
The bounce space pressure  becomes t h e  h ighes t  i n  the  system and 
t h e  gas  s p r i n g  diaphragm begins t o  m v e .  

. C ~ S  Spring Diaphragm is displaced. Bounce space f l u i d  moves two counter-  
balance p i s t o n s  

5 .  Counterbalance P is tons  move. a T.ansfer f l u i d  a c t s  upon pump l r i v e  
p i s t o n .  

a Pump output  p i s t o n s ,  pump r ln t i l  mid-  
s t r o k e  point  of PDP. 

a After  mid- po in t .  pump o u t ~ u t  cv l inder  
volume decreases ;  f i l l i n g  process .  

6. PDP not ion .  a Transferred v i a  power diaphragm f l u i d  
t o  pover diaphragm. Process  repea t s .  



TABLE 4.4-4 

IMPORTANT FEATURES OF FPSE HYDRQULIC PUMP 

a One FPSE Cycle -+ One Hydraulic Pump Drive P i s ton  Cycle + Two Hydraulic 

Pump Output Cycles, i . e . ,  30 Hz input  frequency + 60 Hz output  frequency 

a Incompressible f l u i d  t r a n s f e r  energy wi th  minimum losses .  

a Three Separate  Fluid Volumes: 
- Power Diaphragm Volume (power diaphragm t o  pump d r i v e  p i s ton ) .  
- Transfer  Fluid (pump d r i v e  p i s t o n  t o  counterbalance p i s tons  ( 2 ) ) .  
- Gas Spring Fluid (counterbalance p i s tons  t o  gas  sp r ing  diaphragm). 

a Power t r a n s f e r  f l u i d s  a r e  no t  p a r t  of output  flow system. They are 

a sepa ra t e  self-contained system. 

a Four output  pump p i s t o n s  which balance l oads  on pump d r i v e  p i s ton  

globe (3-dimensional cam) f o r  long l i f e  and low wear. 

a Two diaphragms. 
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The dynamics o f  t h e  chosen ptlmp d e s i g n  p r ~ * : ; j c  a s t a b l e  i n t e r a c t i o n  
wi th  t h e  S i i r l i n g  eng ine ,  i.e. t h e  r a t e  of ..:range 3f pump power demand 
as a f u n c t i o n  o f  s t r o k e  is g r e a t e r  than  :bat of t h e  e n g i n e s  o u t p u t .  
Thus, a  change ic s t r o k e  (whatever t h e  cause ,  i.e. ".',;p i n  eng ine  power, 
e t c . )  produces a r e a c t i o n  d r i v i n g  t h e  system t o  t:. ~ ~ b i l i z e d  gper-  
a t i n g  p o i n t .  See F i g u r e  4.4-2. 

4.5 Cvcle Ana lys i s  and Opt imiza t ion  

The requirement t h a t  t h e  FPSE eng ine  be as comparable ae  p o s s i b l e  w i t h  t h e  optimum 
kinemat ic  eng ine  was s a t i s f i e d  by app ly ing  t h e  chosen s c a l i n g  p rocess  t o  one c y l i n -  
de r  of t h e  optimum engine .  T h i s  s t a r t i n g  p o i n t  was used i n  t h e  f i v e - s t e p  p r o c e s s ,  
shown i n  Tab le  4.2-2, t o  a c h i s v e  a n  opt imized engine .  The o p t i m i z a t i o n  p rocess  o f  
S t e p  5 produces a f i n a l  p r e s s u r e  and temperature  ve ry  c l o s e  t o  t h e  base  k inemat ic  
optimum engine .  Hence, t h e  same o p e r a r i n g  parameters  were chosen. The r e s u l t s  of 
t h i s  f i n a l  o p t i m i z a t i o n  are given i n  Table 4.5-1, which cor.;rares t h e  FPSE t o  a l l  
37.5 kW kinemat ic  engrnes  deveiopcd i n  t h i s  s tudy .  

S i m i l a r i t i e s  

- o p e r a t i n g  t empera tu re  
- mean p r e s s u r e  
- frequency 

Di f fe rences  

- Larger d isplacement  i n  FPSE. T h i s  i s  r e q u i r e d  t o  p rov ide  over-  
s t r o k e  inargin (20 pe rcen t )  t o  p reven t  d i s p l a c e r  c o n t a c t  d u r i n g  
t r a n s i e n t s ,  t o  provide  space  f o r  t h e  d i s p l a c e r  gas  sprir.: volume 
and t o  p rov ide  space  f o r  g a s  t o  d i s t r i b u t e  a c r o s s  t h e  f a c e  of 
t h e  power diaphragm. The gas  volume f o r  t h e s e  needs  i n c r e a s e s  
dead v o l ~ m e  and,  t h u s  reduces  eng ine  p r e s s u r e  ampi i tude ,  which 
must be o f f s e t  by a n  i n c r e a s e  i n  t o t a l  eng ine  displacement .  

- higher  d r i v e  power r e q u i r e d  f o r  t h e  FPSE. "is is counterbal.anced 
. .  t ! ~ e  f a c t  t h a t  a  h y d r a u l i c  pump is included.  To be c o n s i s t e n t ,  
! ~ y d r a u l i c  pump would need t o  be added t o  t h e  optimum k inemat ic  
,!:,lne d r i v e  system. This  would r a i s e  i t s  d r i v e  power requirements  
, .  a p p r o x i v a t e l y  3 kW. 

4.6 IIjrdraulic System 

A f u l l  t ~ y d r a u l i c  system u t i l i z i n g  t h e  FPSEIhydraulic pump d e s i g n  a s  a  component 
i s  shown i n  Figure  4.6-1. T h i s  system d r i v e s  a  h y d r a u l i c  motor a t  a  l o c a t i o n  
r e m t e  from t h e  enginelpump. The motor ou tpu t  is cons ide red  t o  be a r o t a t i n g  
s h a f t .  The chosen c o n f i g t r a t i o n  provides  a  c o n s i s t e n t  b a s i s  f o r  comparing t h e  
FPSEIhydraulic pump w i t h  t h e  optimum kinemat ic  engine .  A t y p i c a l  a p p l i c a t i o n  
f o r  t h e  system might be i n  earth-moving o r  l o a d i n g  equipment. Other  a p p l i -  
c a t i o n s  inc lude  f l u i d  pumping through p i p e l i n e s  o r  w i t h i n  i n d u s t r i a l  f a c i l i -  
t i e s .  Use of  t h e  h y d r a ~ l i c  motor inc ludes  t h e  p o t e n t i a l  f o r  a p p l i c a t i o c  i n  a  
motor v e h i c l e ,  such a s  a  c a r ,  t r u c k ,  bus o r  f o r  n;i"tary purposzs ,  such a s  a 
tank.  

While e f f o r t  t o  d e f i n e  a  f u i l  c o n t r o l  u n i t  f o r  t h i s  system was not  i n  t h e  scope 
of t h i s  t a sk ,  t h e  c o n t r o l  va lve  "C" and motor "H" of Figure  4.6-1 m u s t . b e  l i n k e d  
t o  t h e  engine  u n i t  "D" f o r  t h e  system t o  respond t o  v a r y i n g  power demands. 
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T ~ p e  
Worning F l u i d  

l e i n p e r a t u r e  H e a t e r  

Tempera tu re  C y l i n d e r  

Tempera tu re  Coole-  

P r e s s u r e  

Spr sd 

C i s p l a c e m e n t  Eng ine  

No. of  C y l i n d e r s  

I n d i c a t e d  Power 

A u x i l i a r y  Power 

D r i v e  Power 

Brake  Power 

I n d i c a t e d  E f f i c i e n c y  

Combustiori Efficiency 

Brake  Ef f L C  i e n c y  

H e a t e r  Head M a t e r i a l  

C y l i n d e r  M a t e r i a l  

Heat  I n p u t  

bafc  

Torque  

Bar 

R e f e r e n c e  

" 2 He 

669 669 

64 9 64 9 

5 7 5 7 

123 123  

1800 1800 

452.68 452.68 

4 4 

31.5 35.71 

2.25 2.25 

4.64 1.6h 

30.61 28.82 

4 8 . 3 b  46.61 

90.0 90.0 

35.51 33.87 

12RN72 12RN72 
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86.2 85.09 

0.24 0.?5 

162.2 152.7 

Opt imized  

2 
7 L4 

7 04 

5 7 

100 

1800 

486.67 

4 

37.5 

2.15 

3.8 

31.56 

50.7 

90.0 

38.44 

In-625 

7 13-LC 

82.1 

0.22 

167.2 

R e f e r e n c e  
He 

7 24 

7 04 

5 7 

100 

1800 

491.30 

4 

37.5 

2.15 

3.8 

31.56 

48.52  

91). 0 

36.75 

In-625 

713-I,C 

8 5 , 9  

0.23 

137.2 

Diaphragm 
F r e e  P i e t o n  

He 





A set of perfonuace  cuwcs  (Figures 1.7-1 through 4.7-6) vm generated f o r  
three d i f f e r e n t  levels of cylinder h e d  t c q c r a t u r e s  (592*C, 7M°C, rad 836.~) 
and cooler temperatures (27*C, 57.C. a d  87.C). The VPSE engine described in 
t h i a  section varies i n  frequency d l i m t l y  M the square mot of charge pressure. 

The result of t h i s  pressure t o  frequency in te rac t ion  is shown i n  the behavior 
of the  ef f ic iency l ines .  While cycle ef f ic iency w a s  e s sen t i a l ly  insensitive 
t o  pressure churgas i n  the  kinentic engine, ef f ic iency s h m  a s ign i f i can t  
drop-off 8s press*Jre increases on the  FPSE system. This is a result of the  
increase i n  frequency which increases pumping losses. The kinemtic.  engine 
holds constant speed a s  presaure increases and does not s u f f e r  t h i s  frtquancy 
[speed) re la ted  loss.  The e f f s c t  could be uir inished by can t ro l l in8  the  d is -  
placer dyrurics,  through t h e  control  of the  dinplacer spr ing o r  w i n g  t o  
u i n t a i n  near-constant frequency. 

4.8 Comparison with Klnemntic Engines (See riw Section 2.0) 

Table 4.5-1 provides a s-ry of operating point charac te r i s t i c s  fo r  dl 37.5 
kW output machines covered by t h i s  study. Corprrison is l i r i t e d  t o  s i z e  and 
efficiency considerations aspecia l ly  s ince  working f l e i d ,  indicated power, .ad 
materials  a n  the  sare f o r  the  o p t i n n  engines. A fu r the r  comparison is m d e  
on the f o l l w i n g  items: 

Control systems 

S e a l  l i f e  

Ease of mnufac t s re  

4.8.1 Control System 

S t i r l i n g  engine control  s v s t e r s  a r e  a currently developing technology. In 
kinematic S t i r l i n g  engines, the  mean presaure control  system (Reference 5) has 
been proven e f fec t ive  i n  the highly t rans ient  a~ tomot ive  application. The 
system, however, ie complex. A s ta t ionary  S t i r l i n g  engine could use a sim- 
p l i f i e d  version of t h i s  system. 

The FPSE engine/hydraulic pump would require development of a cqntrol  system 
suited t o  t h e  intended applicat ion.  Such a system would in tegra te  t h e  coai- 
bustor, engine, pump, and motor t o  handle t r ans ien t  requirements and t o  -in- 
t a i n  s t a b i l i t y .  Start-up, shutdown, and emergency procedures would be in- 
cluded i n  the system plan. 
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Power: 

Charge Pressure (bar) 
803663 

. 7 1 7 . 5  kK FPSE Performance @ 816~: Cylinder Temperature 



ORIGiI.I:?L FACE :S 
OF P03R QUALITY 

Charge Prelwre (bar) 
803667 

I .  . - A  1 7 . 5  kl; F P S E  P $ r r f o ~ n c e  I? 2 7 O C  Cooler 1.9. Temperature 



Efficiency: 

Point 

Power: 

Charge Presscln (bar) 
803665 

F i  !;. & .  7 - j  37.5 kW '5E Performa~lce @ 5 7 O ~  Cool . r  I . 3 .  Tenperaturt. 
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Power. 

Charge Pressure (bar) 
803668 

F i g .  4 . 7 - h  3 7 . 5  kW FPSE P~rformance @ 8 7 O ~  Cooler I.D. Tenperature 
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4.8.2 Seal L i f e  -- 

The kinematic engine p o r t i o n  of t h e  s tudy  proceeded on t h e  assumption t h a t  t h e  
lower p i s t o n  speed and s t e a d y - s t a t e  o p e r a t i o n  o f  a s t a t i o n a r y  eng ine  would ex- 
tend s e a l  l i f e  t o  t h e  50,000-hour l i f e .  The rod seals must wi ths tand  v e r y  h igh  
p ressure  d i f f e r e n t i a l s  whi le  a l lowing  r e l a t i v e  amtion between t h e  seal and t h e  
connect ing rod. The p i s t o n  s e a l s ,  s e p a r a t i n g  t h e  expansion and compression 
volume, exper ience  s i g n i f i c a n t l y  lower p r e s s u r e  d i f f e r e n t i a l s ,  but  both  sets of  
s e a l s  are s u s c e p t i b l e  t o  damage and wear. There I s  a minimum of  f o u r  of each 
type of seal i n  a k inemat ic  eng ine  and t h e  l o s s  o f  one would s e r i o u s l y  a f f e c t  
engine performance. 

The s ing le -cy l inder ,  diaphragm f r e e  p i s t o n  eng ine  e l i m i n a t e s  t h e s e  seals. The 
rod seal is replaced by a f l a t  oil-backed power diaphragm. Such diaphragms are 
p r e s e n t l y  used i n  very high frequency compressors. Recent exper imenta l  work 
at  MTI aimed at e v a l u a t i n g  t h e  high c y c l e  f a t i g u e  c a p a b i l i t i e s  o f  such d ia -  
phragms has  been very encouraging. The p i s t o n  seal is rep laced  by a non- 
c o n t a c t i n g  d i s p l a c e r  c l e a r a n c e  s e a l .  The a b i l i t y  t o  use  a c l e a r a n c e  seal is 
based on t h e  f a c t  t h a t  t h e  p r e s s u r e  a c r o s s  t h e  d i s p l a c e r  i n  a d i sp lacer - type  
engine is approximately t e n  pe rcen t  o f  t h a t  a c r o s s  t h e  p i s t o n  i n  a Rinia engine.  
The reduc t ion  i n  p r e s s u r e  d i f f e r e n t i a l  is cri t ical  s i n c e  clearance seal l o s s  
v a r i e s  as t h e  square  o f  t h e  d i f f e r e n t i a l .  

4.8.3 Ease of Manufacture 

The two eng ines  o f f e r  d i f f e r e n t  r o u t e s  t o  ease of  manufacture.  The kinemat ic  
engine w i l l  b e n e f i t  from its commonality wi th  a n  e s t a b l i s h e d  automotive eng ine  
product ion l i n e  and mass product ion techniques .  The FPSE b e n e f i t s  from a s i m -  
p l e r  o v e r a l l  des ign  and fewer p a r t s .  The h e a t e r  head is  s u b s t a n t i a l l y  s i m p l e r ,  
having e l imina ted  t h e  hot-conduit  manifold,  hobever, t h e  FPSE r e q u i r e s  a gas- 
spring-displacer-support system. The t i g h t e r  t o l e r a n c e s  requ i red  i n  t h e  g a s  
s p r i n g  hardware o f f s e t  some of t h e  b e n e f i t s  of t h e  o v e r a l l ,  s imple r  FPSE des ign .  

4.8.4 System-to-System Comparison 

Table 4.8-1 summarizes a comparison o f  t h e  two eng ines  f o r  s p e c i f i e d  types  of 
output .  Rotary o r  h y d r a u l i c  f l u i d  o u t p u t ,  convers ion o f  k inemat ic  d r i v e  s h a f t  
ou tpu t  t o  h y d r a u l i c  flow through a pump, o r  convers ion from h y d r a u l i c  f low t o  
remote r o t a r y  f l u i d  through a motor were considered.  

4.9 Summary 

The r e s u l t s  of t h i s  e f f o r t  a r e :  

A s c a l i n g  a lgor i thm w a s  used t o  a l low one c y l i n d e r  o f  an  e s s e n t i a l l y  
proven kinemat ic  d e ~ i g n  t o  be upsized by a f a c t o r  of 4 i n t o  a f r e e -  
p i s t o n  u n i t .  

The dynamics of us ing a power diaphragm r a t h e r  than a power p i s t o n  
were found ~ c c c p t a b l e  i n  t h e  conceptual  a e s i g n  p rocess .  

,\ iily~:.~ui ,L' ,.amp wan designed which matched t h e  ou tpu t  chi i racter-  
, ,, . .. . : . , . ,): t!lc ZPSE, thereby p rov id ing  s t a b i l i t y  and a r e a d i l y  

... ; .;. : ~ ~ i i r a ~ : ;  i,: output  . 
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a Using He gas, brake e f f i c i ency  for the resultant FPSE engine is 
35 .4  percent with hydraulic output and 33.6 percent with rotary 
output. 

Efficiency and power l e v e l s  for  the free-piston unit e s sent ia l l y  matched those 
of its kinematic counterpart, i . e . ,  the optimum engine of Section 2 .3 .  
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5.0 400 kW Free -P i s ton  Engirre w i t h  H y d r a u l i c  Output  (Task 4 Engine)  

3 .1  Ln t roduc t ion  

I n  a n  a t t e m p t  t o  more c l e a r l y  d e f i n e  t h e  s ize  l i m i t a t i o n s  a s s o c i a t e d  wi t11  t r e e -  
p i s t o n  e n g i n e s ,  a COO kY d e s i g n  was e x p l o r e d .  The r e s u l t i n g  e n g i n e  d e s i g n  was 
d e r i v e d  by s c a l i n g  t h e  e n g i n e  thermodynamics from t h e  400 kW k i n e m a t i c  d e s ~ g n  
d e s c r i b e d  i n  S e c t i o n  3.0. A f o u r - c y l i n d e r  c o n f i g u r a t i o n  was used  t o  p r o v i d e  
t h e  same per-cy: l d e r  power o u t p u t  as t h e  k i n e m a t i c  d e s i g n  and t o  a l l o w  t h e  u s e  
o f  a s i n g l e  hyu, , u l i c  s y n c h r o n i z a t i o n  and b a l a n c e  system. 

5.2 Concep tua l  Layout - Engine 

Three  p o t e n t i a l  c o n c e p t u a l  d e s i g n  r o u t e s  were cons ide red :  

T o t a l l y  new s i n g l e - c y l i n d e r  d e s i g n .  

Scale-up o f  S e c t i o n  4.0 e n g i n e  37.5 kW diaphragm f r e e  p i s t o n  (an 
o r d a r  o f  magnieude i n c r e a s e ) .  

Convers ion  o f  S e c t i o n  3.0 e.igine 400 kW k i n e m a t i c  t o  FPSE ( f o u r -  
c y l i n d e r ,  400 kW e n g i n e ) .  

With t h e  knowledge o h t a i n e d  i n  t h e  development o f  a s a t i s f a c t o r y  h y d r a u l i c  o u t -  
pu t  sys tem,  t h e  t h i i  1 r o u t e  was s e l e c c e d  as t h e  most d i r e c t ,  i .e . ,  t h e  400 kW 
k inemat i c  e n g i n e  was c o n v e r t e d  from c Rinia- type  e n g i n e  t o  a f o u r - c y l i n d e r  d i s -  
placer-power-diaphr:  :m d e v i c e .  The impact  o f  t h i s  c o n v e r s i o n  on a number o f  
engine dimensions  is  g i v e n  i n  Tab le  5.2.1. 

The adap ted  d e s i g n ,  ' e s i g n a t e d  as a m u l t i - c y l i n d e r ,  dynamica l ly  ba l anced ,  
h y d r a u i i c a l l y  l i n k e d  f r e e - p i s t o n  S t i r 1 i r . g  e n g i n e  desi,gn is  shown i n  F i g u r e  
5.L-i, and h a s  t h e  '' : l l owing  f e a t u r e s ,  

Smooth a p p l i c a t i o n  o f  power t o  t h e  h y d r a u l i c  o u t p u t  sys tem,  f o u r  
smaller sequenced power n t r o k e s  r a t h e r  t h a n  o n e  l a r g e  power s t r o k e .  

Balanced d i s p l a c e r s  and p i s t o n s .  Movinp i n  two p a r a l l e l  p l ane , ,  .he 
d i s p l a c e r s  and p i s t o n s  c a n c e l  any  induced a x i a l  f o r c e s  and mome..~s, 
t h u s  e l i m i n a t i n g  t h e  need f o r  ot . ter  e n g i n e  b a l a n c i a g  sys t ems .  A 
two-cylint ier  u n i t  would n o t  p r o v i d e  t h e  e q u i v a l e n t  b e n e f i t  - i t  would 
be ba lanced a x i a l l y ,  bw would s t i l l  havz a r o c k i n g  coup le .  

Se l f -Syqchron iz ing .  The f o u r  power diaphragms were  l i n k e d  r c g e t h e r  
u s i n g  a noncompress ib le  working f l u i d  i n  t h e  h y d r a u l i c  pumping s e c t i o n  
o f  t h e  enq ine .  T h i s  nonmechanical ,  bu t  y e t  e s s e n t i a l l y  f i x e d  h y d r a u l i c  
l i n k a g e  f o r c e s  t h e  work o u t  oi e a c h  c y l i n d e r  and s i m p l i f i e s  t h e  c o n t r o l  
sys t em o f  tlre e n g i n e ,  i . e . ,  no  one  c y l i n d e r  c a n  "run away" o r  "act o u t  
o f  phase" w i t h  t h e  o t h e r s .  

5 . 3  Conceptua l  Design - Hydrau l i c  P u i  

The h y d r a u l i c  pumping sys t em developed f o r  t h e  40C kW e n g i n e  is a mod i f i ed  ver,;.on 
o f  t h e  u n i t  des igned  ~ n d e r  S e c t i o n  4.0. It is s c a l e d  up i n  s i z e  and connected  i n  
such n way t o  s y n c h r o n i z e  t h t  e n g i n e  and pump u n i t s .  
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(Sec. 5 .0 )  
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7 0 4  

7 2 4  

l k a n  P r e s s u r e  Bar 

Max. Cyl inder  Temp. O C  

Max. Heacer Tube Temp. O C  

Output kW p e r  c y l i n d e r  

D i s p l a c e r  D i s .  m ~ c  

D f s p l a c e r  Amplitude mm 

D i s p l a c e r  Rod Dia. mm 

P i e t o n  Amplitude mm 

Phase Angle 

Engine Speed rpm 

Hea te r  Tube I . D .  m 

H e a t e r  Tube O . D .  mm 

No. of  Tubee 

Tube E f f e c t i v e  Length mm 

Regenera to r  Area cm 2 

Regenerator  Lengtn mm 

Wire Dia. mm 

P o r o s i t y  X 

Cooler Tube I . D .  mm 

E f f e c t i v e  Length mm 

No. of  Tubes 

I n d i c a t e d  E f f .  X 





The features of this overall pump design include: 

Simplified design. Relative to the pump design geuerated in Section 
4.4, the modified design changes the pumping v o l m  from the outside 
face of the four-pump piston to the volume between the pump piston and 
the drive piston. This allws the use of one large ring valve for each 
Puap- 

Sewmther pumping of output fluid with four pump actions per engine 
stroke rather than two for the single-cylinder design. 

Minimum scaling. This new design requires a scale up by a factor of 
four rather than ten (as would be the case with a single-cylinder 40 kW 
unit). 

No counterbalancing needed. As with the engine, the motion of the four 
pump drive pistons eliminates any system couples and, hence, the need 
for counterbalancing pistons (as would be the case with the Section 4.0 
design). Each pump unit, with four pump output pistsns, acts to counter- 
balance loads on each piston drive pump extending pump life. 

Separate but not incorpatible fluids. As in the Section 4.0 pump system, 
an essentially permanent work transfer fluid is used to transfer energy 
from the power diaphragms to the working pumps. The fluid may be the 
same as the actual output fluid, or, if that is not feasible, the fluid 
uav be optimized for the pump application. The key consideration is the 
criticality of any leakage or contamination. As it is, all moving com- 
po;.c.nts are exposed to a fluid presumed to have good lubricating, heat 
transfer. and wear properties. Seal degradation with time is not as 
critical as the case of the dry seals in the kinematic Stirling engine. 

Elimination of gas spring. The multi-cylinder incompressible fluid/ 
counterbalance design of this unit eliminates the need for the piston 
gas spring used in Section 4.0 FPSE's. Instead, the displacement of 
one diaphragm/pugp piston stroke is directly returned to an adjacent 
pump piston unit. Figure 5.3-1 illustrates further the hydraulic link- 
ages between the four pump cnits. The prlmary transfer fluid provides 
balancing between piston numbers 1 and 6, as a set, and numbers 2 and 3. 
To keep the two pairs of r,istons synchronized, an additional link, a 
secondary transfer fluid. is esta3lished between numbers 1 and 2 ,  as a 
pair, and numbers 3 and 4. 

5.4 Cycle Analysis and Optimization 

ihe design process was performed via the steps outlined in Table 5.4-1. Ha- 
terials were unchanged. The given four-cylinder kinematic engine was first 
considcrcd as a single-cylinder, 125 kW unit. Analytically, the engine vss 
then converted to a free-piston unit of the same size. Dead volume was in- 
creased to allow for the 20 percent displacor overstroke condition that car 
exist in FPSE's during transient opetation. Finally, the single 125 kW was 
recombined to form a four-cylinder package of the desired size. The close 
themdynamic relationship and matcrial commonality with the 400 kW kiner'rat ic 
encine concluded the optimization point would not shift significantlv. So, tne 
optimization was omitted in this case. However, gains in efficiency c;.n still 
be expected. 



Indicated 
En& i n t. 21i_ee - -- No. -- of - Cylinders ----- Output - - -.- 

Start Klnemat i c  4 500 kW 

Step 1 Kinematic 1 1 2 5  kW 

Step 2 Free-Pist on 1 1 2 5  kW 

Step 3 Free-Pis ton 1 125 kW 

Step 4 F:ee-Piston 4 500 kW 

Comment -- 
!,fin kW Kinematic (Section 3 )  

400 kU Kinematic (Sect ion 3 )  

No overstroke 

20 percent overstroke 

Combined - Not f i n a l  
optimized 





Table 5.4-2 lists the  cycle results f o r  the  combined FPSE and compares the 
r e s u l t s  t o  the  optimized engines of Section 3 .0 ;  the  c l o r e r t  comparison e x i r t s  
between the  He working f lu id ,  Inconel-625 version. Eugine displacement has in- 
creased approximately SO percent due t o  the  need f o r  20 percent overstroke and 
volume requiremntr  t o  orte v i t h  the  four power diaphragrs. 

b t l m a t e s  f o r  aux i l i a ry  and d r ive  power, both of which exceeded the  l eve l s  of 
the  k i n e m t i c  verrion, resulted i n  a minimal decreare i n  brake output and brake 
eff iciency.  The ant ic ipa ted  heat  input requirepant indica tes  the  cornbuation 
and cooling s y s t e n  a8 s ized  f o r  the  kinematic version would be su i t ab le  f o r  
the  free-piston engine. 

5.5 Free-Piston and Kinemtic  Engine Comparison v i t h  Alternat ive Output Drives 

Only a l i n i t e d  comparison was accomplished between the  two l a rge  engines of t h i s  
study. In  terma of applicat ion,  i .e . ,  use of e i t h e r  e n ~ i n e  fo r  pumping o r  r o t a r j  
powr  needs, the  r e s u l t s  a r e  sumar ized i n  Table 5.5-1. Once again, a s  i n  Sectien 
4.0, the two engine designs a r e  s u f f i c i e n t l y  c lose  tha t  the  ef f ic iency advantage 
changes with applicat ion.  

In t h i s  study, a conceptual design was developed t h a t  achieved an output ex- 
ceeding 400 kW using a multiple-cylinder free-piston engine driving a hydraulic 
pumping unit .  This conceptual design, by nature r a the r  than s i z e ,  uses a unique, 
simple, and compact balance and synchronization system. 

Performance l eve l s  were estimated t o  be competitive v i t h  the  kinematic version 
upon which the conceptual design vas bassd. Since a f u l l  optimization of the  
FPSE was not accomplished, the  performnce advautages of the  kinematic engine 
over the free-piston, i f  any, a r e  not quantif ied i n  the  higher power c l a s s .  

In order t o  achieve the  operation and ef f ic iency of the  engine un i t ,  the  pro- 
posed matching hydraulic pumping system was considered necessary. The pumping 
system concept described under t h i s  program o f f e r s  s impl ic i ty ,  compatibi l i ty,  
and ef f ic iency t o  mate idea l ly  v i t h  FPSE's. It is, however, a new design 
requiring fu r the r  design development. 
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6.0 OVERALL RESULTS 

i'he r e s u l t s  of  t h i s  s tudy  a r e :  

Task 1 

- With q u a l i f y i n g  assumptions r e g a r d i n g  s e a l  l i f e ,  a n  automot ive  
S t i r l i n g  engine  can be adapted f o r  s t a t i o n a r y  use  by downrating 
o u t p u t  t o  ach ieve  a 50,000-hour l i f e  and by removing ex t raneous  
a u x i l i a r i e s .  

- The downrated eng ine  has  a brake e f f i c i e n c y  of 35.5 pe rcen t  at 
30.6 kW brake o u t p u t  power wi th  H2 g a s  and 33.8 pe rcen t  a t  28.8 
kW brake ou tpu t  power w i t h  He gas.  

- By changing m a t e r i a l s  and making small upper end dimensional  
changes, i t  is p o s s i b l e  t o  op t imize  an  automotive-based eng ine  
for  t h e  50,000-hour s t a t i o n a r y  a p p l i c a t i o n .  Optimized eng ines  
achieved b rake  e f f i c i e n c i e s  of 38.4 pe rcen t  and 36.8 pe rcen t  
wi th  HZ g a s  and H e  gas ,  r e s p e c t i v e l y ,  a t  31.5 kW brake o u t p u t  
power. 

Task 2  

- 400 kW kinemat ic  eng ines  can b e  des igned w i t h  H e  working f l u i d  
and can ach ieve  a  brake e f f i c i e n c y  of  42.4 pe rcen t  w i t h  Udimet- 
700 h e a t e r  t u b e s  and 40.5 pe rcen t  w i t h  Inconel-625 t u b e s  w i t h  
50,000-hour o p e r a t i n g  l i f e .  

- For t h e  same m a t e r i a l  and working f l u i d  (Inconel-625 and He gas!, 
e f f i c i e n c y  is inc reased  r e l a t i v e  t o  Task 1 opt imized engine  by 
improved geometry and reduced d r i v e  sys tem l o s s e s  a s s o c i a t e d  wi th  
t h e  v a r i a b l e  2-crank des ign .  

Task 3 

- A s i n g l e - c y l i n d e r  30 kW h y d r a u l i c  o u t p u t  FPSE can be d e s i g r d  f o r  
t h e  same o p e r a t i n g  p o i n t  and m a t e r i a l s  as i n  Task 1 .2 .  A diaphragm 
is used i n  p lace  o f  t h e  power p i s t o n  and s u p p o r t i n g  s e a l .  Brake 
e f f i c i e n c y  is  35.4 pe rcen t  f o r  h y d r a u l i c  o u t p u t ,  33.6 pe rcen t  f o r  
r o t a r y  o u t p u t .  

- A "cam-driven concept" tlydraul i c  pump, a c t u a t e d  bv diaphragm 
motion, can provide  s t a b l e  pump and eng ine  o p e r a t i o n  i n  a r e l a -  
t ive ly  small package. 

a Task 4 

- A 400 kW, four -cv l inder ,  f r e e - p i s t o n  diaphragm engine  w i t h  h y d r a u l i c  
ou tpu t  is f e a s i b l e .  

- Brake e f f i c i e n c y  f o r  t h i s  c o n f i g u r a t i o n  is e s t i m a t e d  a t  38 percent  
for  h y d r a u l i c  output  and 36.2 pe rcen t  f o r  r o t a r y  ou tpu t  by  us ing 
inconel-625 m a t e r i a l  and He gas .  

- ,\ unique t ivdrau l i ca l ly  a c t u a t e d  synchron iza t ion  and ba lanc ing  
:<vsteq can he e a s i l y  incorpora ted  i n t o  t h i s  des ign .  



7.0 CONCLUSIONS 

The major conc lus ions  of t h i s  s t u d y  of k inemat ic  and f r e e - p i s t o n  S t i r l i n g  
eng ines  o f  moderate (-30 kW) and l a r g e  (-400 kW) s i z e  vere found to be: 

30 kW Kinematic (Task 1 )  

- 50,000-hour l i f e  is f e a s i b l e  f o r  t h e  contemplated automot ive  
S t i r l i n g  eng ine  i f  i t  is s u f f i c i e n t l y  downrated i n  power and 
speed. 

- Higher e f f i c i e n c i e s  can be achieved i n  such a u n i t  i f  i t  is 
proper lv  opt imized f o r  t h i s  l i f e t i m e  requirement.  

400 kW Kinematic (Task 2 )  

- A S t i r l i n g  engine  of  t h i s  s i z e  us ing  a n  advanced, v s r i a b l e -  
s t r o k e  ou tpu t  c o n t r o l  sys tem is p o t e n t i a l l y  v i a b l e  and de- 
s e r v e s  f u r t h e r  t n v e s t i g a t i o n .  

30 kW FPSE (Task 3) 

- Xn FPSE des ign  i n c o r p o r a t i n g  a  h v d r a u l i c  o u t p u t  system can 
provide operat  : ng e f f i c i e n c i e s  i n  t h e  same range as a kine- 
ma t ic  S t l r l i n p  engine .  

- .A h y d r a u l i c  ou qut sys tem d e s i g n  compat ib le  wi th  an  FPSE's 
powerls t roke c ' l s r a c t e r i s t i c  is f e a s i b l e  and dese rves  f u r t h e r  
i n v e s t i g a t i o n  n a  s i n g l e - u n i t  v e r s i o n .  

400 kW FPSE (Tas 4 )  

- The convers ion of a  k inemat ic  eng ine  des ign i n t o  a free- 
p i s t o n  v e r s i o n ,  whi le  ma in ta in ing  s i m i l a r  s i z e  and e f f i c i -  
ency l e v e l s ,  was achieved through use  of a  new h y d r a u l i c  
ou tpu t  system t h a t  promises t o  have s i g n i f i c a n t  impact on 
f r e e - p i s t o n  eng ine  d e s i g n s  f o r  f l u i d  a p p l i c a t i o n s .  

This s tudv  c h a r a c t e r i z e d  f r e e - p i s t o n  and kinemat ic  S t i r l i n g  eng ines  t o r  sta- 
t i o n a r v  a p p l i c a t i o n s  from 30 kW t o  400 kW load demands. Within t h e  q u a l i -  
i v i n g  s e a l  l i t c  sssumpt ions ,  t h e  proposed d e s i g n s  were found nteckanically 
accep tvh le  f o r  t h e  50,000-hour l i f e  c r i t e r i a  and of f c r  a t t r a c t i v e  ef  f i- 
ciencv l c v t \ l s  from 34 t o  4 5  pe rcen t .  F u r t h e r  e f f i c i e n c v  g a i n s  would be 
~ x p ~ k - t c d  x i t t l  extended des ign  d e t a i l i n g  and o p t i m i z a t i o n  s t u d i e s  beyond 
the scopt' of t h i s  s tudv .  
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APPENDIX A 

A . l  F j r s t  Order Computer Code G e s c r i p t i o n  

The F i r s t  Order Code was developed t o  provide:  

Basic unders tanding of eng ine  o p e r a t i o n  

Accurate p r e d i c t i o n s  a t  r easonab le  c o s t  

Its system of d i f f e r e n t i a l  e q u a t i o n s  d e s c r i b i n g  t h e  engine  can be so lved  t o  
f i r s t  o r d e r  by assuming harmonic motion. The assumption of  p e r i o d i c  s o l u t i o n s ,  
coupled wi th  an in-depth d e s c r i p t i o n  of  t h e  thermodynamic c y c l e ,  h a s  d e l i v e r e d  
s a t i s f a c t o r y  r e s u l t s .  

A b a s i c  d e s c r i p t i o n  of t h e  code ' s  c a l c u l a t i o n s  and assumptions i n c l u d e s ;  

Basic Engine Layout ( s e e  Figure  A-1). Note &ha t  P i s t o n s  E and C 
o p e r a t e  harmonical ly  and t h a t  a n  e x t e r n a l  h e a t  systcm t o  p rov ide  
energy is no t  included i n  t h e  code. The code a l s o  o p e r a t e s  on 
a l t e r n a t i v e  c o n f i g u r a t i o n  S t i r l i n g  engines .  

Con t inu i ty  Equation 

- Basic  Cvcle P r e s s u r e  Wave 

- Flow D i s t r i b u t i o n  i n  Heat Exchangers 

Harmonic d isplazement  
Adiaba t i c  expansion/compression s p a c e s  
Isothermal  h e a t  exchangers wi th  l i n e a r  v a r i a t i o n s  

Nomenturn Equation 

- P r e s s u r e  Drop i n  Heat Exchangers 

- Assume: 

Harmonic flow 
Steady flow f r i c t i o n  f a c t o r s  
P e r i o d i c  e f f e c t s  on f r i c t i o n  
I n e r t i a l  and convec t ive  momentum 

Energy Equation 

- Temperature Amplitude and Phase i n  Expansion/Compression Spaces 

- Mean Temperature D i s t r i b u t i o n  i n  Heat Exchangers 

- tieat T r a n s f e r  I n / ~ u t  of Working F l u i d  

- Assume: 

Steady mean flow ic each flow d i r e c t i o n  
Steady flow convect ion h e a t  t r a n s f e r  c o r r e l a t i o n s  

Figure A - 2  d i s p l a v s  t h e  temperature- to-posi t ion r e l a t i o n s h i p  f o r  a t y p i c a l  
S t i r l i n g  englne  des ign  as generated 5y t h e  code. Figure  A-3 provides  a 
t v p i c a l  i)eat conduction network. 









P a r a s i t i c  l o s s e s  eva lua ted  by t h e  code i n c l ~ d e :  

S e a l  leakage - coupled wi th  thermodynamics 

Thermal h v s t e r e s i o  - f i r s t  o r d e r  

:lrermal s h u t t l e  l o s s  - f i r s t  o r d e r  

Conduction l o s s  - coupled w i t h  boundary network 

The code can o p e r a t e  on two-piston (a lpha) ,  r e l a t i v e - d i s p l a c e r  ( b e t a ) ,  and 
a b s o l u t e - d i s p l a c e r  ( g a a a )  S t i r l i n g  engines.  The inpu t  r e q u i r e r c n t s  i n c l u d e  
a & m m e t r i c  d e s c ~ i p t i o n  of t h e  engines and 1:s t h e r r o d y n a r i c  and dynanic  
o p e r a t i n g  l e v e l s .  the outpu t  of t h e  code inc ludes :  

Input review 

E t f i c i e n c v  

Component state and p e r f o ~ n c e  

Pressure  wave ampl i tudes  and phase a n g l e s  

lr. a d d i t i o n ,  t h e  code a l s o  provides  f o r  o p t i a i z r t t o n  of key eng ine  geometry 
diewnsions,  namelv, t h e  h e a t e r  and c o o l c r  t u b e  w a l l  i n n e r  d iamete r  (cm) and 
l eng th ld iamete r  r a t i o  and r e g e n e r a t o r  f r o n t a l  area, l e n g t h ,  and p o r o s i t y .  

Heatt-r t s b e  l i f e ,  r equ i red  f o r  t:,e s tudy ,  was n o t  p a r t  of t h e  F i r s t  Order 
Code. Tt, genera te  t h i s  informat ion,  m a t e r i a l  p r o p e r t i e s  as d e f i n e d  by t h e  
h r s o n - M i l l e r  parameters  were used t o  p r e d i c t  long-term c r e e p  r u p t u r e .  T h i s  
allowed o p t i m i z a ~ t o n  based on tube l i f e  as a f u n c t i o n  of geometry and oper- 
a t i n g  po in t  comparison wi th  t h e  perforraance e f f e c t s  of t h e  t u b e ' s  w a l l  t h i c k -  
ness  and i n t e r n a l  v o l u , ~ .  

S i n c e  m a x i m u r n  pressure  and thermal s t r e s s e s  occur  a t  t h e  i n n e r  s u r f a c e  o f  t h e  
hea te r  t u b e ,  on ly  t h e  combined s t r e s s  a t  t h i s  p o i n t  w a s  used t o  establish t h e  
c r i t e r i a .  Thick w a l l  theory w a s  a p p l i e d  f o r  p r e s s u r e  and thermal  stresses i n  
terms ot O . i ) . / l . D .  r a t i o  as fol lows:  

For hoop s t r e s s  : 
* 

O.D. K I -  
I . D .  

p = maximum pressure  



For thermal s t r e s s :  
.I 

ATaE 
0 = -  

1 
- I~K' 

where : 

v = Poisson's ratio (assumed 0 . 3 ) .  

AT - Temperature g r a d i e n t  across tuoe wall. 

E - Modulus of e l a s t i c i t y  a t  t h e  corresponding 
t a p e r a t u r e .  

a = C o e f f i c i e n t  of thermal expansion a t  t h e  c o r t e s -  
ponding temperature  

Ccmbine t h e s e  ttm stresses. The procedure f o r  t h i s  p o r t i o n  of t h e  o p t i r i z a -  
t i o n  is shown i n  Figure  A-4. 

Another modi f i ca t ion  t o  t h e  code w a s  a n  o p t i o n  t o  provide m u l t i p l e  rows of 
h e a t e r  tubes  r a t h e r  than on ly  a s i n g l e  row. The assumed gap between t h e  
tubes  w a s  one a c a r t e r  of t h e  diameter  of t h e  tubes  i n  each row. 

The na in  p o r t i o n s  of t h e  code were v a l i d a t e d  a g a i n s t  a c t u a l  d a t a  from t h e  eng ines  
givev i n  Ta t ' e  A-I. Tahle A-IT lists t h e  engine e f f i c i e n c y  and i n d i c a t e d  power 
a t  d i f f e r e l , *  speeds  f o r  a  k inemat ic  engine i l l u s t r a t i n g  t h e  s i m i l a r i t y  between 
~ c t u a l  and modeled d a t a .  S i m i l a r  comparisons were completed f o r  t h e  o t h e r  engine 
c o n f i g u r a t i o n s .  

A .1 .Z  Conclusions -- -- 

Review of t h e  informat ion a v a i l a b l e  r e s u l t e d  i n  t h e  f o l l o v i n g  conclus ions:  

Good agreement wi th  USS a n a l y t i c  p r e d i c t i o n  f o r  Reference Engine 
(Basis f o r  Sta t ior iarv  S t i r l i n g  Study) .  

Cood agreement w i t h  Sunpower p r e d i c t i o n  f o r  GASCON I R e e - P i s t o n  
Eng ; ne . 

0 Reasonable c o r r e l a t i o n  w i t h  a v a i l a b l e  d a t a  for USS P-&O and NASA 
m u -  3 .  





TABLE A-I 

ENGINES USED FOR VALIDATION 

USS Reference Engine 

- Comparison of Indicated Performance with 

United S t i r l i n g  Prediction 

- Comparison of Indicated and Cmponent 

Performance with Sunpower Prediction 

United S t i r l i n g  P-40 (Engine #7)  

- Comparison of Indicated Performance wfth 

Acceptance Test Data 

NASA CPU-3 

- Comparison of  Indicated Perforriance with 

NASA I n i t i a l  Test Data 



TABLE A-11 

Indicated Power (kW) 

Model (predict ion) 

Actual 

Z Change 

Effic iency 

Model (predict ion) 

Actual 

A Percent 

15 mPa pressure 

ACTUAL AND MODELED DATA 

33.8 39.8 41.1 37 

27.8 38.2 38.7 35 

6.0 1.6 2.4 2.0 

800°C Heater Temperature 


