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OVERVIEW OF HEAT TRANSFER AND FLUID FLOW PROBLEM AREAS ENCOUNTERED IN 
STIRLING ENGINE MODELING 
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Lewis Research Center 
Cleveland, Ohio 44135 

NASA Lewis Research Center has been managing Stirling engine development 
programs for over a decade. In addition to contractual programs, this work 
has included in-house engine testing and development of engine computer models. 
Attempts to validate Stirling engine computer models with test data have demon- 

Stirling engine thermodynamic losses and efforts that are underway to charac- 
terize these losses are discussed. 
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I strated that engine thermodynamic losses need better characterization. Various 
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NOMENCLATURE 

D 

L 

QC 

QH 

QREG 

QWASTE 

HEXP 

WPISTON 

Remax 

Re, = wD2/4u 

Tcol d 

Thot 

Tratio 

ratio of fluid displacement to heat exchanger length, also, 
AR = L Remax/(2D Rew> 

characteristic diameter 

heat exchanger length 

energy flux per cycle from cooler 

energy flux per cycle to heater 

regenerazor energy flux loss per cycle 

energy f l u x  per cycle from compression space to cooler 

work per cycle done by expansion space gas on displacer 

power piston work per cycle 

Reynolds number based on maximum cross-sectional mean 
velocity 

dimensionless frequency or oscillating flow Reynolds no. or 
Valensi number 

engine cold end or cooler temperature 

engine hot end or heater temperature 
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INTRODUCTION 

NASA Lewis  began managing a S t i r l i n g  e n g i n e  a u t o m o t i v e  development  p r o -  
gram fo r  t h e  Depar tment  of Energy  a b o u t  12 y r  ago. The eng ines  deve loped  and 
t e s t e d  i n  t h e  a u t o m o t i v e  p rog ram have a l l  been k i n e m a t i c  ( c r a n k  d r i v e )  e n g i n e s .  
More r e c e n t l y ,  f r e e - p i s t o n  S t i r l i n g  eng ines  have begun to  be deve loped  f o r  
space-power a p p l i c a t i o n s .  S e v e r a l  k i n e m a t i c  and f r e e - p i s t o n  eng ines  have been 
t e s t e d  and modeled a t  NASA Lewis  i n  s u p p o r t  o f  t h e s e  development  e f f o r t s .  

Much e a r l y  use was made of code c a l i b r a t i o n  i n  o r d e r  t o  g e t  eng ine  models  
t o  agree w i t h  o v e r a l l  per formance d a t a .  I t  was found t h a t  d i f f e r e n t  combina- 
t i o n s  o f  p r e d i c t e d  l o s s e s  c o u l d  y i e l d  good agreement  w i t h  t h e  d a t a  f o r  a p a r -  
t i c u l a r  e n g i n e .  A s  a r e s u l t ,  a model c a l i b r a t e d  t o  ag ree  w i t h  d a t a  from one 
or s e v e r a l  eng ines  c o u l d  n o t  be r e l i a b l y  e x t r a p o l a t e d  t o  a s i g n i f i c a n t l y  d i f -  
f e r e n t  eng ine .  
phenomena were n o t  w e l l  c h a r a c t e r i z e d .  

thermodynamic pe r fo rmance  o f  eng ines  f o r  wh ich  t h e  models  have n o t  been c a l i -  
b r a t e d ,  i s  s t i l l  l e s s  t h a n  d e s i r e d .  When an u n c a l i b r a t e d  m o d e l ' s  p r e d i c t i o n s  
o f  i n d i c a t e d  power and e f f i c i e n c y  p r o v e  t o  be w i t h i n  10 p e r c e n t  o f  t h e  d a t a ,  
agreement  i s  c o n s i d e r e d  t o  be good. However, e r r o r s  o f  20  p e r c e n t  or more a r e  
common. 

I t  was c o n c l u d e d  t h a t  a number o f  h e a t  t r a n s f e r  and f l u i d  f l ow  

I n  g e n e r a l ,  t h e  a c c u r a c y  o f  S t i r l i n g  computer  models  i n  p r e d i c t i n g  t h e  

P a r t i a l l y  due t o  thermodynamic c a l c u l a t i o n  e r r o r s ,  S t i r l i n g  eng ines  
u s u a l l y  r e q u i r e  c o n s i d e r a b l e  hardware  m o d i f i c a t i o n ,  a f t e r  t h e  f i r s t  b u i l d ,  i n  
o r d e r  t o  approach t h e i r  d e s i g n  g o a l s .  Improved c h a r a c t e r i z a t i o n  o f  e n g i n e  
f l u i d  f low and h e a t  t r a n s f e r  phenomena wou ld  c u t  t h e  cost o f  e n g i n e  deve lop -  
ment and p e r m i t  c o n s i d e r a t i o n  o f  more i n n o v a t i v e  d e s i g n s .  

Due to  t h e  r a p i d  o s c i l l a t i o n s  ( u p  t o  105 Hz) of gas t e m p e r a t u r e s ,  p r e s -  
s u r e  l e v e l ,  p r e s s u r e  d r o p s ,  and mass f lows, i t  has n o t  been p o s s i b l e  t o  make 
d i r e c t  compar isons  o f  p r e d i c t e d  i n s t a n t a n e o u s  p r e s s u r e  d rops  and gas tempera-  
t u r e s  w i t h  d a t a ,  n o r  t o  v e r i f y  p r e d i c t i o n s  o f  v i s c o u s  d i s s i p a t i o n  or h e a t  
t r a n s f e r  r a t e s .  Reasons for t h i s  have been t h e  l a c k  o f  measurement t e c h n i q u e s  
f o r  mak ing  " i n  e n g i n e "  measurements a t  S t i r l i n g  e n g i n e  f r e q u e n c i e s  and t h e  
l a c k  o f  s p e c i a l i z e d  t e s t  r i g s .  

A s  a r e s u l t  o f  e n g i n e  measurements, s teady - f l ow  t e s t i n g ,  and a n a l y s i s  i t  
has been p o s s i b l e  t o  l i s t  thermodynamic loss mechanisms (or c o n c e n t r a t i o n s  o f  
i r r e v e r s i b i l i t i e s )  t h a t  a r e  t h o u g h t  t o  i n c l u d e  a l l  o f  t h e  m a j o r  thermodynamic 
l o s s e s .  These loss mechanisms a r e  d i s c u s s e d  b r i e f l y .  A S t i r l i n g  eng ine  " loss 
u n d e r s t a n d i n g "  e f f o r t  i s  underway.  The main  t h r u s t  of t h i s  e f f o r t  i s  t o  cha r -  
a c t e r i z e  t h e  v a r i o u s  thermodynamic l o s s e s  by  ( 1 )  use o f  s p e c i a l i z e d  t e s t  r i g s  
wh ich  can i s o l a t e  t h e  e f f e c t s  o f  v a r i o u s  phenomena, ( 2 )  u s i n g  improved eng ine  
and r i g  i n s t r u m e n t a t i o n  to  make dynamic measurements, and (3) deve lopment  o f  
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multidimensional simulations to be used in combination with engines and test 
rigs to characterize multidimensional effects. Several components of the 
effort are discussed. 

CHARACTERISTICS OF THE STIRLING ENGINE THERMODYNAMIC ENVIRONMENT 

Stirling engines typically contain hydrogen, helium or air in a closed 
"working space." They are reciprocating engines which contain three different 
heat exchangers in series--a heater, regenerator and cooler--within the working 
space. A schematic of a Stirling engine is shown in figure 1 .  The schematic 
depicts a single-cylinder "free-piston" displacer-power piston engine; in such 
engines the piston motions are controlled by use of gas springs. Electrical 
power can be removed by connecting the power piston to a linear alternator. 
Hydraulic or pneumatic power may also be removed by use of appropriate piston 
and load configurations. The displacer and piston can, alternatively, be 
linked to a mechanical crank as in "kinematic" engines. 

The function of the displacer is to cycle the gas between the hot expan- 
sion space and the cold compression space through the three heat exchangers; 
its motion is usually close to sinusoidal. The power piston alternately com- 
presses and expar;ds the gas; its almost sinusoidal motion lags that of the 
displacer. When ( 1 )  compression volume variation lags that of the expansion 
volume by the appropriate amount, (2 )  heater, regenerator, and cooler perform 
satisfactorily, and (3) other engine losses are not too large, then expansion 
work exceeds compression work and net work is done by the gas on the power 
piston. 

Inside the working space components, the flow oscillates about a zero 
mean. 
pressure. The spatial pressure drop across the heat exchangers is smaller and 
less "sinusoidal" compared to the pressure variations which occur over the 
engine cycle. Working gas temperature also oscillates with significant ampli- 
tude, except in the regenerator; the regenerator processes are closer to iso- 
thermal than any other component. Temperature variations are largest in 
spaces, such as the expansion and compression spaces, where gas-to-wall heat 
transfer is relatively small. Nearly sinusoidal variations of the internal 
engine variables are characteristic of most Stirling engines. 
lated P-40 engine variables can be found in reference 1 .  

The engine pressure in each component oscillates about the engine mean 

Plots of calcu- 

The regenerator experiences large axial temperature gradients. For one 
engine, an approximately 250 K temperature drop occurs across a 2.5 cm long 
regenerator matrix. The regenerator acts as a thermal storage element, alter- 
nately absorbing energy from hot gas flowing in from the heater and giving it 
up to lower-temperature gas flowing in from the cooler. It acts as a heat 
"dam" to restrict heat loss directly from the heater to the cooler. Fluid 
"particles" in the regenerator usually do not traverse its entire length. 

One free-piston engine, has been tested at a frequency in excess of 
100 Hz. Many engines have been tested with mean pressures of 15 MPa 
(2175 psia) and a new engine is being designed for a mean pressure of 18.5 MPa 
(2682 psia). Maximum to minimum pressure ratios vary from about 1.2 for free- 
piston engines to about 1.8 for kinematic designs. 
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EXAMPLES OF STIRLING E N G I N E  GEOMETRIES 

Three eng ine  d e s i g n s  w i l l  be b r i e f l y  d i s c u s s e d .  The MOD- I1  Au tomot i ve  
S t i r l i n g  Eng ine  ( r e f .  2 )  and t h e  f r e e - p i s t o n  Space Power Demons t ra to r  Eng ine  
or SPDE ( r e f s .  3 to  6) a r e  b e i n g  t e s t e d .  The S t i r l i n g  Space Engine or SSE 
( r e f s .  3 t o  6 )  i s  a c o n c e p t u a l  d e s i g n  f o r  an advanced f r e e - p i , s t o n  e n g i n e .  

A schemat ic  o f  t h e  MOD-I1  i s  shown i n  f i g u r e  2 .  I t  i s  a f o u r - c y l i n d e r  
eng ine  w i t h  d o u b l e - a c t i n g  p i s t o n s .  The d o u b l e - a c t i n g  f e a t u r e  i s  a c h i e v e d  by  
c o n n e c t i n g  t h e  ho t - space ,  o v e r  one p i s t o n ,  v i a  a h e a t e r ,  r e g e n e r a t o r  and 
c o o l e r ,  t o  t h e  co ld -space  under  an a d j a c e n t  p i s t o n .  Thus each p i s t o n  i s  i n  
c o n t a c t  w i t h  two s e p a r a t e  w o r k i n g  spaces;  t h e  m o t i o n  o f  each p i s t o n  l a g s  by  
90° t h a t  o f  one o f  t h e  a d j a c e n t  p i s t o n s ,  and l e a d s  by  90" t h a t  o f  t h e  o t h e r  
a d j a c e n t  p i s t o n .  Mechan ica l  power i s  removed from t h e  eng ine  v i a  l i n k a g e s  t o  
a c r a n k s h a f t .  The gas f low p a t h  i n c l u d e s  complex expans ion  space-heater  and ' 

h e a t e r - r e g e n e r a t o r  m a n i f o l d s  (as  a r e s u l t  o f  a u t o m o b i l e  packag ing  r e q u i r e -  
men ts ) .  Much e f f o r t  went  i n t o  t h e  d e s i g n  of t h e  m a n i f o l d s  t o  t r y  t o  m i n i m i z e  
pe r fo rmance  d e g r a d a t i o n  due t o  flow m a l d i s t r i b u t i o n s  and o t h e r  l o s s e s .  A 
h e a t e r ,  r e g e n e r a t o r  and c o o l e r  a r e  l o c a t e d  i n  an annu lus  around each c y l i n d e r .  
I n  b o t h  t h e  h e a t e r  and t h e  c o o l e r ,  t h e  w o r k i n g  space gas flows t h r o u g h  many 
sma l l  t u b e s .  The h e a t e r  t u b e s  r e c e i v e  h e a t  from a f o s s i l - f u e l  f i r e d  combustor .  
The c o o l e r  t ubes  a r e  i n  c o n t a c t  w i t h  a c o o l a n t  m i x t u r e  o f  w a t e r  and g l y c o l .  
The r e g e n e r a t o r  c o n t a i n s  a m a t r i x  c o n s i s t i n g  o f  many l a y e r s  o f  f i n e  w i r e  sc reen  
( a  much l a r g e r  h e a t  t r a n s f e r  su r face - to -vo lume r a t i o  i s  r e q u i r e d  i n  t h e  regen-  
e r a t o r ,  compared t o  t h e  h e a t e r  and c o o l e r ,  because much l a r g e r  h e a t  t r a n s f e r  
r a t e s  a r e  r e q u i r e d  f o r  good e n g i n e  pe r fo rmance) .  Hydrogen gas i s  used i n  t h e  
w o r k i n g  space. 

O p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  MOD I 1  a r e  shown i n  t a b l e  I .  Des ign  
g o a l s  ( r e f .  2 )  a r e  compared w i t h  r e c e n t  measured pe r fo rmance  ( r e f .  7 )  f o r  two 
o p e r a t i n g  p o i n t s .  The a u t o m o t i v e  a p p l i c a t i o n  r e q u i r e s  t h a t  t h e  e n g i n e  o p e r a t e  
o v e r  a w ide  range  o f  c o n d i t i o n s  from i d l e  t o  f u l l  l o a d .  Measured i n d i c a t e d  
power and e f f i c i e n c y  a r e  seen t o  be w i t h i n  a b o u t  7 p e r c e n t  o f  t h e  d e s i g n  g o a l s  
f o r  b o t h  o p e r a t i n g  p o i n t s .  The low l o a d  p o i n t  i s  c l o s e r  t o  t h e  average o p e r a t -  
i n g  p o i n t  o f  t h e  e n g i n e  o v e r  t h e  combined (h ighway  and u rban)  d r i v i n g  c y c l e ;  
i t  i s ,  t h e r e f o r e ,  more i n d i c a t i v e  o f  t h e  e n g i n e  f u e l  economy o v e r  t h i s  c y c l e .  
For t h e  low l o a d  p o i n t ,  t h e  measured n e t  e f f i c i e n c y  was low by  17 p e r c e n t  due 
l a r g e l y  to  h i g h e r  a u x i l i a r y  power r e q u i r e m e n t s  and mechan ica l  f r i c t i o n ;  i n d i -  
c a t e d  e f f i c i e n c y  f o r  t h i s  p o i n t  was low by  o n l y  a b o u t  7 p e r c e n t .  

A schemat i c  o f  o n e - h a l f  o f  t h e  SPDE i s  shown i n  f i g u r e  3. Two o f  these ,  
n o m i n a l l y  12.5 kWe, modules f i t  t o g e t h e r  end t o  end w i t h  i n t e r c o n n e c t e d  h o t  
spaces, t o  p r o v i d e  dynamic b a l a n c i n g .  Heat  i s  s u p p l i e d  t o  t h e  h e a t e r  by  a 
m o l t e n  s a l t  system i n  t h e  t e s t  u n i t .  Waste h e a t  was removed from t h e  c o o l e r  
o f  t h e  t e s t  u n i t  b y  a w a t e r - g l y c o l  m i x t u r e .  

The SPDE was t h e  f irst f r e e - p i s t o n  e n g i n e  des igned  t o  demons t ra te  t e c h n o l -  
ogy for p o t e n t i a l  use i n  space.  I t  has demons t ra ted  t h e  f e a s i b i l i t y  o f  p roduc-  
i n g  abou t  14 kW o f  i n d i c a t e d  power p e r  c y l i n d e r  from a f r e e - p i s t o n  d e s i g n .  A t  
105 Hz, i t  i s  t h e  h i g h e s t  f r e q u e n c y  S t i r l i n g  e n g i n e  e v e r  des igned .  He l i um gas 

n t h e  SPDE w o r k i n g  space. i s  used 

Des 
t a b l e  I 1  
ach ieved  

gn and a c h i e v e d  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  SPDE a r e  shown i n  

PV e f f i c i e n c y  i s  abou t  45 p e r c e n t  lower. S i n c e  t h e  p r e l i m i n a r y  d e s i g n  
Ach ieved  power i s  13 .5  p e r c e n t  lower t h a n  t h e  d e s i g n  g o a l  and 
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o f  t h e  SPDE was comp le ted  a m a j o r  upgrade o f  t h e  e n g i n e  d e s i g n  code has t a k e n  
p l a c e .  A r e v i s e d  s o l u t i o n  of t h e  b a s i c  gas energy  e q u a t i o n  was f o u n d  necessa ry  
t o  c o r r e c t  d i s c r e p a n c i e s  between p r e d i c t i o n s  and d a t a  obse rved  as e n g i n e  t e m -  
p e r a t u r e  r a t i o s  were reduced.  I t  has been r e p o r t e d  t h a t  t h e  code p r e d i c t i o n s  
now match SPDE e n g i n e  pe r fo rmance  d a t a  w i t h i n  10 p e r c e n t  w i t h  no  code c a l i b r a -  
t i o n  r e q u i r e d  ( r e f .  8 ) .  

The SPDE e n g i n e  has now been d i v i d e d  i n t o  two e n g i n e s .  These two Space 
Power Research Eng ines  ( S P R E )  w i l l  be used f o r  r e s e a r c h  pu rposes .  One w i l l  be 
t e s t e d  a t  Mechan ica l  Techno logy ,  I n c .  and t h e  o t h e r  w i l l  be t e s t e d  a t  NASA 
Lewi s .  

A schemat i c  o f  t h e  SSE i s  shown i n  f i g u r e  4 .  A t  p r e s e n t  o n l y  a concep- 
t u a l  d e s i g n  e x i s t s .  ( I t  r e p r e s e n t s  t h e  f i r s t  a t t e m p t  t o  c o m p l e t e l y  o p t i m i z e  a 
f r e e - p i s t o n  d e s i g n  f o r  a space-power a p p l i c a t i o n .  The o n e - c y l i n d e r  e n g i n e  i s  
des igned  t o  p roduce  25  kW o f  e l e c t r i c a l  power. An a c t i v e  dynamic b a l a n c i n g  
u n i t  i s  i n c l u d e d . )  A u n i q u e  f e a t u r e  i s  t h e  m o d u l a r i z e d  u n i t  t h a t  i n c l u d e s  a 
h e a t  p i p e  h e a t e r ,  a r e g e n e r a t o r  and a cooler. About  40 o f  t h e s e  m o d u l a r i z e d  
u n i t s  s h o u l d  be adequate ;  t h i s  c o n t r a s t s  w i t h  t h e  a p p r o x i m a t e l y  1600 h e a t e r  
and 1600 c o o l e r  t u b e s  p e r  c y l i n d e r  i n  t h e  SPDE. The SSE was a l s o  des igned  f o r  
use w i t h  h e l i u m  gas.  SSE o p e r a t i n g  c h a r a c t e r i s t i c s  a r e  shown i n  t a b l e  111. 
Eng ine  f r e q u e n c y  i s  somewhat l o w e r  t h a n  t h a t  o f  t h e  SPDE, b u t  mean p r e s s u r e  
and p r e s s u r e  a m p l i t u d e  a r e  b o t h  h i g h e r .  

F r e e - p i s t o n  d i s p l a c e r  and p i s t o n  m o t i o n s  a r e  des igned  by  c h o o s i n g  appro-  
p r i a t e  gas s p r i n g s  t o  b a l a n c e  t h e  masses o f  t h e  r e c i p r o c a t i n g  p i s t o n s .  Work ing  
space p r e s s u r e  d rops  must  be accoun ted  f o r  i n  s i z i n g  t h e  d i s p l a c e r  gas s p r i n g s  
and t h e  e f f e c t i v e  d i s p l a c e r  " r o d  a r e a . "  The w o r k i n g  space i t s e l f  i s  one o f  
t h e  s p r i n g s  t h a t  must  be c o n s i d e r e d  i n  t h e  d e s i g n  o f  t h e  dynamics .  The cha r -  
a c t e r i s t i c s  o f  t h i s  w o r k i n g  space s p r i n g  a r e  a f u n c t i o n  o f  p i s t o n  m o t i o n s ,  
l eakages  from t h e  w o r k i n g  space and h e a t  exchanger  h e a t  t r a n s f e r  c h a r a c t e r i s -  
t i c s .  Thus b o t h  t h e  thermodynamics and t h e  e n g i n e  dynamics a r e  s e n s i t i v e  t o  
thermodynamic l o s s e s .  I t  follows t h a t ,  i n  t h e  d e s i g n  o f  f r e e - p i s t o n  e n g i n e s ,  
good loss  c h a r a c t e r i z a t i o n  i s  e s p e c i a l l y  i m p o r t a n t .  

- S e v e r a l  eng ines  have been t e s t e d  and modeled a t  NASA Lew is .  They i n c l u d e  
t h e  o n e - c y l i n d e r  Genera l  Motors GPU-3 eng ine  ( r e f .  9)  t h e  f o u r - c y l i n d e r  P-40 
a u t o m o t i v e  p r o t o t y p e  e n g i n e  ( r e f s .  1 and 10) t h e  o n e - c y l i n d e r  RE-1000 f r e e -  
p i s t o n  e n g i n e  ( r e f s .  1 1  and 12)  and t h e  f o u r - c y l i n d e r  P h i l i p s  ADVENCO e n g i n e  
( r e f .  1 3 ) .  An upgraded Mod I e n g i n e  was r e c e n t l y  used t o  t e s t  new s e a l  con- 
c e p t s .  The SPRE i s  t o  b e g i n  t e s t s  a t  NASA Lewis  b y  summer 1987. T e s t i n g  o f  
t h e  RE-1000 f r e e - p i s t o n  e n g i n e  i s  c o n t i n u i n g  w i t h  a h y d r a u l i c  l o a d .  P lans  a r e  
b e i n g  made t o  f a b r i c a t e  and t e s t  s e v e r a l  SSE h e a t  exchanger  modules i n  an 
RE-1000 e n g i n e  a t  NASA Lew is .  

EFFECT OF TEMPERATURE R A T I O  ON THE S E N S I T I V I T Y  OF E N G I N E  PERFORMANCE 
TO THERMODYNAMIC LOSSES 

The Mod I 1  Au tomot i ve  S t i r l i n g  Eng ines  was des igned  f o r  a t e m p e r a t u r e  
r a t i o ,  T r a t i o ,  o f  abou t  3 .4  ( t a b l e  I). 
eng ines  a r e  b e i n g  des igned  f o r  
t e m p e r a t u r e  r a t i o s  p e r m i t  h i g h e r  co ld -end  t e m p e r a t u r e s  so t h a t  t h e  waste  h e a t  
r a d i a t o r s  w i l l  be s m a l l e r .  F i g u r e  5 shows t h e  s e n s i t i v i t y  o f  a c o n c e p t u a l  SSE 
e n g i n e  d e s i g n  ( d e s i g n e d  f o r  T r a t i o  = 2 )  t o  changes i n  h e a t e r  and c o o l e r  h e a t  

The new space-power f r e e - p i s t o n  
T r a t i o  = 2 ( t a b l e s  I 1  and 111); t h e  low 
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t r a n s f e r  c o e f f i c i e n t s  a t  
eng ine  per fo rmance i s  more s e n s i t i v e  t o  h e a t e r  and c o o l e r  h e a t  t r a n s f e r  r a t e s  
a t  T r a t i o  = 2 .  
s i t i v e  t o  l o s s e s  o f  a l l  k i n d s  f o r  t h e  new space power d e s i g n s .  I t  i s ,  t h e r e -  
f o re ,  more e s s e n t i a l  for a l l  i m p o r t a n t  l o s s e s  t o  be w e l l  c h a r a c t e r i z e d .  

T r a t i o  = 2 and 3 ( r e f .  1 4 ) .  I t  i s  seen t h a t  

Consequen t l y ,  e n g i n e  e f f i c i e n c y  i s  expec ted  t o  be more sen- 

D I S C U S S I O N  OF HEAT TRANSFER AND FLUID FLOW PROBLEM AREAS 
I N  STIRLING E N G I N E  MODELING AND D E S I G N  

F i g u r e  1 i n d i c a t e s  v a r i o u s  f l u i d  flow and h e a t  t r a n s f e r  p rob lem a r e a s .  
These a r e :  

( 1 )  I n s t a n t a n e o u s  h e a t  t r a n s f e r  r a t e s  between gas and me ta l  i n  t h e  h e a t  
exchangers .  A c c u r a t e  average h e a t  t r a n s f e r  r a t e s  a r e  n o t  s u f f i c i e n t .  The 
h e a t  t r a n s f e r  r a t e  a t  a p a r t i c u l a r  p o s i t i o n  v a r i e s  p e r i o d i c a l l y  o v e r  t h e  c y c l e  
and e n g i n e  per fo rmance i s  s e n s i t i v e  t o  t h e  p h a s i n g  o f  t h e s e  v a r i a t i o n s .  

( 2 )  I n s t a n t a n e o u s  h e a t  t r a n s f e r  r a t e s  i n  r e g i o n s  where t h e  s u r f a c e - t o -  
v o l u m e - r a t i o  i s  r e l a t i v e l y  s m a l l  ( w h i c h  l e a d  t o  h y s t e r e s i s  l o s s e s ) .  Heat  
t r a n s f e r  r a t e s  i n  r e g i o n s  w i t h  s m a l l  s u r f a c e - t o - v o l u m e - r a t i o s ,  such as gas 
s p r i n g s ,  expans ion  and compress ion  spaces,  and c o n n e c t i n g  d u c t s  a r e  i m p o r t a n t .  
H y s t e r e s i s  l o s s e s  a r e  z e r o  i n  t h e s e  spaces i f  t h e  processes  o c c u r r i n g  t h e r e  
a r e  i s o t h e r m a l  or  a d i a b a t i c .  For p r o c e s s e s  wh ich  a r e  n e i t h e r  i s o t h e r m a l  nor 
a d i a b a t i c ,  however, h y s t e r e s i s  l o s s e s  can be l a r g e .  

(3) I n s t a n t a n e o u s  p r e s s u r e  d r o p  a c r o s s  t h e  d i s p l a c e r  and t h e  amount o f  
v i s c o u s  d i s s i p a t i o n  o v e r  t h e  c y c l e .  For t h e  SPDE e n g i n e ,  p r e l i m i n a r y  d e s i g n  
c a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  magn i tude  of t h e  p r e s s u r e  d r o p  due t o  gas i n e r -  
t i a  was a b o u t  t h e  same as t h e  p r e s s u r e  d r o p  due t o  w a l l  shear  s t r e s s  ( r e f .  1 5 ) .  
Knowledge o f  t h e  magn i tude  and p h a s i n g  o f  t h e  t o t a l  p r e s s u r e  d r o p  a c r o s s  t h e  
d i s p l a c e r  i s  i m p o r t a n t  i n  c a l c u l a t i n g  t h e  dynamics o f  an e n g i n e .  V i scous  d i s -  
s i p a t i o n  i s  an i m p o r t a n t  p a r t  o f  t h e  eng ine  the rmodynan ic  l o s s .  

( 4 )  E n d - e f f e c t s  h e a t  t r a n s f e r  and p r e s s u r e  d r o p .  These e f f e c t s  must  be 
c o n s i d e r e d  wherever  s i g n i f i c a n t  a r e a  t r a n s i t i o n s  o c c u r .  

( 5 )  Net  ene rgy  f l u x  t h r o u g h  t h e  r e g e n e r a t o r  from t h e  h e a t e r  t o  t h e  c o o l e r .  
T h i s  f l u x  i s  a s h o r t  c i r c u i t  o f  h e a t  d i r e c t l y  t o  t h e  c o o l e r .  Enhanced a x i a l  
t h e r m a l  c o n d u c t i v i t i e s  may need t o  be assumed i n  d e s i g n  codes t o  a c c o u n t  f o r  
( 1 )  l i m i t a t i o n s  o f  one-d imens iona l  models  and ( 2 )  t h e  e f f e c t s  o f  e d d i e s  i n  
t u r b u l e n t  f l ow  t h r o u g h  t h e  m a t r i x .  

( 6 )  Flow m a l d i s t r i b u t i o n s .  The one-d imens iona l  codes used f o r  e n g i n e  
m o d e l i n g  assume t h a t  t h e  f low p r o f i l e  i s  i d e n t i c a l  i n  each o f  t h e  h e a t e r  and 
cooler t u b e s .  The f low i s  a l s o  assumed t o  be u n i f o r m ,  r a d i a l l y ,  a c r o s s  t h e  
r e g e n e r a t o r  m a t r i x .  
need t o  be deve loped  f o r  use i n  d e s i g n  codes.  

C h a r a c t e r i z a t i o n s  o f  l o s s e s  due t o  f low m a l d i s t r i b u t i o n s  

( 7 )  Appendix  gap l o s s e s .  A v e r y  complex loss o c c u r s  i n  t h e  a n n u l a r  gap, 
or "append ix  gap,"  between t h e  d i s p l a c e r  and t h e  c y l i n d e r .  

( 8 )  " A d i a b a t i c "  l o s s e s .  I r r e v e r s i b l e  thermodynamic l o s s e s  o c c u r  when 
e lemen ts  o f  gas a t  d i f f e r e n t  t e m p e r a t u r e s  a r e  mixed t o g e t h e r  and when h e a t  
flows a c r o s s  a t e m p e r a t u r e  d i f f e r e n c e  between t h e  me ta l  w a l l  and t h e  gas.  
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When small-surface-to-volume-ratio r e g i o n s  ( w h i c h  t e n d  t o  be c l o s e r  t o  a d i a -  
b a t i c  t h a n  i s o t h e r m a l )  a r e  a d j a c e n t  t o  n e a r l y  i s o t h e r m a l  h e a t  exchangers ,  
t hese  l o s s e s  a r e  enhanced. 

A l t h o u g h  no  d e f i n i t i v e  i n f o r m a t i o n  abou t  t h e  r e l a t i v e  magn i tudes  o f  these  
l o s s e s  i s  a v a i l a b l e ,  SPDE p r e l i m i n a r y  d e s i g n  c a l c u l a t i o n s  ( r e f .  1 5 ) , g i v e  some 
i n f o r m a t i o n .  Tab le  I V  shows a thermodynamic loss breakdown fo r  one c y l i n d e r  
o f  t h e  SPDE. Flow m a l d i s t r i b u t i o n  e f f e c t s  were n o t  accounted  f o r  and " a d i a -  
b a t i c "  l o s s e s  a r e  n o t  s e p a r a t e d ,  as such, from o t h e r  l o s s e s .  Work ing space 
l o s s e s  r e l a t e d  t o  h e a t  t r a n s f e r  a r e  seen t o  be i m p o r t a n t ,  as i n d i c a t e d  by  t h e  
sum o f  w o r k i n g  space " h y s t e r e s i s "  and "loss  due t o  h e a t e r  and c o o l e r  gas - t s -  
w a l l  t e m p e r a t u r e  d i f f e r e n c e . "  
loss.  The t o t a l  o f  t h e  gas s p r i n g  power l o s s e s  i s  a l s o  s i g n i f i c a n t .  Leakage 
l o s s e s ,  though shown t o  be s m a l l  he re ,  n o t  may be p r e c i s e l y  p r e d i c t a b l e  f o r  
u n t e s t e d  g e o m e t r i c a l  c l e a r a n c e s  under o s c i l l a t i n g ,  f low c o n d i t i o n s .  D r e c t  
t he rma l  l o s s e s ,  ranked  a c c o r d i n g  t o  t h e  magn i tude o f  t h e  c a l c u l a t i o n s ,  a r e  
r e g e n e r a t o r  ene rgy  f l u x ,  c o n d u c t i o n ,  and append ix  gap l o s s e s  ( r e l a t i v e  magni -  
tudes  c o u l d  be d i f f e r e n t  for d i f f e r e n t  d e s i g n s ) .  Regenera to r  ene rgy  f ux and 
append ix  gap l o s s e s  can,  if s u f f i c i e n t l y  l a r g e ,  cause a d e g r a d a t i o n  i n  power 
i n  a d d i t i o n  t o  i n c r e a s e d  h e a t  i n p u t .  

Work ing  f l u i d  pumping i s  a l s o  an i m p o r t a n t  power 

Heat T r a n s f e r  Rates ,  P r e s s u r e  Drop, Wal l  Shear S t r e s s  and V iscous  
D i s s i p a t i o n  i n  S t i r l i n g  Eng ine  Heat Exchangers 

S t e a d y - f l o w  h e a t  t r a n s f e r  and f r i c t i o n  f a c t o r  c o r r e l a t i o n s  a r e  b e i n g  used 
i n  most one-d imens iona l  f low S t i r l i n g  pe r fo rmance  and d e s i g n  codes; c o r r e l a -  
t i o n s  from r e f e r e n c e  16 a r e  f r e q u e n t l y  used. Laminar  flow t h e o r y  e x i s t s  f o r  
p r e d i c t i n g  how f low o s c i l l a t i o n s  a f f e c t  v i s c o u s  d i s s i p a t i o n  and p r e s s u r e  d r o p .  
However, a c c o r d i n g  t o  one-d imens iona l  f l ow  c a l c u l a t i o n s ,  h e a t e r  and c o o l e r  f low 
reg imes a r e  p r i m a r i l y  t u r b u l e n t  for  many e n g i n e  d e s i g n s  ( a c c o r d i n g  t o  s teady -  
f low t u r b u l e n t  c r i t e r i a ) .  No t h e o r y  e x i s t s  f o r  p r e d i c t i n g  t h e  e f f e c t  of f low 
o s c i l l a t i o n s  on  v i s c o u s  d i s s i p a t i o n  and p r e s s u r e  d r o p ,  i n  t h e  t u r b u l e n t  reg ime ,  
or on  h e a t  t r a n s f e r  r a t e s  i n  e i t h e r  l a m i n a r  or  t u r b u l e n t  r e g i m e s .  

Seume and Simon have summarized what i s  known abou t  t h e  e f f e c t s  of o s c i l -  
l a t i n g  f low on heat  t r a n s f e r ,  wall shear s t r e s s ,  viscous d i s s i p a t i o n  and p r e s -  
su re  d r o p  ( r e f s .  17 and 1 8 ) .  S i m i l a r i t y  pa ramete rs  p roposed t o  c h a r a c t e r i z e  
these  e f f e c t s  a r e  REmax, Re, and AR or L/D. S i n c e  Mach number a r e  c a l c u -  
l a t e d  t o  be l e s s  t h a n  0.1 for  most d e s i g n s ,  a c o u s t i c  e f f e c t s  a r e  t h o u g h t  to  be 
sma l l  ( d e n s i t y  does, however ,  v e r y  s i g n i f i c a n t l y  w i t h  p o s i t i o n  due t o  l a r g e  
a x i a l  t e m p e r a t u r e  g r a d i e n t s  and w i t h  t i m e  due t o  l a r g e  v a r i a t i o n s  i n  p r e s s u r e  
l e v e l  o v e r  t h e  c y c l e ) .  C a l c u l a t i o n s  were made w i t h  a Schmid t  model for  many 
d i f f e r e n t  S t i r l i n g  e n g i n e s .  R e s u l t i n g  p l o t s  o f  t h e  s i m i l a r i t y  pa ramete rs  for 
t h e  h e a t e r s ,  r e g e n e r a t o r s  and c o o l e r s  o f  t h e s e  eng ines  a r e  g i v e n  i n  r e f e r -  
ence 18. I t  was conc luded  t h a t  more r e s e a r c h  was needed t o  u n d e r s t a n d  t h e  
p rocess  o f  t r a n s i t i o n  and t h e  e f f e c t  o f  f l ow  o s c i l l a t i o n  on  t u r b u l e n t  momentum 
and h e a t  t r a n s f e r .  

Seume and Simon have c o n s t r u c t e d  a t e s t  r i g  t o  do  t h e  r e s e a r c h  t h e y  
recommended. A schemat ic  o f  t h e  r i g  i s  shown i n  f i g u r e  6.  The w o r k i n g  f l u i d  
w i l l  be a i r .  Two r e l a t i v e l y  l a r g e  d i a m e t e r  t e s t  s e c t i o n s  w i l l  p e r m i t  measure- 
ments o f  m u l t i d i m e n s i o n a l  p r o f i l e s  u s i n g  h o t  w i r e  anemometers. The r e l a t i v e l y  
low maximum f r e q u e n c y ,  abou t  400 rpm, s h o u l d  a l l o w  a c c u r a t e  dynamic measure- 
ments o f  p r e s s u r e ,  v e l o c i t y  and t e m p e r a t u r e .  A r e c e n t  d e s c r i p t i o n  o f  t h e i r  
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p lanned  t e s t  p rogram ( r e f .  19)  i n d i c a t e s  r i g  q u a l i f i c a t i o n  t e s t s  a r e  p lanned  
for  t h e  summer o f  1987. A d i s c u s s i o n  o f  what Simon and Seume c o n s i d e r  t o  be 
t h e  u n r e s o l v e d  i s s u e s  i n  t u b e  and m a t r i x  f low o s c i l l a t i o n  e f f e c t s  i s  g i v e n  i n  
r e f e r e n c e  20. 

Wood has des igned  and b u i l t  an o s c i l l a t i n g  f low r i g  t o  be used i n  measur- 
i n g  p r e s s u r e  d rops  t h r o u g h  tubes  and m a t r i c e s  a t  e n g i n e  d e s i g n  f r e q u e n c i e s  
( r e f .  21 ) ;  t h i s  r i g  i s  to  be used t o  d e v e l o p  c o r r e l a t i o n s  f o r  use i n  one- 
d imens ion  mode ls .  A schemat i c  o f  t h e  r i g  i s  shown i n  f i g u r e  7 .  A l i n e a r  
motor i s  used t o  d r i v e  t h e  r i g  a t  f r e q u e n c i e s  up t o  120 Hz. 
s p r i n g s  a r e  used i n  d i f f e r e n t  f r e q u e n c y  r a n g e s ,  t o  reduce  t h e  d r i v e  power 
r e q u i r e m e n t s .  
f low o n l y  ( p r e s s u r e  l e v e l  w i l l  be e s s e n t i a l l y  c o n s t a n t ) .  However, a n o t h e r  
d r i v e  can be added t o  t e s t  f o r  t h e  combined e f f e c t s  o f  o s c i l l a t i n g  f low and 
p r e s s u r e  l e v e l .  
t h e  same h e a t  exchanger  g e o m e t r i e s  can be t e s t e d  under  b o t h  s t e a d y - f l o w  and 
o s c i l l a t i n g - f l o w  c o n d i t i o n s .  A schemat ic  o f  t h i s  r i g  i s  shown i n  f i g u r e  8.  

D i f f e r e n t  s e t s  o f  

The i n i t i a l  r i g  i s  des igned  t o  t e s t  f o r  e f f e c t s  o f  o s c i l l a t i n g  

A u n i d i r e c t i o n a l  f low r i g  has a l s o  been c o n s t r u c t e d  so t h a t  

One e a r l y  s e t  o f  o s c i l l a t i n g  f low r i g  d a t a  t a k e n  d u r i n g  checkou t  o f  t h e  
r i g  and d a t a  system, i s  shown i n  f i g u r e  9 ( r e f .  2 2 ) .  Dynamic p r e s s u r e  i s  
shown o v e r  a c y c l e  for  a f r e q u e n c y  o f  28 Hz. Also shown a r e  F a s t  F o u r i e r  
Trans forms o f  t h e  p r e s s d r e  d r o p  and p i s t o n  m o t i o n  d a t a .  
t h i r d  harmon ic  f o r  t h e  p r e s s u r e  d r o p  was l a r g e r  t h a n  a n t i c i p a t e d ,  based on  
previous c a l c u l a t i o n s .  

The magn i tude o f  t h e  

F i g u r e  5 shows how s e n s i t i v e  c o n c e p t u a l  SSE d e s i g n  pe r fo rmance  was t o  
h e a t e r  and c o o l e r  h e a t  t r a n s f e r  c o e f f i c i e n t s .  Penswick has suggested  t h a t  
h e a t  t r a n s f e r  c o e f f i c i e n t s  may be lower t h a n  p r e d i c t e d  b y  s t e a d y - f l o w  c o r r e l a -  
t i o n s  ( r e f .  14 ) .  

Heat  T r a n s f e r  Rates  i n  Sma l l -Su r face - to -Vo lume-Ra t io  Reg ions  
and H y s t e r e s i s  Losses 

H y s t e r e s i s  l o s s e s  a r e  a m a j o r  conce rn  i n  t h e  d e s i g n  o f  gas s p r i n g s  and 
a r e  a l s o  t h o u g h t  t o  be i m p o r t a n t  i n  expans ion  and compress ion  spaces, and i n  
c o n n e c t i o n  d u c t s .  H y s t e r e s i s  l o s s e s  a r e  z e r o  i n  a gas s p r i n g  i f  t h e  p rocess  
i s  a d i a b a t i c  or i s o t h e r m a l .  Fo r  a p rocess  wh ich  i s  n e i t h e r  i s o t h e r m a l  n o r  
a d i a b a t i c ,  t h e  n e t  h e a t  t r a n s f e r  p e r  c y c l e  from gas t o  w a l l  i s  e q u i v a l e n t  t o  a 
l o s s  o f  u s e f u l  work or a h y s t e r e s i s  loss.  H y s t e r e s i s  l o s s e s  become more 
i m p o r t a n t  as e n g i n e  f r e q u e n c y  i n c r e a s e s .  The thermodynamic loss breakdown i n  
t a b l e  I V  f o r  t h e  p r e l i m i n a r y  SPDE d e s i g n  c a l c u l a t i o n s  shows work ing-space 
p l u s  g a s - s p r i n g  h y s t e r e s i s  l o s s e s  e q u i v a l e n t  t o  15.4  p e r c e n t  o f  t h e  i n d i c a t e d  
power or 2.35 k # .  

F i g u r e  10 shows how c a l c u l a t e d  SSE d e s i g n  power v a r i e s  w i t h  t h e  r e l a t i v e  
h e a t  t r a n s f e r  r a t e s  i n  e x p a n s i o n  and compress ion  spaces and a s s o c i a t e d  gas 
m a n i f o l d s  ( r e f .  14 ) .  The f i g u r e  suggests  t h a t ,  i f  t h e  h e a t  t r a n s f e r  r a t e  c o u l d  
be reduced from t h e  r e f e r e n c e  v a l u e  t o  z e r o ,  t h e n  t h e  power would i n c r e a s e  b y  
abou t  3 kW or 8 p e r c e n t ;  t h i s  i m p l i e s  a r e f e r e n c e  h y s t e r e s i s  loss o f  abou t  3 kW 
i n  expans ion  and compress ion  spaces and a s s o c i a t e d  m a n i f o l d s  ( t h i s  does n o t  
i n c l u d e  h y s t e r e s i s  l o s s e s  i n  t h e  gas s p r i n g s ) .  P e n s w i c k ' s  d i s c u s s i o n  o f  t h e  
a c c u r a c y  o f  t h e  c u r r e n t  h e a t  t r a n s f e r  r a t e s  c a l c u l a t e d  f o r  t h e  expans ion  and 
compress ion  spaces and t h e i r  m a n i f o l d s ,  sugges ts  t h a t  t h e  r e f e r e n c e  h y s t e r e s i s  
l o s s  c o u l d  be i n  e r r o r  by  a f a c t o r  as l a r g e  as 2. 
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I n  an e a r l y  e n g i n e  d e s i g n ,  K a n g p i l  Lee conc luded  t h a t  h y s t e r e s i s  l o s s e s  
were a ma jo r  thermodynamic loss i n  t h e  eng ine  ( r e f .  2 3 ) .  F i g u r e  1 1  ( r e f .  2 4 )  
shows how h y s t e r e s i s  l o s s e s  were c a l c u l a t e d  t o  v a r y  i n  t h e  RE-1000 f r e e - p i s t o n  
eng ine  as t h e  expans ion  and compress ion  space h e a t  t r a n s f e r  c o e f f i c i e n t s  were 
v a r i e d  between an i s o t h e r m a l  and a d i a b a t i c  p r o c e s s .  T h i s  r e s u l t  sugges ts  t h a t  
t h e  h y s t e r e s i s  loss  can become l a r g e  i n  expans ion  and compress ion  spaces.  

C losed  form e x p r e s s i o n s  for c a l c u l a t i n g  h y s t e r e s i s  l o s s e s  have been d e v e l -  
oped ( r e f .  2 5 ) .  These e q u a t i o n s  h e l p  unders tand  how h y s t e r e s i s  l o s s e s  v a r y  
w i t h  v a r i o u s  e n g i n e  p a r a m e t e r s '  and a r e  use f i l l  i n  e s t i m a t i n g  h y s t e r e s i s  l o s s e s  
f o r  c l o s e d  volume gas s p r i n g s .  

F a u l k n e r  and Smi th  ( r e f .  2 6 )  have shown e x p e r i m e n t a l l y  t h a t  t h e  phase l a g  
between c y l i n d e r  h e a t  t r a n s f e r  and wa l l - to -average-gas  t e m p e r a t u r e  d i f f e r e n c e  
v a r i e d  from Oo f o r  i s o t h e r m a l  t o  90° f o r  a d i a b a t i c  p rocesses .  A n a l y t i c a l  
e x p r e s s i o n s  f o r  t h e  magn i tude  and phase l a g  of c y l i n d e r  h e a t  t r a n s f e r  have 
been d e r i v e d  b y  Lee ( r e f .  23) and o t h e r s  ( r e f .  2 7 ) .  Kornhauser  and S m i t h  have 
t e s t e d  a gas s p r i n g  and have r e p o r t e d  t h e  r e s u l t s  of u s i n g  v a r i o u s  c y l i n d e r  
h e a t  t r a n s f e r  c o r r e l a t i o n s  and h y s t e r e s i s  loss e q u a t i o n s  t o  p r e d i c t  h y s t e r e s i s  
l o s s e s  f o r  compar ison w i t h  t h e i r  t e s t  d a t a  ( r e f .  2 7 ) .  

The c h a r a c t e r i z a t i o n  o f  "open volume" h y s t e r e s i s  h e a t  t r a n s f e r  may p r o v e  
t o  be s i g n i f i c a n t l y  d i f f e r e n t  t h a n  t h a t  f o r  a " c l o s e d  vo lume' '  gas s p r i n g ,  due 
t o  t h e  i n f l o w  and o u t f l o w  of gas t h a t  o c c u r s  i n  an open vo lume.  I n  t h e  expan- 
s i o n  space o f  a S t i r l i n g  eng ine ,  f o r  example, gas flow depends more on  d i s -  
p l a c e r  m o t i o n  t h a n  on  p i s t o n  m o t i o n  and p r e s s u r e  l e v e l  depends more o n  p i s t o n  
m o t i o n  t h a n  on  d i s p l a c e r  m o t i o n .  S ince  p i s t o n  m o t i o n  l a g s  t h a t  o f  t h e  d i s -  
p l a c e r  by  a s u b s t a n t i a l  amount i n  an e n g i n e ,  t h e  p h a s i n g  between gas f l o w  and 
p r e s s u r e  i s  d i f f e r e n t  t h a n  i n  a gas s p r i n g .  

Heat  T r a n s f e r  and Pressu re  Drop End E f f e c t s  

Seume and Simon c a l c u l a t e d ,  based on s t e a d y  u n i d i r e c t i o n a l  t u r b u l e n t  f low 
i n  a r o u g h  p i p e ,  t h a t  between 15 and 50 p e r c e n t  o f  t h e  h e a t e r  and c o o l e r  p r e s -  
s u r e  d r o p s  o c c u r r e d  a t  t h e  p i p e  e n t r a n c e  and e x i t s  i n  t h e  eng ines  t h e y  modeled 
( r e f .  1 8 ) .  For t h e  SPDE t h e  v a l u e  t h e y  c a l c u l a t e d  was a b o u t  35 p e r c e n t  f o r  
h e a t e r  and c o o l e r .  They a l s o  e s t i m a t e d  t h a t  d e v e l o p i n g  v e l o c i t y  p r o f i l e s  may 
be expec ted  t h r o u g h o u t  many h e a t e r s  and coolers o v e r  t h e  e n g i n e  c y c l e .  One 
c o n c l u s i o n  of t h e i r  i n i t i a l  g r a n t  was t h a t  more r e s e a r c h  i s  needed on  t h e  
e f f e c t s  o f  t h e r m a l  and hydrodynamic e n t r a n c e  l e n g t h s  on  h e a t  t r a n s f e r  and 
p r e s s u r e  d r o p .  

Net  Energy F l u x  Through t h e  Regenera to r  

A s  n o t e d  e a r l i e r ,  t h i s  f l u x  i s  a s h o r t  c i r c u i t  of h e a t  t h r o u g h  t h e  regen-  
e r a t o r ,  d i r e c t l y  t o  t h e  c o o l e r .  An i n c r e a s e  i n  t h i s  f l u x  w i l l  cause some com- 
b i n a t i o n  o f  an i n c r e a s e  i n  h e a t  i n p u t  and a decrease i n  e n g i n e  power.  T h i s  
can be seen by r e f e r e n c e  t o  f i g u r e  12, where t h e  energy  f l u x e s  shown a r e  n e t  
v a l u e s  o v e r  t h e  c y c l e  ( f i g .  12 i g n o r e s  h y s t e r e s i s  l o s s e s  i n  e x p a n s i o n  and com- 
p r e s s i o n  spaces and d i s p l a c e r  power r e q u i r e m e n t s ) .  

Suppose t h e  energy  s t o r e d  i n  t h e  r e g e n e r a t o r  p e r  112 c y c l e  i s  5 t i m e s  t h e  
n e t  h e a t  i n t o  t h e  e n g i n e  p e r  c y c l e  ( a  reasonab le  assumpt ion ,  a c c o r d i n g  t o  
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c a l c u l a t i o n s ) .  Then a 1 p e r c e n t  decrease i n  ene rgy  s t o r e d  i n  t h e  m a t r i x  !and 
a c o r r e s p o n d i n g  i n c r e a s e  i n  r e g e n e r a t o r  ene rgy  f l u x  l oss )  causes a 5 p e r c e n t  
i n c r e a s e  i n  h e a t  i n p u t  t o  t h e  h e a t e r  (assuming adequate  h e a t e r  c a p a c i t y )  and a 
5 p e r c e n t  decrease i n  e f f i c i e n c y .  I f  t h e  h e a t e r  c a p a c i t y  i s  n o t  adequate  t o  
make up t h e  a d d i t i o n a l  r e g e n e r a t o r  energy  f l u x  loss,  t h e n  power w i l l  d r o p  and 
t h e  loss o f  eng ine  e f f i c i e n c y  w i l l  be even g r e a t e r .  

mated due t o  l i m i t a t i o n s  o f  one-d imens iona l  S t i r l i n g  models  i n  p r e d i c t i n g  
o s c i l l a t i n g - f l o w  phenomena. Edwards and R icha rdson  ( r e f .  29)  demons t ra ted  
enhancements i n  t h e  d i s p e r s i o n  o f  a rgon  gas t h r o u g h  a i r  w i t h  i n c r e a s e s  i n  t h e  
s t e a d y - f l o w  Reyno lds  no .  (p resumab ly  due t o  eddy d i f f u s i o n ) .  Gedeon has sug- 
g e s t e d  ( r e f .  30)  t h a t ,  b y  a n a l o g y ,  Edwards and R i c h a r d s o n ' s  e x p e r i m e n t  a rgues  
f o r  enhancements i n  e f f e c t i v e  gas the rma l  c o n d u c t i v i t y  w i t h  i n c r e a s e s  i n  t h e  
s t e a d y - f l o w  Reyno lds  number. A g r a n t  has been awarded t o  P r o f e s s o r  A lexander  
Dybbs o f  Case Western Reserve U n i v e r s i t y  t o  i n v e s t i g a t e  e f f e c t i v e  t h e r m a l  con- 
d u c t i v i t i e s  i n  porous  mat : - ices under  c o n d i t i o n s  a p p r o x i m a t i n g  t h o s e  i n  a 
S t i r l i n g  eng ine .  

Gedeon has shown ( r e f .  2 8 )  t h a t  r e g e n e r a t o r  f l u x  l o s s e s  may be u n d e r e s t i -  

Z i p h  has d e s c r i b e d  a t e s t  r i g  t h a t  was deve loped  b y  N . V .  P h i l i p s  t o  c h a r -  
a c t e r i z e  r e g e n e r a t o r  f l u x  l o s s e s  e m p i r i c a l l y  ( r e f .  31 ) .  By t e s t i n g  a m a t r i x  
i n  t h i s  o s c i l l a t i n g  f low r i g ,  i t  i s  p o s s i b l e  t o  g e n e r a t e  an e m p i r i c a l  exp res -  
s i o n  f o r  r e g e n e r a t o r  f l u x  loss as a f u n c t i o n  o f  a s e t  of d i m e n s i o n l e s s  parame- 
ters (equivalent t o  those recommended by Simon and Seume). T h i s  test r i g  has 
been t r a n s p o r t e d  t o  t h e  U .S .  Regenera to r  d a t a  t a k e n  w i t h  t h i s  r i g  c o u l d  be 
used t o  e v a l u a t e  t h e  r e g e n e r a t o r  models  used i n  S t i r l i n g  d e s i g n  and p e r f o r m -  
ance codes.  

Flow M a l d i s t r i b u t i o n s  

The one-d imens iona l  codes used f o r  eng ine  m o d e l i n g  and d e s i g n  assume t h a t  
t h e  f low p r o f i l e  i s  i d e n t i c a l  i n  each p a r a l l e l  t u b e  and i s  u n i f o r m  a c r o s s  t h e  
r e g e n e r a t o r  m a t r i x .  However, measurements o f  t u b e - t o - t u b e  t e m p e r a t u r e  d i f f e r -  
ences i n  an a u t o m o t i v e  S t i r l i n g  e n g i n e  h e a t e r  head ( r e f .  8)  sugges ted  t h a t  
t h e r e  were s u b s t a n t i a l  d i f f e r e n c e s  i n  f low from t u b e - t o - t u b e .  Use o f  a g e n e r a l  
f l u i d  flow code, PHOENICS,  t o  c a l c u l a t e  s teady  two-d imens iona l  f l ow  from t h e  
SPDE h e a t e r  t u b e s  i n t o  t h e  r e g e n e r a t o r  m a t r i x ,  i n i t i a l l y  caused concern  t h a t  
j e t t i n g  i n t o  t h e  m a t r i x  m i g h t  be c a u s i n g  s i g n i f i c a n t  p r e s s u r e  d r o p  ( r e f .  3 2 ) .  
However, l a t e r  a n a l y s i s  o f  an e x p e r i m e n t a l  d i s p l a c e r  f o r c e  phasor  d i a g r a m  l e d  
t o  c o n c l u s i o n s  t h a t  p r e s s u r e  d r o p  a c r o s s  t h e  d i s p l a c e r  had been l e s s  t h a n  p r e -  
d i c t e d  w i t h  s t e a d y - f l o w  c o r r e l a t i o n s  ( r e f .  33 ) .  

Gedeon i s  d e v e l o p i n g  a two-d imens iona l  p e r i o d i c  f l ow  model ( r e f .  34) t o  
s t u d y  m a n i f o l d - r e g e n e r a t o r  o s c i l l a t i n g  f lows. A p r o t o t y p e  v e r s i o n  o f  t h e  code 
was used t o  g e n e r a t e  f i g u r e  13. F i g u r e  13 shows t h a t  i n  a s i d e - i n l e t  m a n i f o l d  
d e s i g n ,  where p r e s s u r e  d r o p  a c r o s s  t h e  m a t r i x  was o f  t h e  same o r d e r  o f  magni- 
t ude  as  t h a t  t h r o u g h  t h e  m a n i f o l d s ,  t h e  flow d i s t r i b u t i o n  t h r o u g h  t h e  m a t r i x  
was c a l c u l a t e d  t o  be v e r y  nonun i fo rm.  When t h e  p r e s s u r e  d r o p  a c r o s s  t h e  m a t r i x  
was i n c r e a s e d  by  a f a c t o r  o f  50, w h i l e  t h e  m a n i f o l d  p r e s s u r e  d r o p  remained 
abou t  t h e  same, t h e  f low was much more u n i f o r m  (shown i n  f i g .  1 4 ) .  

The space-power S t i r l i n g  d e s i g n s ,  w i t h  Trat-0 = 2 ,  t e n d  t o  have s h o r t e r  
r e g e n e r a t o r  l e n g t h s  t h a n  d e s i g n s  w i t h  h i g h e r  t e m p e r a t u r e  r a t i o s .  The r e s u l t i n g  
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smaller ratios of regenerator-to-manifold pressure drop increase 
flow maldistributions in the regenerator. 

oscillatinq flow tests to be run bv Seume and Simon (ref. 1 9 ) .  
Multidimensional measurements of velocities are to be made 

the risk of 

n the 
two- 

dimensionai engine code under devejopment by Goldberg (ref. 35) may be used in 
conjunction with these tests. In particular, Goldberg hopes to test the pre- 
diction of various turbulence models against the test results of Seume and 
Simon. Goldberg believes that two-dimensional effects may be of major impor- 
tance in the expansion and compression spaces of the SPDE. In particular, the 
expansion-space flow field could have a significant impact on the flow distri- 
bution among the heater tubes. 

Appendix Gap Losses 

The appendix gap is the annular volume between the hot end of the dis- 
placer and the cylinder wall. 
nomena which take place in the gap involve several irreversibilities which 
degrade the performance of the engine. 

The complex fluid flow and heat transfer phe- 

Huang has developed a detailed appendix gap model (refs. 36 to 38). Three 
heat loss mechanisms are modeled: 
cylinder, ( 2 )  radial heat transfer between the gas in the gap and the boundary 
walls, and ( 3 )  leakage enthalpy flow across the cold end seal. The radial heat 
transfer mechanism i s  the most complicated and least understood; it can be sub- 
divided into a pure conduction or "shuttle" component and a complicated convec- 
tion component which is commonly identified as the appendix gap "pumping" loss. 

(1) axial conduction along the piston and 

Appendix gap losses have proved difficult to determine accurately from 
engine test data. 
MOD-I automotive Stirling engine at full load with Huang's model (ref. 37). 
The calculated loss of 6.3 kW is 3.6 percent of the measured 175 kW of heat 
into the engine (ref. 39). Since the space engine designs have smaller pres- 
sure and temperatures ratios than the automotive engines, appendix gap loss 
should be of less importance in the space engines. Table IV shows that the 
appendix gap loss calculated for the preliminary design of the SPDE was 
1.33 kW per cylinder or 2.7 percent of the heat input per cylinder. 

A loss of about 6.3 kW was calculated for the upgraded 

Adiabatic Losses  

Chen et. al., (ref. 24)  give an explanation of "adiabatic" losses (or 
losses that are caused by adiabatic or near-adiabatic volumes in the Stirling 
engine working space). 
are shown in figure 1 1  as functions of cylinder heat transfer coefficients. 
The first component is the hysteresis loss discussed earlier. The second and 
third components are "adiabatic" losses or components of the loss for adiabatic 
cylinder processes (the hysteresis loss is zero for an adiabatic process). One 
"adiabatic" loss component, the "external heat transfer", is caused by gas 
leaving the cylinder (expansion or compression space) and entering the adjacent 
heat exchanger at a significantly different temperature than the walls of the 
exchanger. The other adiabatic loss component is the mixing loss caused by gas 
from an adjacent heat exchanger entering the cylinder and mixing with its gas. 
Figure 1 1  suggests that attempts to isothermalize the cylinder of the RE-1000 
would reduce the net "adiabatic" losses but might produce a net decrease in 

Three components of the calculated R E - 1 0 0 0  engine loss 

1 1  



I pe r fo rmance due t o  i n c r e a s e d  h y s t e r e s i s  l o s s .  Large  n e a r l y - a d i a b a t i c  connec t -  
i n g  d u c t  volumes a r e  e s p e c i a l l y  u n d e s i r a b l e  between h e a t e r - r e g e n e r a t o r  and 
r e g e n e r a t o r - c o o l e r ,  where t h e  e x t e r n a l  h e a t  t r a n s f e r  and m i x i n g  l o s s e s  wou ld  
o c c u r  f o r  b o t h  f low d i r e c t i o n s .  

I CONCLUDING REMARKS 

The new f r e e - p i s t o n  S t i r l i n g  eng ines  f o r  space power a r e  b e i n g  d e s i g n e d  
f o r  low- tempera tu re  r a t i o s .  Eng ine  pe r fo rmance  for l o w - t e m p e r a t u r e - r a t i o  
des igns  i s  more s e n s i t i v e  t o  l o s s e s  o f  a l l  k i n d s .  

The p r e d i c t e d  pe r fo rmance  o f  S t i r l i n g  e n g i n e  d e s i g n s  fo r  space power i s  
e s p e c i a l l y  s e n s i t i v e  t o  t h e  h e a t  t r a n s f e r  r a t e s  between gas and m e t a l  i n  a l l  
e n g i n e  components, and t h e  p r e s s u r e  d r o p  a c r o s s  t h e  h e a t  exchanger  components 
(and  t h u s  t h e  d i s p l a c e r ) .  S t e a d y - f l o w  h e a t  t r a n s f e r  and f r i c t i o n  f a c t o r  c o r -  
r e l a t i o n s  a r e  b e i n g  used i n  one-d imens iona l  S t i r l i n g  mode ls .  E f f e c t s  o f  o s c i l -  
l a t i n g  f l ow  on  h e a t  t r a n s f e r  and p r e s s u r e  d r o p  for  S t i r l i n g  eng ine  o p e r a t i n g  
c o n d i t i o n s  a r e  n o t  known. E f f e c t s  o f  f low m a l d i s t r i b u t i o n s  (or  d e v i a t i o n s  
from t h e  one-d imens iona l  flow assumpt ions  used i n  d e s i g n  codes)  a r e  n o t  known, 
a l t h o u g h  d e s i g n  p r a c t i c e  i s  t o  t r y  t o  m i n i m i z e  such m a l d i s t r i b u t i o n s .  The 
e f f e c t s  o f  a r e a  t r a n s i t i o n  or "end e f f e c t s "  on  h e a t  t r a n s f e r  and p r e s s u r e  d r o p  
i n  an o s c i l l a t i n g - f l o w  env i ronmen t  a r e  a l s o  n o t  u n d e r s t o o d .  
computer  model o f  an append ix  gap has n o t  been a d e q u a t e l y  v e r i f i e d  w i t h  t e s t  
d a t a .  Leakage l o s s e s  a r e  a l s o  a s i g n i f i c a n t  conce rn .  

Huang's  d e t a i l e d  

S e v e r a l  t e s t  programs aimed a t  c h a r a c t e r i z i n g  h e a t  t r a n s f e r  r a t e s  and 
p r e s s u r e  d r o p  e f f e c t s  i n  S t i r l i n g  eng ine  components under  S t i r l i n g  e n g i n e  
o p e r a t i n g  c o n d i t i o n s  a r e  g e t t i n g  underway.  These e f f o r t s  a r e  r e a s o n a b l y  low 
c o s t  compared t o  e n g i n e  hardware  deve lopment  programs,  b u t  r e q u i r e  a s u s t a i n e d  
e f f o r t  o v e r  s e v e r a l  y e a r s  t o  produce c o n c l u s i v e  r e s u l t s .  These e f f o r t s  s h o u l d  
be s u s t a i n e d  u n t i l  e n g i n e  thermodynamic d e s i g n  becomes so r o u t i n e  t h a t  i t  i s  
c l e a r  t h a t  h e a t  t r a n s f e r  r a t e  and p r e s s u r e  d r o p  e f f e c t s  have been a d e q u a t e l y  
c h a r a c t e r i z e d .  
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TABLE I. - MOD I1 OPERATING CHARACTERISTICS 
[That end = 820 O C  (1093) K ) ,  Tcold end 

= 50 O C  (323 K) ,  Tratio = 3 .38 .1  

(a) Full load point (mean pressure = 15 MPa 
(2175 psia), engine speed = 4000 rpm) 

Indicated power, kW 
Indicated efficiency 
Friction, kW 
Auxi 1 iaries, kW 
Net power, kW 
External heat system 

Net efficiency 
e f f i c i e n c y ,  p e r c e n t  

Design 

78.6 
35.6 

9 .9  
6 . 4  

62.3 
88.9 

4/87 Performance in vehicle 

73.1 
33.4 

9 .8  
9 .0  

54.3 
89.6 

28.2 I 24.8 

(b) Low load point (mean pressure = 5 MPa 
(725 )  psia), engine speed = 1000 rpm 
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TABLE 11. - SPACE POWER DEMONSTRATOR E N G I N E  (SPDE)  
OPERATING CHARACTERISTICS 

~~ ~ 

Mean p r e s s u r e ,  MPa 
Frequency,  Hz 
Average h e a t e r  m e t a l  

t empera tu re ,  K 
Average c o o l e r  me ta l  

t empera tu re ,  K 
Temperature r a t i o ,  

T h o t I T c o l  d 
I n d i c a t e d  or thermodynamic 

power,  kW 

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

P i s t o n  PV Dower, kW 
p e r c e n t  

P i s t o n  PV e f f i c i e n c y  
Heat i n p u t ,  kW 

D i s p l a c e r  a m p l i t u d e ,  mm 
P i s t o n  a m p l i t u d e ,  mm 
D i s p l a c e r - p i s t o n  Phase, deg 
Compression space p r e s s u r e  

a m p l i t u d e ,  MPa 
P is ton -compress ion  space 

p r e s s u r e  phase, deg 

P r e l i m i n a r y  
d e s i g n  g o a l s  

15.0 
105.0 

630.0 

315.0 

2.0 
30 .1  

( 15.451 
c y l i n d e r )  

31 .O 

28.8 
( 1 4 . 4 1  

c y l i n d e r )  
29.1 
99.0 

(49.491 
cy1 i n d e r )  

8 .91 
10.16 

65.0 
1.438 

21.2 

Achieved 
pe r fo rmance  

(Scan number 38, 
10124186) 

TABLE 111. - SPACE STIRLING ENGINE (SSE) 

PRELIMINARY DESIGN OPERATING 
CHARACTERISTICS 

Average h e a t e r  m e t a l  

Average c o o l e r  m e t a l  

TemDerature r a t i o -  

t e m p e r a t u r e ,  . 1050.0 

t e m p e r a t u r e ,  . . . . . .  525.0 -. 
T h o t / T c o l d  . . . . . . . .  1 P i s t o n  PPV power.  kW . . . .  , ..-- 

P i s t o n  PV e f f i c i e n c y  . . . .  
Heat  i n p u t ,  kW . . . . . . .  
D i s p l a c e r  a m p l i t u d e ,  mm . . .  
P i s t o n  a m p l i t u d e ,  mm . . . .  
D i  s p l  a c e r - p i  s t o n  Dhase, deg . 

2 .o 
31.1 
3 3 . 1  

112.0 
12 .0  
15 .0  
45.0 

15.1 
99.2 

695.0 

350.0 

1.99 

24.9 

15.9 
156.7 

9.6 
11.3 
84.0 
1.96 

6 .3  
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TABLE IV. - THERMODYNAMIC LOSS BREAKDOWN FOR ONE CYLINDER OF 
SPACE POWER DEMONSTRATOR ENGINE (SPDE) 

[Preliminary design calculations, 15.35 kW indicated 
power/cylinder, 49.49 kW heat input/c i nder. 1 

Working space power losses 

Hysteresis (expansion and compression spaces, 
heater, cooler, cooler-compression space 
connecting duct) 

Leakage 

Working fluid pumping 
Heater 
Regenerator 
Cooler 
Cooler-compression space connection duct 
Total pumping 

Loss due to heater and cooler gas-to- 
wall temperature difference 

Working space thermal losses 
Conduct i on 
Regenerator reheat or enthalpy flux 
Appendix gap 

Hysteresis 
Other (leakage, porting, etc.) 
Total gas spring losses 

Gas spring power losses (all three springs) 

FLOW MALDISTR IBUTIONS--REGENERATOR MATRIX;'., 
,--REGENERATOR GAS-TO-MATR I X HEAT TRANSFER 

- - - - - -, ._ - 

kW 

- 

1.62 

0.36 

0.61 
.96 
.29 
.19 

2.11 

1.19 

1.86 
3.83 
1.33 

.73 

.69 
1.42 

ercent of 
ndicated 
power or 
eat input 

10.6 

2.3 

---- 
---- 
---- 
---- 
13.7 

7.8 

3.8 
1.7 
2.1 

4.8 
4.5 
9.3 

/-HEAT TRANSFER AND ' PRESSURE DROP END 
EFFECTS 

IUtlt-lu-IUtlt 7 

-- 
I I I"  4 '  ' I I GAS 

' 
I SPRING 7 I I TUBE-TO-GAS HEAT TRANSFER 

AND VISCDUS DISSIPATION TGAS SPRINGS , 

COMPRESSION 
SPACE 

' -  /' 

L~~~~~ 

iSES PISTON 

. \ I I I ,  I _.I 

L'NEARLY ADIABATIC VOLUMES LAPPENDIX GAP 
"ADIABATIC" LOSSES (MIXING LOSSES 
AND EXTERNAL HEAT TRANSFER) 

FIGURE 1. - STIRLING ENGINE SCHEMATIC WITH LOCATIONS OF HEAT TRANSFER AND FLUID FLOW PROBLEM AREAS. 
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FIGURE 2. - MOD I 1  CROSS SECTION. 
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FIGURE 4. - STIRLING SPACE ENGINE, SSE. 
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I T RATIO = 3 7  

COUNTER- 
BALANCE 1 

I 

1.4 .4 . 2  .4 .6 .a 1.0 1.2 
HEAT TRANSFER RATE, HWREFERENCE HEAT TRANSFER RATE 

FIGURE 5. - SSE RELATIVE POWER AS A FUNCTION OF RELATIVE 
HEATER AND COOLER HEAT TRANSFER RATES. 

F E A T  EXCHANGER 
rSCOTCH-YOKE DRIVE ! 

I I I I I  
I 1 

OVERALL LENGTH = 40 FT 

FIGURE 6. - SIDE VIEW OF THE OSCILLATING FLOW TEST RIG.  
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FIGURE 7. - SUNPOWER DESIGNED OSCILLATING FLOW TEST RIG. FIGURE 8. - STEADY FLOW TEST RIG. 
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VOLUME VARIATION ABOUT W A N  ;: F 
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FIGURE 10. - SSE POWER AS A FUNCTION OF EXPANSION 
AND COMPRESSION SPACE HEAT TRANSFER RATES. 

RE-1000 NOMINAL 
900 K/300 K 
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FIGURE 12. - INTEGRATED (OVER CYCLE) ENERGY FLUXES ACROSS COMPONENT 
BOUNDARIES. 
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FIGURE 13. - COMPUTED MASS FLOW RATE FOR SIDE-INLET-MANIFOLD REGENERATOR. 
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FIGURE 14. - COMPUTED MASS FLOW RATE FOR SIDE-INLET-MANIFOLD REGENERATOR 
WITH INCREASED MATRIX FRICTION FACTOR. 
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I 6  Abstract 

NASA Lewis Research  C e n t e r  has been managing S t i r l i n g  e n g i n e  deve lopment  programs 
fo r  o v e r  a decade.  I n  a d d i t i o n  t o  c o n t r a c t u a l  p rograms,  t h i s  work has i n c l u d e d  
in -house e n g i n e  t e s t i n g  and deve lopment  o f  e n g i n e  computer  mode ls .  A t t e m p t s  t o  
v a l i d a t e  S t i r l i n g  eng ne computer  models  w i t h  t e s t  d a t a  have demons t ra ted  t h a t  
e n g i n e  thermodynamic osses  need b e t t e r  c h a r a c t e r i z a t i o n .  V a r i o u s  S t i r l i n g  
e n g i n e  thermodynamic osses  and e f f o r t s  t h a t  a r e  underway t o  c h a r a c t e r i z e  t h e s e  
l o s s e s  a r e  d i s c u s s e d .  
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