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A THEORETICAL ANALYSIS OF A KINEMATIC STIKLTNG-CYCLE 
HEAT PUMP FOR SPACE CONDITIONING APPLICATIONS 

N. Doming0 W. L. Jackson 
F. C. Chen 

ABS TMCT 

A computer s i m u l a t i o n  was performed f o r  a k i n e m a t i c  
S t i r l i n g - c y c l e  heat pump (modif ied from the GPU-3 h e a t  en- 
g i n e  mode) u s i n g  t h e  NASA L e w i s  Research Cen te r  (LERC) 
t h i r d - o r d e r  code, which employs noda l  a n a l y s i s  t o  s o l v e  nu- 
m e r i c a l l y  the gove rn ing  d i f f e r e n t i a l  e q u a t i o n s .  P a r a m e t r i c  
and s e n s i t i v i t y  a n a l y s e s  were c a r r i e d  o u t  to de te rmine  t h e  
e f f e c t s  of ou tdoor  a l r  ( s o u r c e )  t empera tu re ,  mean compres- 
s ion - space  p r e s s u r e ,  crank speed ,  and heat exchanger d e s i g n  
pa rame te r s  on the performance of the S t i r l i n g - c y c l e  heat 
pump. For t h e  modif ied S t i r l i n g - c y c l e  hea r  pump, t h e  i n d i -  
c a t e d  h e a t l n g  c o e f f i c i e n t  of performance (COP), which ex- 
c luded  mechanical  arid p a r a s i t i c  l o s s e s ,  ranged from 2.14 t o  
2.53 f o r  ou tdoor  a i r  t empera tu res  between 255.2 K (0°F) and 
281.3 K (47'F), r e s p e c t i v e l y .  It w a s  determined from t h e  
p a r a m e t r i c  stctdy t h a t ,  u n l i k e  t y p i c a l  vapor compression cy- 
c les ,  t h e  S t i r l i n g - c y c l e  COP and h e a t  c a p a c i t y  were rela- 
t i v e l y  i n s e n s i t i v e  t o  ou tdoor  a i r  t empera tu re .  These re- 
s u l t s  s u g g e s t  t h e  p o s s i b l e  a p p l i c a t i o n  of t h e  S t i r l i n g - c y c l e  
h e a t  pump i n  c o l d e r  climates. 

1. INTRODUCTION 

S t i r l i n g - c y c l e  machines i n  t h e  p a s t  were developed mainly as h e a t  en- 

g€nes f o r  power g e n e r a t i o n 1  and as c r y o c o o l e r s  f o r  u l t r a l o w - t e m p e r a t u r e  

r e f r i g e r a t i o n  and gas  1 iqueEac t ion .  Vapor compression Rankine c y c l e  heat 

pumps d r i v e n  by e l ec t r i ca l  motors ,  which are by f a r  t h e  most e f f i c i e n t  

r e s i d e n t i a l  space  c o n d i t i o n i n g  d e v i c e s  i n  mild climates, dominate t h e  

marketplace.  

However, the s t e a d y - s t a t e  performance of a vapor  compression heat 

pump drops r a p i d l y  as t h e  ambient ( o u t d o o r )  a i r  t empera tu re  drops.2 

s e a s o n a l  performance i s  f u r t h e r  d e t e r i o r a t e d  by du ty  c y c l i n g  l o s s  a t  mild 

ambient t e m p e r a t u r e ,  by l o s s e s  of f r o s t i n g  of t h e  ou tdoor  c o i l ,  and by 

c y c l e  r e v e r s a l  t o  d e f r o s t  a t  f r e e z i n g  ambient t e m p e r a t u r e .  Supplemental  

I ts  
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h e a t i n g  from such s o u r c e s  as e lec t r ic  r e s i s t a n c e  elements  i s  needed t o  

mper t h e  h e a t i n g  load a t  low outdoor  t e m p e r a t u r e s ,  

An a J t e r n a t i v e  h e a t  pump c y c l c  s t u d y 3  has  been done t o  e v a l u a t e  v a r i -  

ous h e a t  pump c y c l e s  f o r  space c o n d i t i o n i n g  a p p l i c a t i o n s  that  might o f f e r  

improved performance over  the b a s i c  vapor compression cycle  concept.  The 

S t i r l i n g - c y c l e  hea t  pump ( s e e  Appendix A), whtch o f f e r s  a number of poten- 

t i a l  advantages i n c l u d i n g  high e f f i c i e n c y ,  l o w  s r n s i t i v i t  y t o  heat sou rce  

t empera tu re ,  ease of d e f r o s t i n g ,  and c a p a c i t y  modulation by p r e s s u r e  con- 

t r o l ,  w a s  i d e n t i f i e d  as a proinislng a l t e r n a t i v e  h e a t  pimp concept .  

The S t i r l i n g - c y c l e  machlne has  long  been proven t o  be c o s t - e f f e c t i v e  

f o r  c ryogen ic  appl i ca t tons .  I ts  p o t e n t i a l  a p p l l c a b i l i t y  irk t h e  r e s iden -  

i i a l  space c o n d l t i o n i n g  f i e l d  has  on ly  r e c e n t l y  been Pxp lo red .  To sub- 

s t a n t  Late t h e  p o t e n t  tal advan tages ,  a computer s i m u l a t i o n  of a k inemat i c  

S t i r l i n g - c y c l e  hea t  pump f o r  r e s i d e n t i a l  space c o n d i t i o n i n g  is  repor ted  i n  

t h i s  paper. R e s u l t s  of the p a r a m e t r i c  and s e n s i t i v i t y  a n a l y s e s  a r e  re- 

po r t ed  t o  f u r t h e r  d e l i n e a t e  t h e  e f f e c t s  of v a r i o u s  d e s i g n  pa rame te r s  on 

the performance of a k inemat i c  S t i r l i n g - c y c l e  h e a t  pimp. 
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2. SUMMARY 

The main r e s u l t s  of  t h i s  a n a l y s i s  on a S t i r l i n g - c y c l e  h e a t  pump may  

be summarized as f o l l o w s  : 

1. The General  Motors St i r l ing-cyc1.e  GPU-3 h e a t  engine was modeled 

t o  o p e r a t e  as a h e a t  pump (heat<-mg mode) by c o n v e r t i n g  t h e  h e a t  a b s o r b e r  

t o  a shel l -and-tube d e s i g n  f o r  bet ter  t r a n s f e r  of h e a t  from outdoor  a i r  t o  

t h e  working gas .  

2. FOP t h e  m o d i  €:Led S t i r l i n g - c y c l e  h e a t  pump, t h e  i n d i c a t e d  coef f i- 

c i e n t  of performance (COP)  ranged From 2.14 t o  2.53 f o r  outdoor  a i r  t e m -  

p e r a t u r e s  between 255.2 K (0°F)  and 281.3 K (47°F) r e s p e c t i v e l y .  For  this 

temperature range ,  h e a t  c a p a c i t y  ranged from 5.1 kW (17 ,400 B t u / h )  t o  

4.9 kW (16,724 Btu/h) .  The above performance w a s  ob ta ined  w i t h  a d i a b a t i c  

expans ion  and compression s p a c e s ,  u s i n g  hydrogen a t  a mean gas  p r e s s u r e  o f  

2.76 PPa ( 4 0 0  p s i )  and a crank speed o f  1800 rpm f o r  an assumed tempern- 

t u r e  d i f f e r e n c e  of 8.3 K (15°F)  between ou tdoor  a i r  and h e a t  a b s o r b e r - s i d e  

f l u i d  inlet temperati ire.  

3 .  From t h e  par.3metri.c s t u d i e s  i t  w a s  found t h a t ,  u n l i k e  t h e  vapor 

compression c y c l e s  both t h e  COP and h e a t i n g  c a p a c i t y  were r e l a t i v e l y  in- 

s e n s i t i v e  t o  outdoor  air tempe.rature. For  a f i x e d  mean gas p r e s s u r e  and 

c rank  speed ,  t h e  indi.cated COP i n c r e a s e d  up t o  lo%,  w h i l e  h e a t  c a p a c i t y  

dec reased  by -3% f o r  outdoor  a i r  t empera tu res  between 264.7 K ( 1 7 ° F )  and 

281.3 K ( 4 7 ° F ) .  

4 .  Froin t h e  same p a r a m e t r i c  s t u d i e s ,  i t  w a s  €ound t h a t  COP dec reased  

w h i l e  h e a t  c a p a c i t y  i n c r e a s e d  w i t h  i n c r e a s i n g  mean gas p r e s s u r e  and /o r  

c rank  speed.  For a f i x e d  outdoor  a i r  t empera tu re  and crank speed,  i nd i -  

cated COP dec reased  t o  -lo%, and h e a t  c a p a c i t y  i n c r e a s e d  by a f a c t o r  of 2 

when mean gas p r e s s u r e  w a s  i n c r e a s e d  f r o m  2.76 t o  5.52 MPa (400 t o  

800 psi .) .  S i m i l a r l y ,  f o r  a f i x e d  outdoor  a i r  t empera tu re  and mean gas 

p r e s s u r e ,  i n d i c a t e d  COP dec reased  by -28%, and heat c a p a c i t y  h c r e a s e d  by 

a f a c t o r  of 2.2 when crank speed w a s  i n c r e a s e d  from 1800 t o  3600 rpm. 

5. F o r  t h e  same o p e r a t i n g  c o n d i t i o n s ,  t h e  COP p r e d i c t e d  wi th  the  hy- 

drogen working f l u i d  w a s  25% g r e a t e r  t han  w i t h  helium, y e t  t he  h e a t  ca- 

p a c i t y  dec reased  by 24%.  
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6. R e s u l t s  from s e n s i t i v i t y  a n a l y s e s  performed on t h e  hea t  abso rbe r  

and hea t  r e j e c t o r  hea t  exchangers  showed t h a t  changes i n  tube number and 

tube l e n g t h  had a s i g n i f i c a n t  e f f ec t  on COP and h e a t  c a p a c i t y  f o r  a given 

set of o p e r a t i n g  c o n d i t i o n s .  Th i s  may have been a t t r i b u t e d  t o  changes i n  

h e a t  exchanger dead volume, which a f f e c t s  gas compression r a t i o  and flow 

f r i c t i o n .  

7 .  I n c r e a s i n g  t h e  number of t ubes  i n  t h e  h e a t  r e j e c t o r  by 50% in-  

crpascd COP by 5.5% and decreased hea t  c a p a c i t y  by 5.4%.  
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3. CONCEPTUAL SYSTEM DESIGN 

3.1 S e l e c t i o n  of S t i r l i n g - C y c l e  Machine f o r  .. R e s i d e n t i a l  _I-- 

Heat Pump Modeling 

The Genera l  Motors Ground Power Unit  3 (GPU-3) S t i r l i n g - c y c l e  eng ine4  

w a s  chosen f o r  i n v e s t i g a t i n g  t h e  p o t e n t i a l  of S t i r l i n g - c y c l e  h e a t  pumps 

f o r  r e s i d e n t i a l  h e a t i n g  i n  t h i s  s tudy .  S e l e c t i o n  of t h e  GPU-3 engine  f o r  

h e a t  pump modeling w a s  based on t h e  fo l lowing  f a c t o r s :  

1. It i n c o r p o r a t e s  a s imple  engine  des ign .  

2 .  Dimensional  and performance d a t a 5 * 6  as a h e a t  engine  are nonpropr i -  

e t a r y .  

3. The computer code used f o r  s i m u l a t i o n  i s  t a i l o r e d  s p e c i f i c a l l y  f o r  t h e  

GPU-3 eng ine  and v a l i d a t e d  by NASA a g a i n s t  GPU-3 performance t e s t  

d a t a .  

F i g u r e  1 shows a photograph of t h e  GPU-3 u n i t ,  as or iginal1.y b u i l t  

f o r  t h e  U.S. Army i n  1965 as an engine  g e n e r a t o r .  Table  1 g i v e s  dimen- 

s i o n s  and des ign  performance c h a r a c t e r i s t i c s  of t h e  GPU-3 engine .  

F i g u r e  2 shows a schemat i c  of t h e  S t i r l i n g - c y c l e  h e a t  pump. Movement 

of t h e  d i s p l a c e r  p i s t o n  does not  change t h e  t o t a l  volume of t h e  working 

f l u i d ;  i t s  purpose is  t o  move t h e  gas  through h e a t  exchangers  and regen- 

e r a t o r s  i n  a p e r i o d i c  f a sh ion .  However, movement of t h e  power p i s t o n  w i l l  

cause  a change i n  gas  volume. The rhombic d r i v e  motion may be seen  i n  

F ig .  2 from t h e  views of t h e  d r i v e  g iven  i n  two p o s i t i o n s .  

A schemat i c  of t h e  working space  as b u i l t  by Genera l  Motors is i l l u s -  

t r a t e d  i n  Fig.  3. A photograph of t h e  c y l i n d e r  head assembly wi th  t h e  

h e a t  a b s o r b e r  i s  shown i n  F ig .  4 .  Figure  5 shows a h e a t  r e j e c t o r  car- 

t r i d g e  ( a  t o t a l  of e i g h t  c a r t r i d g e s  are used i n  t h e  GPU-3). 

3 . 2  Heat Exchangers  

M a r t i n i 7  has  s t a t e d  t h a t  t h e  technology of how t o  add and remove h e a t  

from t h e  working f l u i d  i n  a S t i r l i n g - c y c l e  eng ine  is the  most c r u c i a l  of 

t h e  e n t i r e  engine  des igns .  S e r i o u s  though t h e  h e a t  t r a n s f e r  problems may 

be f o r  h e a t  eng ine  development,  they  are even more impor t an t  f o r  h e a t  pump 



ORNL-PHOTO 2597-83 

i 

Fig. 1 .  Photograph of the GPU-3 engine. Source: NASA L e w i s  Re- 
search Center. 
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Table 1. GPU-3 engine dimensions and design parameters 

Number of cy1 inder s 

Type of engine 

Type of drive 

Type of shaft seals 

Miscellaneous: 

Cylinder bore with liner, cm (in.) 
Cylinder bore above liner (top of displacer seal 
at top of liner at displacer top-dead-center) , 
cm (in.) 
Stroke, cm (in.) 
Displacement (maximum change in total working- 
space volume), cm3 (in.3) 

Piston-rod diam, cm (in.) 
Displacer-rod diam, cm (in.) 
Displacer diam, cm (in.) 
Displacer wall thickness, cm (in.) 
Expansion-space clearance, cm (in.) 
Compression-space clearance, cm (in.) 

Drive : 

Connecting-rod length, cm (in. ) 
Crank radius, cm (in.) 
Eccentricity, cm (in.) 

Working f hid 

Design speed (heat engine) 

Design pressure (heat engine) 

Design output (heat engine) 

Design efficiency (heat engine ) 

1 

Displacer 

Rhombic 

Sliding 

6.99 (2.75) 
7.01 (2.76) 

3.15 (1.24) 
119.6 (7.30) 

2.22 (0.875) 
0.953 (0.375) 
6.96 (2.74) 
0.159 (0.0625) 
0.163 (0 .064)  
0.030 (0.012) 

4.60 (1.81) 
1.38 (0.543) 
2.08 (0.82) 

Hydrogen ( H 2 )  

3000 rpm 

6895 kPa (1000 psi) 

8.0 net brake hp 

26.5% 
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ORNL-DWG 83--4700R E T D  
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Fig. 2. Schematic of the Stirling-cycle heat pump. 

ORNL-DWG 83-4642R ETD 
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Fig. 3 .  Schematic of the working space as built by General Motors.  
Source: 
April 1978. 

W. R. Martini, S t i r l i n g  Engine Design Manual, NASA CR-135382, 
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ORNL-PHOTO 1920-83 

Fig. 4. Cylinder head assembly with gas-to-gas heat absorber. 
Source: NASA L e w i s  Research Center. 

_- 
Fig. 4. Cylinder head assembly with gas-to-gas heat absorber. 

Source: NASA L e w i s  Research Center. 
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Fig. 5 .  Heat rejector cartridges. Source: NASA Lewis Research 
Center. 
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development because of t h e  smaller t empera tu re  d i f f e r e n c e  between t h e  

h e a t  a b s o r b e r  and h e a t  r e j e c t o r  p o r t i o n s  of t h e  h e a t  pump. I n  t y p i c a l  

S t i r l i n g - c y c l e  eng ines ,  t h e  hot  and co ld  spaces  i n  which i s o t h e r m a l  expan- 

s i o n  and compression p rocesses  are t o  occur  do not  remain i s o t h e r m a l .  I n  

r e a l i t y ,  t h e s e  spaces  are more n e a r l y  a d i a b a t i c  t h a n  i s o t h e r m a l .  This  

a d i a b a t i c  e f f e c t  i s  most s e r i o u s  when a S t i r l i n g - c y c l e  engine  o p e r a t e s  

ove r  a s m a l l  t empera tu re  d i f f e r e n c e . 8  

h e a t  pump, more power w i l l  be r e q u i r e d  than  i f  t h e  spaces  were i s o t h e r m a l .  

Thus, emphasis i s  r e q u i r e d  t o  make t h e  compression and expans ion  p rocesses  

i s o t h e r m a l ,  as t h e  i d e a l  c y c l e  ca l l s  f o r .  Th i s  can be achieved  by t h e  de- 

s i g n  and development of high-performance h e a t  exchangers  and regenera-  

t o r ~ . ~ , ~ ~  

t r a n s f e r ,  but  f o r  low p r e s s u r e  l o s s e s  and dead volumes,* which tend t o  in-  

crease t h e  power i n p u t  r e q u i r e d  pe r  cyc le .  On t h e  b a s i s  of t h e  above re- 

marks and t h e  f a c t  t h a t  t h e  GPU-3 h e a t  exchangers  were des igned  f o r  h e a t  

eng ine  o p e r a t i o n ,  i t  was dec ided  t o  i n v e s t i g a t e  only  h e a t  exchangers  i n  

t h i s  s tudy .  Because of t i m e  c o n s t r a i n t s ,  t h e  GPU-3 r e g e n e r a t o r  w a s  not  

i n v e s t i g a t e d .  

I n  o t h e r  words,  f o r  t h e  case of a 

These components must be des igned  no t  on ly  f o r  enhanced h e a t  

A s  a r e s i d e n t i a l  hea t  pump, t h e  o r i g i n a l  GPU-3 h e a t  abso rbe r  does not  

have a s u i t a b l e  des ign  f o r  abso rb ing  h e a t  from ambient ou tdoor  a i r  t o  t h e  

working gas  because of t h e  poor h e a t  t r a n s f e r  mechanism e x i s t i n g  between 

t h e  outdoor  a i r ,  h e a t e r  w a l l ,  and working gas .  Unl ike  t h e  h e a t  a b s o r b e r ,  

t h e  h e a t  r e j e c t o r  (F ig .  5 )  c o n f i g u r a t i o n  i s  of t h e  shel l -and-tube des ign ,  

which a l lows  f o r  t h e  f low of a h e a t  t r a n s f e r  f l u i d  t o  t r a n s f e r  t h e  h e a t  

from t h e  working gas  t o  ambient .  I n  t h e  case  of a hea t  pump, h e a t  t r a n s -  

f e r  f l u i d  from t h e  h e a t  r e j e c t o r  may be c i r c u l a t e d  through an indoor  c o i l  

t o  p rov ide  h e a t  t o  a cond i t ioned  space .  It becomes c l e a r ,  t h e n ,  t h a t  con- 

v e r s i o n  of t h e  GPU-3 t o  a h e a t  pump r e q u i r e s  t h e  m o d i f i c a t i o n  of t h e  ex- 

i s t i n g  h e a t  abso rbe r  t o  a c o n f i g u r a t i o n  more s u i t a b l e  f o r  t r a n s f e r r i n g  

h e a t  from t h e  su r round ings .  A s  f o r  t h e  h e a t  r e j e c t o r ,  a she l l -and- tube  

c o n f i g u r a t i o n  f o r  t h e  hea t  abso rbe r  w i l l  a l l ow f o r  t h e  f low of a h e a t  

*Dead volume r e f e r s  t o  t h e  t o t a l  i n t e r n a l  volume of t h e  h e a t  ex- 
change r s ,  r e g e n e r a t o r s ,  and a s s o c i a t e d  d u c t s  and p o r t s .  



12 

t r a n s f e r  f l u i d  t o  p rov ide  a t empera tu re  s o u r c e  t o  t h e  working gas. The 

f l u i d  may be c i r c u l a t e d  through an a p p r o p r i a t e  outdoor  c o i l  and hea ted  by 

ou tdoor  a i r .  F i g u r e  6 shows a schemat i c  of a p o s s i b l e  S t i r l i n g - c y c l e  h e a t  

pump system. 

O R N L - D W G  83-4638R E T D  
HEAT TRANSFER FLUID 
LOOP (COLD SIDE) \ OUTDOOR C O I L 7  

/ \ =ABSORBER 

' IRLING HEAT PI JMP 

EXPANSION 
SPACE 

COMPRESSION 
SPACE 

I 4 
HEATTRANSFER F L U I D ~  
LOOP (HOT SIDE) 

L P o w E R  SOURCE 
(E LECT R IC M O T 0  R , 
STIRLING ENGINE) 

Fig .  6. S t i r l i n g - c y c l e  h e a t  pump system i n t e g r a t i o n .  

3.3 Modified Heat Exchangers 

An improved h e a t  abso rbe r  d e s i g n  w a s  a n a l y t i c a l l y  modeled i n t o  t h e  

NASA computer program t o  r e p l a c e  t h e  o r i g i n a l  h e a t  a b s o r b e r  c o n f i g u r a t i o n .  

A s  noted e a r l i e r ,  t h i s  w a s  necessa ry  because t h e  o r i g i n a l  h e a t  abso rbe r  

w a s  designed as a gas-to-gas type  h e a t  exchanger .  I n  o r d e r  t o  keep a 

s imi l a r  c y l i n d e r  head c o n f i g u r a t i o n ,  t h e  hea t  exchanger chosen w a s  s i m i l a r  

t o  t h e  e x i s t i n g  h e a t  r e j e c t o r  des ign  (F ig .  5) which c o n s i s t e d  of 8 car- 

t r i d g e s  of 39 small-diameter  round tubes  i n  a shel l -and-tube conf igu ra -  

t i o n .  Like t h e  h e a t  r e j e c t o r ,  t h e  new h e a t  a b s o r b e r  used 8 c a r t r i d g e s  of 

39 round tubes  wi th  i d e n t i c a l  f low c o n d i t i o n s  e x i s t i n g  i n  each of t h e  8 

p a r a l l e l  f low p a t h s .  For t h e  s h e l l - s i d e  h e a t  t r a n s f e r  f l u i d ,  a c i r c u l a t -  

i n g  mixture  of water and 50% e t h y l e n e  g l y c o l  was assumed f o r  both hea t  ab- 

s o r b e r  and h e a t  r e j e c t o r  because t h e  c i r c u l a t i n g  f l u i d  would be exposed t o  
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a i r  t e m p e r a t u r e s  below t h e  f r e e z i n g  p o i n t  of water du r ing  h e a t  pump opera- 

t i o n .  I n  a d d i t i o n ,  t h e  mix tu re  of water arid e t h y l e n e  g l y c o l  is cheap and 

s a f e ,  with good h e a t  t r a n s f e r  p r o p e r t i e s .  

The h e a t  exchangers  were c a t e g o r i z e d  as f o l l o w s :  (1) Base Case 1 

would be t h e  o r i g i n a l  h e a t  absorber-regenerat odeat r e j e c t o r  conf i g u r a -  

t i o n ,  ( 2 )  Base Case TI would u t i l i z e  t h e  modified h e a t  a b s o r b e r  d e s i g n  

w i t h  t h e  e x i s t i n g  r e g e n e r a t o r  and h e a t  r e j e c t o r  of Base Case I, and ( 3 )  

Base Case I11 would be upgraded v e r s i o n s  of t h e  heat a b s o r b e r  and h e a t  re- 

j e c t o r  used i n  Base Case I1 as p r e s c r i b e d  by r e s u l t s  o b t a i n e d  from s e n s i -  

t i v i t y  s t u d i e s  p r e s e n t e d  i n  S e c t .  5.4. 

For t h e  h e a t  exchanger s e n s i t i v i t y  s t u d y ,  s e v e r a l  h e a t  exchanger de- 

s i g n  pa rame te r s  were i n v e s t i g a t e d .  These i n c l u d e d  (1) s h e l l - s i d e  f l o w  

p a s s e s  f o r  t h e  h e a t  t r a n s f e r  f l u i d ,  ( 2 )  h e a t  t r a n s f e r  f l u i d  f low rates,  

( 3 )  t ube  number, and ( 4 )  t ube  l e n g t h .  These pa rame te r s  w e r e  chosen be- 

cause  they improve h e a t  t r a n s f e r  by i n c r e a s i n g  s h e l l - s i d e  and tube-side 

h e a t  t r a n s f e r  c o e f f i c i e n t s  and e f f e c t i v e  h e a t  t r a n s € e r  area. 

Table  2 g i v e s  t h e  dimensions of Base Case 'I, 11, and 111 h e a t  ex- 

changers  which were used f o r  computer s i m u l a t i o n  of t h e  S t i r l i n g - c y c l e  

h e a t  pump. For t h e  h e a t  a b s o r b c r  an 18% i n c r e a s e  i n  gas - s ide  h e a t  t r a n s -  

f e r  area and a 73% d e c r e a s e  i n  dead volume is no ted  between Base Cases I 

and 11 i n  Table  2. For t h e  h e a t  r e j e c t o r ,  dimensions are t h e  same f o r  

Base Cases I and 11. I n  Base Case 111, s h e l l - s i d e  f l o w  p a s s e s  f o r  bo th  

t h e  h e a t  a b s o r b e r  and h e a t  r e j e c t o r  are doubled. Except f o r  an i n c r e a s e  

i n  s h e l l - s i d e  f low p a s s e s ,  t he  h e a t  a b s o r b e r  dimensions f o r  Base Case 111 

are i d e n t i c a l  t o  t h o s e  f o r  Base Case 11. However, i n  Base Case 111, the 

h e a t  r e j e c t o r  h e a t  t r a n s f e r  area and dead volume are i n c r e a s e d  50 and 39%, 

r e s p e c t i v e l y .  



Table 2. Dinensions of heat exchangers  nodeled  

Base Case 

I I f  111 

Heat absorber  

Tube l e n g t h ,  cm ( i n . )  
EIeat t r a n s f e r  l e n g t h ,  cm ( i n . )  
Tube i n s i d e  diarn, cm ( i n . )  
Tube o u t s i d e  diam, c m  (i.1.) 
T o t a l  s u r f a c e  area ( g a s - s i d e ) ,  an2 ( i n . 2 )  
T o t a l  dead volume, c m 3  ( i n . 3 )  
Number of c a r t r i d g e s  i n  c y l i n d e r  head 
Number of tubes per  c a r t r i d g e  
T o t a l  number of tubes 
S h e l l - s i d e  flow passes 
Heat t r a n s f e r  f l u i d  f l o w  ra te ,  m 3 / s  (gpm) 

24.23 (9.54)' 
15.54 (6.12)* 
0.302 (0.119) 
0.483 (0.190) 
490.58 (76.035) 
68.42 (4.175) 
8 
5 
40b 
e 
c 

Heat reject  o r  

Tube l e n g t h ,  c m  ( i n . )  4.60 (1.81) 
Heat t r a n s f e r  l e n g t h ,  c m  (i.1.) 3.56 (1.40) 
Tube i n s i d e  diam, cm ( i n . )  0.108 (0.0425) 
Tube o u t s i d e  diam, c m  ( i n . )  0.159 (0.0625) 
T o t a l  s u r f a c e  a r e a  , ( g a s - s i d e ) ,  cm2 (in.') 375.95 (58.27) 
T o t a l  dead volume, c m 3  ( i n . 3 )  13.13 (0.801) 
Vumber oE c a r t r i d g e s  i n  c y l i n d e r  head 8 

T o t a l  number of t ubes  312 

Heat t r a n s f e r  f l u i d  f l o w  ra te ,  m 3 / s  (gpm) 

Number of t ubes  pe r  c a r t r i d g e  39 

S h e l l - s i d e  f l o w  p a s s e s  1 
6.31 x IO-'' (10)  

6.51 (2.564) 
5.46 (2.15) 
0.108 (0.0425) 
0.159 (0.0625) 
577.83 (89.564) 
18.60 (1.135) 
8 
39 
312 
1 
6.31 ( i o )  

4.60 (1.81) 
3.56 (1.40) 
0.108 (0.0425) 
0.159 (0.0625) 
375.95 (58.27) 
13.13 (0.801) 
8 
39 
312 
1 
6.31 ( i o )  

6.51 (2.564) 
5.46 (2.15)  
0.198 (0.0425) 
0.159 (0.0625) 
577.83 (89.564) 
18.60 (1.135)  
8 
39 
31 2 
2 
6.31 10-4 (10) 

6.38 (2.512) 

0. I08 (0.0425) 
0.159 (0.0625) 
563.92 (87.41) 
18.21 (1.111) 
8 
39 
312 
2 

5.33 (2.10)  

6.31 ( i o )  



Table  2 ( c o n t i n u e d )  

Base Case 

I 

Regenerator  (same dimensions f o r  Base 
Cases I ,  111, and IIK) 

Length ( i n s i d e ) ,  cm ( I n . )  
D i m  ( i n s i d e ) ,  c m  ( i n . )  
Number of c a r t r i d g e s  in c y l i n d e r  head 
T o t a l  s u r f a c e  a r e a ,  m2 (in.2) 
T o t a l  dead volume,  cm3  ( - in .3)  
Ma t r ix  : 

Wire-cloth material 
C lo th  mesh p e r  2.54 cm (1 in.) 
Wire diain,  cm ( i n . )  
Number of l a y e r s  
F i l l e r  f a c t o r ,  X 

2.26 ( 0 . 8 9 )  
2.26 (0 .89)  
8 
2.16 ( 3 3 5 5 . 2 0 )  
65.51 ( 3 . 9 9 5 )  

304 s t a i n l e s s  s t e e l  
200 x 200 
0.00406 (0.0016) 
308 
30.3 

~ ~~~ ~ ~~~~ ~~ 

a3.33 cm (1.31 i n . )  completely i n s u l a t e d  between 1 and 2; 7.77 cm (3 .06 in . )  from 2 up t o  3 ;  
7.77 cm (3.06 i n . )  from 3 down t o  2 ;  5.33 cm (2 .098  in.) comple t e ly  i n s u l a t e d  f ron  2 down t o  4 (See 
hea t  a b s o r b e r  tube schemat i c  i n  F ig .  3 f o r  d e f i n i t l o n  of l o c a t i o n s  1 through 4 . )  

bFive h e a t  a b s o r b e r  t ubes  pe r  h e a t  r e j e c t o r - r e g e n e r a t o r  c a r t r i d g e  (a t o t a l  of e i g h t ) .  

'Since o r l g i n a l  d e s i g n  h e a t  a b s o r b e r  w a s  a gas-to-gas heat exchanger ,  no s h e l l - s i d e  f l o w  p a s s e s  
e x i s t e d .  
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4 .  THE COMPUTER MODEL 

The t h i r d - o r d e r  computer model used t o  c a l c u l a t e  t he  performance of a 

S t i r l i n g - c y c l e  h e a t  pump is a modified v e r s i o n  of a S t i r l i n g - c y c l e  eng ine  

computer model w r i t t e n  by NASA.ll 

GPU-3 e n g i n e ,  i s  based on the as sumpt ion  that  i d e n t i c a l  f l o w  c o n d i t i o n s  

ex is t  i n  each o f  t h e  e i g h t  p a r a l l e l  f low p a t h s  through t h e  h e a t  r e j e c t o r  

u n i t s .  The model r e p r e s e n t s  t h e  working space and metal w a l l s  by a series 

of c o n t r o l  volumes. 

The model, t a i l o r e d  s p e c i f i c a l l y  t o  t h e  

The model d i v i d e s  the  hea t  pump i n t o  13 s u b d i v i s i o n s ,  c a l l e d  c o n t r o l  

volumes, r e p r e s e n t i n g  t h e  working space: 1 € o r  t'nc expansion space ,  3 f o r  

t h e  hea t  a b s o r b e r ,  5 f o r  t he  r e g e n e r a t o r ,  3 f o r  t h e  h e a t  r e j e c t o r ,  and 1 

€ o r  t h e  compression space, as shown i.n F ig .  7 .  The a d j a c e n t  metal w a l l s  

are r e p r e s e n t e d  by 13 co r re spond ing  c o n t r o l  volumes. All m e t a l  tempera- 

t u r e s ,  excep t  f o r  t h e  r e g e n e r a t o r ,  are assumed t o  remain c o n s t a n t  f o r  a 

g iven  run s i n c e  t h e  h e a t  a b s o r b e r  and h e a t  r e j e c t o r  metal t empera tu res  are 

e s s e n t i a l l y  boundary t empera tu res  c o n t r o l l e d  by t h e  h e a t i n g  and c o o l i n g  

h e a t  t r a n s f e r  f l u i d  t empera tu res  and flow rates. 

O R N L - D W G  8 3  4640R ETr, 

VARIABLE 
IPERATURES CONS-IANT n 

SPACE (THIS 
GAS VOLUME 
I S  A FUNCTION 
OF DISPLACER 
POSITION) 

Fig .  7 .  Heat and mass 
model. Source: R. Tew, K. 
p u t e r  Model f o r  Perf ormanee 
J u l y  1978. 

I N  
SPACE ITHIS 

I S  A FUNCTION 
OF DISPLACER 
4ND POVJER- 
PISTON POSl 
T lONSl  

GAS VOLLJME 

t r a n s f e r  c o n t r o l  volumes i n  NASA computer  
J e f f r i e s ,  and I). Miao, A S t i r l i n g  Engfne Com- 
Calculations, DOE/NASA "-78884,  U.S. DOE, 
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The combustion h e a t  a b s o r b e r  d e s i g n  w a s  r e p l a c e d  by a h e a t  exchanger  

d e s i g n  i n  t h e  model w i t h  a s i m i l a r  c o n f i g u r a t i o n  t o  t h e  h e a t  r e j e c t o r  de- 

s i g n ,  w i t h  e i g h t  c a r t r i d g e s  of t ubes  p l aced  on top  of t h e  r e g e n e r a t o r  i n  

p l a c e  of t h e  h e a t  a b s o r b e r  head. The f i x e d  metal t empera tu res  f o r  t h e  

h e a t  a b s o r b e r  and h e a t  r e j e c t o r  are determined i n  an i t e r a t i v e  p r o c e s s  

s i n c e  they  depend on h e a t  t r a n s f e r  f l u i d  f low rates ,  i n l e t  t e m p e r a t u r e s ,  

and heat a b s o r p t i o n / r e j e c t i o n  ra tes ,  which, i n  t u r n ,  depend on t h e  metal 

t e m p e r a t u r e s .  The b u i l t - i n  d e s i g n  pa rame te r s  d e s c r i b i n g  h e a t  exchanger 

geometry were changed t o  i n p u t  parameters t o  f a c i l i t a t e  o p t i m i z a t i o n  of 

d e s i g n  f o r  a h e a t  pump. 

Output from t h e  model i n c l u d e s  

1. b a s i c  h e a t  o u t p u t  d e l i v e r e d  t o  t h e  space  h e a t i n g  w a t e n t h y l e n c  g l y c o l  

l oop ,  i n c l u d i n g  hea t  t r a n s f e r  i n  t h e  h e a t  r e j e c t o r  and compression 

space; 

2. b a s i c  i n d i c a t e d  power i n p u t  and COP, which exclude l o s s e s ;  

3 .  i n d i c a t e d  power i n p u t  and COP, which i n c l u d e  working f l u i d  flow f r i c -  

t i o n  l o s s e s ;  and 

4. t o t a l  i n d i c a t e d  power i n p u t  and n e t  COP, which i n c l u d e  working f l u i d  

f l o w  f r i c t i o n  l o s s e s ,  mechanical  f r i c t i o n  l o s s e s ,  arid w a t e r - e t h y l e n e  

g l y c o l  pumping power l o s s e s  through t h e  h e a t  a b s o r b e r  and h e a t  re jec- 

t o r .  

The model a l s o  s i m u l a t e s  t empera tu re ,  p r e s s u r e ,  and f low v a r i a t i o n s  

ove r  t h e  c y c l e  a t  v a r i o u s  p l a c e s  i n  t h e  working space.  

The thermodynamic e q u a t i o n s  and assumptions used i n  t h e  model were 

r e p o r t e d  by NASA.ll 

Each se t  of c a l c u l a t i o n s  i n d i c a t e d  i n  Fig.  8 w i t h i n  t h e  i n n e r  loop ( excep t  

f o r  p re s su re -d rop ,  conduc t ion ,  and s h u t t l e  l o s s e s )  i s  made a t  each i n t e -  

g r a t i o n  t i m e  s t e p  d u r i n g  each cyc le .  It  i.s necessa ry  t o  make t h e  p r e s s u r e  

drop c a l c u l a t i o n s  on ly  over  t h e  l a s t  c y c l e s  where they are needed f o r  t h e  

o u t p u t  r e s u l t s  s i n c e ,  as exp la ined  by t h e  p r e s s u r e  drop calcu- 

l A t i o n s  are decoupled from t h e  h e a t  and mass t r a n s f e r  c a l c u l a t i o n s .  Con- 

d u c t i o n  and s h u t t l e  losses are c a l c u l a t e d  on ly  du r ing  t h e  l a s t  c y c l e s .  

Rev i s ion  of r e g e n e r a t o r ,  h e a t  a b s o r b e r  t u b e ,  and h e a t  r e j e c t o r  tube metal  

t e m p e r a t u r e s  is done once pe r  c y c l e  up t o  a s p e c i f i e d  number of cyc le s .  

The overal .1 compritational scheme is  shown i n  Fig.  8. 
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Inputs: Frequency of operation 
Pressure l e v e l  (of initial volume) 
Initial temperatures 
Heating and cooling water flow rates 

1 I 

regenerator 
metal 

temperatures 
to speerl up 

Update pressure level, P ~ f (volumes, temperaturps masset) 

Update temperatures in each gas contiol 'volume for effect of change 
in pressute level 

Update mass distribution 

Update flow rates 

Update temperatures i r i  each gas control volume for effect of f low 
between control volumes 

Update hcat-transfer coefficients between rnetal dnd gas control 
volumes 

Update temperatures in each gas control volume for effect of heat 
transfer (between gas and metall 

Update regenerator metal temperatures for e f f e c t  uf heat transfer 
(between gas and metdl) 

Calcuiate pressure drops (necessary over only one cycle) 

Calculate conduction and shuttle lostes (just once during last cycle: 

Sum up heat transfers between gas and metal for each componeni 

Update leakage flow between working and buffer spaces (optional: 

Update expansion-. compression-, and buffer--space volume: 

Calculate work done in expansion and compression spaces and sum 
up to get total indicated work , 

I s  cycle complete? -+ 
N 

Fig .  8. 
K. J e f f  ries, 
C a l m  l a  t ions 

O u t l i n e  of computer c a l c u l a t i o n  procedure.  Source: R. Tew,  
and D. Miao, A S t i r l i n g  Engine Cornpuker hfodel f o r  Performance 
, DOE/NASA Pi-78884,  U.S. DOE, Ju1.y 1978. 

With t h e s e  t empera tu res  converged,  t h e  c a l c u l a t i o n s  proceed a n o t h e r  f i v e  

c y c l e s  t o  a l l o w  t h e  f u r t h e r  s t a b i l i z a t i o n  from one c y c l e  t o  t h e  next .  The 

r u n  i s  then complete .  
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5. RE:SULTS FROM HEAT PUMP MODELING 

The f o l l o w i n g  s e c t i o n s  p r e s e n t  t he  most important  r e s u l t s  from t h e  

computer s i m u l a t i o n s .  A comparison of S t i r l i n g - c y c l e  h e a t  pump p e r f o r -  

mance i s  made w i t h  hydrogen and hel ium as t h e  working f l u i d .  The e f f e c t  

of modified h e a t  exchanger c o n f i g u r a t i o n s  on h e a t  pump performance i s  in-  

v e s t i g a t e d .  I n d i v i d u a l  d i s c u s s i o n s  are a r r anged  f o r  t h e  p a r a m e t r i c  and 

s e n s i t i v i t y  s t u d i e s  c a r r i e d  ou t  wi  1-1.1 t h e  S t i r l i n g - c y c l e  h e a t  pump. 

The p a r a m e t r i c  s t u d y  se rved  t o  de t e rmine  t h e  e f f e c t  of S t i r l i n g - c y c l e  

h e a t  pump performance w i t h  changes i n  mean compression-space p r e s s u r e  

(mean gas  p r e s s u r e ) ,  crank speed ,  ambient a i r  ( o u t d o o r )  tempc=rature,  and 

r e j e c t o r - s i d e  h e a t  t r a n s f e r  f l u i d  i n l e t  t empera tu re .  M o d i f i c a t i o n s  t o  t h e  

h e a t  exchangers  ( e x c l u d i n g  t h e  r e g e n e r a t o r )  were made by c a r r y i n g  ou t  a 

s e n s i t i v i t y  s tudy .  The s e n s i t i v i t i e s  of changes i n  (1)  h e a t  exchanger 

tube  l e n g t h ,  ( 2 )  h e a t  exchanger  tube  number, (3)  h e a t  t r a n s f e r  f l u i d  f low 

passes ,  ( 4 )  h e a t  t r a n s f e r  f l u i d  f l o w  ra tes ,  ( 5 )  ambient a i r  t o  absorber-  

s i d e  h e a t  t r a n s E e r  f l u i d  i n l e t  t empera tu re  d i f f e r e n c e s ,  and ( 6 )  r e j e c t o r -  

s i d e  heat t r a n s f e r  f l u i d  i n l e t  t empera tu re  t o  t h e  performance of t he  

S t i r l i n g - c y c l e  h e a t  pump were i n v e s t i g a t e d .  

5.1 E f f e c t  of Working F l u i d  and Source Temperature 

I n d i c a t e d  COP and hea t  o u t p u t  a t  a c o n s t a n t  crank speed and mean 

compression-space p r e s s u r e  are shown i n  Fig.  9 f o r  hydrogen and helium as 

t h e  working f l u i d .  I n d i c a t e d  COP cal.cu1ation.s do not  i n c l u d e  mechanical 

f r i c t i o n  l o s s e s  and p a r a s i t i c  l o s s e s ,  such as f a n s  and a c c e s s o r i e s .  The 

Base Case I1 hea t  exchangers  (Table  2 )  were used f o r  t h e  d a t a  p r e s e n t e d  i n  

Fig.  9. Computer runs were made a t  ambient a i r  ( s o u r c e )  t empera tu res  of 

2 6 4 . 7 ,  273, and 281.3 K (17 ,  32, and 47°F).  A t empera tu re  d i f f e r e n c e "  

of 16.7 K (30°F)  between ambient a i r  and abso rbe r - s ide  Eluid i n l e t  

* I n  an outdoor  c o i l  of a t y p i c a l  vapor compression h e a t  pump, t h e  
t empera tu re  d i f f e r e n c e  between t h e  e n t e r i n g  a i r  and r e f r i g e r a n t  can 
range from 3.3 K ( 6 ° F )  t o  16.7 K ( 3 0 ° F )  ( r e f .  2) .  For the  S t i r l i n g -  
c y c l e  h e a t  pimp, t h e  16.7 K (30°F)  assumption w a s  made i n  o r d e r  t o  i n i -  
t i a t e  t h e  most c o n s e r v a t i v e  case f o r  an outdoor c o i l .  
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Fig.  9. S t i r l i n g - c y c l e  h e a t  pump performance f o r  helium arid hydro- 
gen: ( a )  COP a s  f u n c t i o n  of ambient air t empera ture  and ( b )  h e a t  ou tpu t  
as f u n c t i o n  of ambient a i r  tempera ture .  
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t e m p e r a t u r e  w a s  chosen. The r e j e c t o r - s i d e  f l u i d  i n l e t  t empera tu re  w a s  set 

a t  321.9 K ( 1 2 0 ° F ) ,  and t h e  h e a t  t r a n s f e r  f l u i d  f low r a t e  through t h e  h e a t  

a b s o r b e r  and heat r e j e c t o r  w a s  f i x e d  a t  6.31 x lo-'' m 3 / s  (10 gpm). 

A s  shown i n  F ig .  9 ,  COP v a l u e s  i.iicreased w i t h  i n c r e a s i n g  ambient t e m -  

p e r a t u r e s ,  but h e a t  o u t p u t  v a l u e s  remained f a i r l y  c o n s t a n t  f o r  t h e  range 

of t empera tu res  covered. F i g u r e  9 shows t h a t  COP i s  g r e a t l y  i n c r e a s e d  by 

u s i n g  hydrogen as t h e  working g a s ;  however, a d e c r e a s e  i n  h e a t  ou tpu t  i s  

no ted .  A t  a mean compression-space p r e s s u r e  of 2.76 MFa ( 4 0 0  p s i )  and 

speed of 1800 rpm, COP v a l u e s  i n c r e a s e d  as much as 2.5% whi l e  h e a t  o u t p u t  

d e c r e a s e d  by about 24% f o r  hydrogen. The i n c r e a s e  i n  COP w i t h  hydrogen is 

mainly a t t r i b u t e d  t o  t h e  lower f low losses (low d e n s i t y )  through t h e  h e a t  

exchange r s .  The d e c r e a s e  i n  hea t  ou tpu t  w i t h  'hydrogen i.s due t o  lower 

v a l u e s  f o 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  between t h e  h e a t  exchanger w a l l  and 

gas .  Hydrogen has  t h e  h i g h e s t  thermal  c o n d u c t i v i t y ,  lowest  d e n s i t y ,  and a 

low s p e c i f i c  h e a t  on a volume b a s i s .  H e l i u m  has  a lower v o l u m e t r i c  spe- 

c i f i c  h e a t  t han  hydrogen and a comparable the rma l  c o n d u c t i v i t y ,  but a den- 

s i t y  a lmost  twice t h a t  of hydrogen. 

For  r a t i o s  of s p e c i - f i c  h e a t s  (k) c l o s e  t o  1, t h e  hea t  a d d i t i o n  and 

h e a t  r e j e c t i o n  p r o c e s s e s  w i t h  v a r i a b l e  vol.umes become n e a r l y  isothermal.  

(PVk = C ,  a c o n s t a n t ,  d e f i n e s  an i s o t h e r m a l  p rocess  when k = 1). 

t o r ,  k ,  is  al.so an i n d i c a t i o n  why hydrogen (k = 1.40)  achieved h i g h e r  COP 

v a l u e s  than  hel ium (k  = 1.66) w i t h  a d i - a b a t i c  v a r i a b l e  volumes. 

T h e  f ac -  

5.2 E f f e c t  of Heat Exchanger C o n f i e u r a t i o n  

Simulated S t i r l i n g - c y c l e  hea t  pump d a t a  are p r e s e n t e d  i n  Fig.  10 f o r  

t h r e e  c a t e g o r i e s  of h e a t  exchanger  d e s i g n  (Base C a s e s  1, 11, and I I T ,  as 

g i v e n  i n  Table  2 )  i n v e s t i g a t e d .  A s  s t a t e d  ear l ie r ,  Base Case I w a s  t h e  

o r i g i n a l  General  Notors  h e a t  exchanger d e s i g n  (F ig .  4 ) .  In Rase Case 11, 

t h e  o r i g i n a l  h e a t  a b s o r b e r  w a s  r ep laced  by a c o n f i g u r a t i o n  s imi l a r  t o  the 

e x i s t i n g  h e a t  r e j e c t o r  (Fig.  5 ) .  For Base Case 111, t h e  h e a t  a b s o r b e r  and 

h e a t  r e j e c t o r  were modified t o  i n c l u d e  changes i n  h e a t  t r a n s f e r  f l u i d  f low 

passes ,  t ube  l e n g t h ,  and h e a t  t r a n s f e r  f l u i d  f low rates as d i r e c t e d  by 

r e s u l t s  from h e a t  exchanger s e n s i t i v i t y  a n a l y s e s .  
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CRANK SPEED = 1800 rpm 
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Fig.  10. Performance f o r  t h r e e  hea t  exchanger c o n f i g u r a t i o n s  us ing  
hydrogen: (a) COP as € u n c t i o n  of ambient a i r  t empera tu re  and ( b )  h e a t  
o u t p u t  as f u n c t i o n  of ambient a i r  temperature .  

F i g u r e  10 sliows COP v a l u e s  f o r  Base Cases I and 11 t o  be similar ex- 

c e p t  when ambient a i r  t empera tu res  f a l l  below 269.7 K (26°F).  For a i r  

t e m p e r a t u r e s  g r e a t e r  than 269.7 K (26"F) ,  t h e  Base Case 11 c o n f i g u r a t i o n  

y i e l d s  a s l i g h t l y  h i g h e r  performance. 

e r a t i o n  I n s t i t u t e  (ARI) l o w  r a t i n g  po in t  of 264.7 K ( 1 7 ' F ) ,  t h e  COP is 

about 3% h i g h e r  us ing  a Base Case I1 c o n f i g u r a t i o n .  The hea t  ou tpu t  f o r  

A t  t he  A i r  Cond i t ion ing  and Ref r ig -  
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Base Case T I  averages about 25% h i g h e r  than  Base 

b i e n t  a i r  t empera tu re .  Although t h e  Base Case I 

Case T r e g a r d l e s s  of am- 

and 11 h e a t  r e j e c t o r  ge- 

o m e t r i e s  arc i d e n t i c a l ,  the new Base Case I1 hea t  a b s o r b e r  has an 182 i n -  

crease i n  gas - s ide  h e a t  t r a n s f e r  area and a 73% d e c r e a s e  i n  dead volume 

when compared w i t h  the o r i g i n a l  Ease Case I c o n f i g u r a t i o n  ( s e e  Table  2) .  

It is clear from F ig .  10 t h a t  t h e  Base Case I11 hea t  exchanger con- 

f i g u r a t i o n  y i e l d e d  t h e  b e s t  h e a t  pump performance (assuming a d i a b a t i c  cy l -  

i n d e r s )  f o r  a f i x e d  mean compression-space p r e s s u r e  and crank speed"  

Values of COP w e r e  up t o  9% h i g h e r  than  t h o s e  o b t a i n e d  w i t h  t h e  o r i g i n a l  

c o n f i g u r a t i o n .  The h e a l  o u t p u t  w a s  s l i g h t l y  below t h a t  f o r  Base Case I. 

A t  t h e  AEU r a t i n g s  p o i n t s  of 264.7 and 281.3 K (17  and 4 7 " F ) ,  t h e  COP 

ranged from 2.08 t o  2.3, r e s p e c t i v e l y ,  wh i l e  h e a t  ou tpu t  remained f a i r l y  

c o n s t a n t  a t  about 5 kW ( 1 7 , 0 6 4  Btu /h ) .  For Base Case 111, t h e  h e a t  

t r a n s f e r  area and dead volume of t h e  hea t  a b s o r b e r  remained e q u a l  t o  

Base Case I T  va lues .  However, t h e  he.at t r a n s f e r  area and dead volume 

of the  h e a t  r e j e c t o r  w e r e  i n c r e a s e d  50 and 3 9 % ,  r e s p e c t i v e l y ,  from Base 

Case I1 v a l u e s .  Unlike Base Cases 1 and L I ,  a two-pass flow arrangement 

w a s  modeled f o r  t h e  h e a t  t r a n s f e r  f l u i d  c i r c u l a t i n g  through t h e  hea t  ab- 

s o r b e r  and heat r e j e c t o r  i n  Base Case 111. 

As w a s  noted ea r l i e r ,  a t empera tu re  d i f f e r e n c e  of 16.7 K (30°F)  w a s  

chosen between ambient outdoor  a i r  t empera tu re  and t h e  heat absorber-  

s i d e  f l u i d  i n l e t  t empera tu re .  From r e s u l t s  ob ta ined  i n  t h i s  s t u d y  i t  

a p p e a r s  t h a t  the above assumption w a s  a c o n s e r v a t i v e  one, because a 

h i g h e r  t e m p e r a t i i r e  d i f f e r e n c e  between t h e  hot  (compression)  space and 

t h e  co ld  ( expans ion )  space w i l l  e x i s t  i n  t h e  S t i r l i n g - c y c l e  h e a t  pump. 

Consequent ly ,  more i n p u t  work would be r e q u i r e d  t o  d r i v e  t h e  S t i r l i n g -  

c y c l e  hea t  pump, thus  lowering COP. F igu re  20 i n  Sec t .  5.4.6 i l l u s -  

t rates t h i s  p o i n t  when t h e  assumed t empera tu re  d i f  f ererice between the 

ambient outdoor  a i r  and t h e  hea t  abso rbe r - s ide  f l u i d  i n l e t  i s  reduced by 

h a l f .  

5.3 P a r a m e t r i c  AnalJsis with Modified Heat Exchangers -. 

Computer s i m u l a t i o n  r e s u l t s  €rom a p a r a m e t r i c  a n a l y s i s  are p resen ted  

i n  Figs .  11 through 14. The Base Case L L I  c o n f i g u r a t i o n  f o r  t he  hea t  
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Fig. 11. Performance with modified hea t  exchangers  as f u n c t i o n  of 
ambient a i r  t empera tu re  and mean compression-space p r e s s u r e  a t  crank speed 
of 1800 rpm. 

exchangers  w a s  employed based on the  encouraging r e s u l t s  ob ta ined  from 

s e n s i t i v i t y  a n a l y s e s  d i s c u s s e d  i n  Sec t .  5.4. 

Computer runs w e r e  performed to  map the  S t i r l i n g - c y c l e  h e a t  pump COP 

(no mechanical f r i c t i o n  l o s s e s  and p a r a s i t i c  l o s s e s  inc luded)  and h e a t  

o u t p u t  over a range of ambient a i r  t e m p e r a t u r e s ,  mean compression-space 

p r e s s u r e s ,  and crank speeds w i t h  hydrogen as t h e  working gas. 

Ambient a i r  t empera tu res  of 264.7,  2 7 3 ,  and 281.3 K ( 1 7 ,  3 2 ,  and 

47'F)  were chosen a long  with mean compression-space p r e s s u r e s  of 2.76, 
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F i g .  1 2 ,  PerIorinance w i t h  modif ied h e a t  exchangers  as f u n c t i o n  of 
ambient a i r  t e m p e r a t u r e  and mean compression-space p r e s s u r e  a t  crank speed  
of 3000 rpm. 

4.14, and 5.52 MPa (400, 6 0 0 ,  and 800 p s i )  and c rank  speeds  of 1800, 3000, 

and 3600 rpm. 

T h e  h e a t  t r a n s f e r  f l u i d  f l o w  r a t e  through t h e  h e a t  a b s o r b e r  and heat 

r e j e c t o r  was s e t  a t  6.31~ x 10-4 m 3 / s  (10 gpro) and t h e  i n l e t  f l u i d  ternpera- 

t u r e  a t  t h e  h e a t  r e J e c t o r  w a s  321.9 K (120'F). Again,  a 16.7 K ( 3 0 ° F )  
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Fig .  13. Performance wi th  modif ied h e a t  exchangers  as f u n c t i o n  
of c rank  speed and mean compression-space p r e s s u r e  a t  c rank  speed of 
3600 rpm. 

tempera ture  d i f f e r e n c e  was chosen between t h e  ambient a i r  tempera ture  and 

the h e a t  abso rbe r  f l u i d  i n l e t  t empera ture .  I t  should  be noted t h a t  h i g h e r  

h e a t  pump performance is a c h i e v a b l e  by reducing  t h i s  tempera ture  d i f f e r -  

mice. F i g u r e  20 i n  Sec t .  5.4.6 g i v e s  an i n d i c a t i o n  of expec ted  pe r fo r -  

mance l e v e l s  a s s o c i a t e d  wi th  changes i n  such t empera tu re  d i f f e r e n c e .  
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Fig.  14. Performance w i t h  rnodified hea t  exchangers  as f u n c t i o n  of 
crank speed and mean compression-space p r e s s u r e .  

F i g u r e s  11 th rough  13 p r e s e n t  i n d i c a t e d  COP and h e a t  ou tpu t  as a 

f u n c t i o n  of ambient a i r  t empera tu re ,  f o r  a f i x e d  speed and mean comprcs- 

s ion-space p r e s s u r e .  F i g u r e  14 p r e s e n t s  i n d i c a t e d  COP and h e a t  ou tpu t  as 

a Eiinction of crank speed f o r  a f i x e d  ambient a i r  t empera tu re  and mean 

compression-space p r e s s u r e .  

5.3.1 E f f e c t s  of Source (Outdoor A i r )  Temperature 

A s  i l L u s t r a t e d  i n  F igs .  11 through 13 ,  f o r  a constant  p r e s s u r e ,  COP 

tended t o  d e c r e a s e  w i t h  d e c r e a s i n g  ambient air t empera tu re .  Howcver, un- 

l i k e  c o n v e n t i o n a l  vapor compression h e a t  pumps, COP f o r  a S t i r l i n g - c y c l e  

heat pump drops only moderately as ambient a i r  t empera tu re  drops.  A l so ,  
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i n  c o n t r a s t  t o  vapor compression systems,  t h e  S t i r l i n g - c y c l e  hea t  o u t p u t  

remained u n s u s c e p t i b l e  t o  changes i n  ambient a i r  t empera tu re .  The low 

perforiuance s e n s i t i v i t y  t o  outdoor  Ccmperature s u g g e s t s  t h e  p o s s i b l e  ap- 

p l i c a t i o n  of S t i r l i n g - c y c l e  heat  pumps i n  co ld  climates. 

k s  shown i n  Fig.  11, the b e s t  range i n  COP was o b t a i n e d  a t  a mean 

compression-space p r e s s u r e  of 2.76 MPa (400  p s i )  and a crank speed of 

1800 rpm. With modified hea t  exchangers  (Rase Case 111 c o n f i g u r a t i o n )  , 
t h e  COP v a r i e d  from 2.0 t o  2.3 f o r  ambient a i r  t e m p e r a t u r e s  of 264.7 t o  

281.3 K (17 t o  47"F), r e s p e c t i v e l y .  A h e a t  ou tpu t  of 5 kW (17,064 Btu/h)  

remained r e l a t i v e l y  c o n s t a n t  f o r  t h i s  range of ambient a i r  t empera tu res .  

5.3.2 _. E f i e c t s  ... .... ..._____- of Mean Compression-Space P r e s s u r e  

F i g u r e s  11 through 13 also show the h e a t i n g  COP d e c r e a s e  and h e a t  

ou tpu t  i n c r e a s e  with i n c r e a s i n g  p r e s s u r e  l e v e l s .  A s  p r e s s u r e  i n c r e a s e s  

f o r  a f i x e d  ambient a i r  t e o i p e r a t u r e ,  crank speed ,  and h e a t  r e j e c t o r - s i d e  

f l u i d  i n l e t  t empera tu re ,  the compression-space gas t empera tu re  i n c r e a s e s  

wh i l e  expansion-space gas  t empera tu re  dec reases .  Consequent ly ,  t h e  COP 

d e c r e a s e s  because of t h e  h ighe r  t empera tu re  d i i f  ecence between t h e  com- 

p r e s s i o n  space and expansion space. The i n c r e a s e  i n  h e a t  o u t p u t  w i t h  in-  

c r e a s i n g  gas p r e s s u r e  is  due t o  the  l a r g e r  mass of working gas i n  t h e  

cycle  which mist a l t e r n a t e l y  be hea ted  and cooled.  

5 . 3 . 3  E E f t ? c t s  of Crank Speed __.. .. ... 

Figure  14 shows c l e a r l y  t h a t  heat pump COP d e c r e a s e s  and hea t  output  

i n c r e a s e s  as crank speed i n c r e a s e s  f o r  a f i x e d  ambient a i r  t empera tu re  and 

inean conpression-space p r e s s u r e .  A t  hi-gher speeds  ~ f low l o s s e s  through 

the  hea t  exchangers  i n c r e a s e .  Also,  as s p e e d  i n c r e a s e s ,  compression-space 

g a s  t empera tu re  increases while. expansion-space gas t empera tu re  d e c r e a s e s  

A s  a r e s u l t  of t h e s e  e f f e c t s ,  COP d e c r e a s e s  and h e a t  ou tpu t  i n c r e a s e s .  

5.4 Heat Exchanger S e n s i t i v i t y  Ana lys i s  

I n  t h i s  s e c t i o n ,  s i m u l a t i o n  r e s u l t s  from s e n s i t i v i t y  a n a l y s i s  per- 

f orrned on the  S t i r l i n g - c y c l e  h e a t  pump h e a t  exchangers  ( exc lud ing  t h e  re- 

g e n e r a t o r )  are d i s c u s s e d .  It  is  known t h a t  by improving h e a t  exchanger 
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e f f i c i e n c y  one can approach i s o t h e r m a l  h e a t  t r a n s f e r .  Ma in ta in ing  t h e  hot  

( compress ion )  and co ld  ( expans ion )  spaces  of a S t i r l i n g - c y c l e  h e a t  pump as 

n e a r l y  i s o t h e r m a l  as p o s s i b l e  d u r i n g  t h e  h e a t  a d d i t i o n  and h e a t  r e j e c t i o n  

p r o c e s s e s  y i e l d s  h i g h e r  performance. Th i s  p r i n c i p l e  coupled w i t h  t h e  i d e a  

of c o n v e r t i n g  a GPU-3 h e a t  eng ine  t o  a h e a t  pump is good r eason  f o r  i nves -  

t i g a t i n g  the ef f e e t  of h e a t  exchanger parameters on heat pump performance. 

F i g u r e s  15 th rough  20 p r e s e n t  t h e  s e n s i t i v i t y  of v a r i o u s  h e a t  ex- 

changer  pa rame te r s  on S t i r l i n g - c y c l e  h e a t  pump performance. These parame- 

ters i n c l u d e d  (1) h e a t  t r a n s f e r  f l u i d  flow p a s s e s ,  ( 2 )  heat t r a n s f e r  f l u i d  

f l o w  rates ,  ( 3 )  t u b e  number, ( 4 )  t ube  l e n g t h ,  (5 )  h e a t  t r a n s f e r  f l u i d  in-  

let  t e m p e r a t u r e  i n  t h e  h e a t  r e j e c t o r ,  and ( 6 )  ambient a i r  t o  h e a t  

a b s o r b e r - s i d e  f l u i d  i n l e t  t empera tu re  d i f f e r e n c e .  

O S N L - O W G  83-5984 E T D  

HEAT EXCHANGERS = BASE CASE I I  
CRANK SPEED = 3600 rpin 

AMBIENT AIR TEMPERATURE = 264.7 K (17OF) 
F L U I D  FLOW RATE = 6.31 X 1 0 4 r n 3 / s  (10gpm) 

2 76 MPa 
(400 psi) 

1 
4 14 MPa H E A l  ABSORBER 

AND 
HEAT REJECTOR 

- 
\ - 2 -PASS AND 3 -PASS, I-IEAT ABSORBER ONLY 

1 2-PASS AND 3-PASS. NEAT REJECTOR 0NI.Y 
L, 

I '  

I I  
20 40 6 0  80 100 ( B t u / h  X l o 3 )  

HEAT OUTPUT 

F i g .  15. S e n s i t i v i t y  of hea t  exchanger s h e l l - s i d e  f low passes .  
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Fig.  16. S e n s i t i v i t y  of h e a t  t r a n s f e r  f l u i d  flow rate .  

5.4.1 E f f e c t  of Heat T r a n s f e r  F l u i d  Flow Passes 

F i g u r e  15 i l l u s t r a t e s  t h e  e f f e c t  of i n c r e a s i n g  h e a t  t r a n s f e r  f l u i d  

f low p a s s e s  on t h e  shel l -and-tube hea t  a b s o r b e r  on ly ,  t h e  she1 1-and-tube 

h e a t  r e j e c t o r  on ly ,  and both hea t  a b s o r b e r  and h e a t  r e j e c t o r  f o r  a given 

f l u i d  f low rate  and i n l e t  t empera tu re .  I n c r e a s i n g  s h e l l - s i d e  f l o w  p a s s e s  

i n c r e a s e s  hea t  t r a n s f e r  f l u i d  flow v e l o c i t i e s ,  r e s u l t i n g  i n  h i g h e r  s h e l l -  

s i d e  h e a t  t r a n s f e r  c o e f E i c i e n t s .  As shown i n  F ig .  15, doubl ing t h e  s h e l l -  

s i d e  f low passes  on both t h e  h e a t  a b s o r b e r  and h e a t  r e j e c t o r  gave s l i g h t l y  

h i g h e r  performance than  i n d i v i d u a l l y  doubl ing o r  t r i p l i n g  t h e  flow p a s s e s  

on both h e a t  exchangers.  

Only a 2% i n c r e a s e  i n  COP w a s  achieved a t  v a r i o u s  gas p r e s s u r e  l e v e l s  

u s ing  two s h e l l - s i d e  f low passes  For t h e  hea t  t r a n s f e r  f l u i d  c i r c u l a t i n g  

th rough  t h e  h e a t  abso rbe r  and h e a t  r e j e c t o r .  It  should be po in ted  out  

t h a t  i n c r e a s i n g  s h e l l - s i d e  flow passes i n c r e a s e s  f l u i d  pumping power 

l o s s e s  as a r e s u l t  of i n c r e a s i n g  f r i c t i o n .  However, t h e  t o t a l  pumping 

lo s s  € o r  both h e a t  exchangers  was c a l c u l a t e d  t o  be less  than 30 1. 
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H E A T  EXCHANGERS = BASE CASE II  
MEAN GAS PRESSURE = 2.76 MPa (400 psi) 

CRANK SPEED 3600 rpm 
AMBIENT AIR TEMPERATURE = 264.7 K (17'FI 
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Fig .  1 7 .  S e n s i t i v i t y  of h e a t  exchanger tube number increase. 

(102.4 Btu /h ) .  I t  w a s  decided t o  omit pumping l o s s e s  from the  d a t a  shown 

i n  Fig.  15, because they  a p p e a r  t o  he n e g l i g i b l e .  

Based on the r e s u l t s  of F i g .  15,  i t  w a s  decided t o  modify both h e a t  

exchangers  t o  a c o n f i g u r a t i o n  w i t h  two s h e l l - s i d e  f l o w  passes  (see Table  2 

f o r  Base Case 111) .  

5.4.2 E f f e c t  of Heat T r a n s f e r  F l u i d  Flow Rate 

Changes i n  h e a t i n g  and cool.ing f l u i d  f l o w  ra te  w e r e  s imu la t ed  t o  de- 

t e rmine  t h e  e f f e c t  on h e a t  pump performance f o r  a g iven  mean coinpression- 

space  p r e s s u r e  [2 .76  m a  (400 p s i ) ] ,  crank speed (3600 rpm), ambient a i r  
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HEAT EXCHANGEHS = BASE CASE I I  
MEAN GAS PRESSURE = 2.76 MPa (400 psi) 

CRANK SPEED = 3600 rpm 
AMBIENT AIR TEMPERATURE = 264.7 K (17OF) 
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Fig.  18. S e n s i t i v i t y  of h e a t  exchanger tube  l e n g t h  i n c r e a s e .  

t empera ture  [ 264.7 K (17"F)I  , and h e a t  r e j e c t i o n - s i d e  f l u i d  i n l e t  teinpera- 

t u r e  [321.9 K ( 1 2 0 " F ) ] .  F i g u r e  16  shows i n d i c a t e d  COP and h e a t  o u t p u t  as 

a f u n c t i o n  of h e a t  t r a n s E e r  f l u i d  f low rate f o r  1.57 x lo+ ,  3.15 x l o + ,  

6.31 x and 12.62 x lo-'' m 3 / s  ( 2 . 5 ,  5 ,  10, and 20 gpm). A s  f low ra te  

i n c r e a s e s ,  COP and h e a t  ou tput  i n c r e a s e .  These i n c r e a s e s  are a t t r i b u t e d  

t o  h i g h e r  h e a t  a b s o r b e r  and h e a t  r e j e c t o r  f l u i d - s i d e  h e a t  t r a n s f e r  c o e f f i -  

c i e n t s  due t o  t h e  h i g h e r  f low v e l o c i t i e s .  However, t h e  curve s p a c i n g  be- 

tween each f l o w  p o i n t  shows t h a t  as t h e  h e a t  t r a n s f e r  f l u i d  f low rate  dou- 

b l e s ,  t h e  r e l a t i v e  g a i n  i n  performance d e c r e a s e s .  This  behavior  cannot  be 

e x p l a i n e d  by t h e  e € €  ect  of pumping power losses because they have been 
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HEAT EXCHANGEHS = BASE CASE I l l  
MEAN GAS PRESSURE - 2 76 MPa 1400 P S I )  

CRANK SPEED = 1800 rpm 
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Fig .  19. S e n s i t i v i t y  of changes i n  hea t  r e j e c t o r - s i d e  hea t  t r a n s f e r  
f l u i d  i n l e t  t empera tu re .  

n e g l e c t e d  from t h e  d a t a  shown i n  Fig.  16,  but  is probably caused by ap- 

proaching  t h e  h e a t  t r a n s f e r  l i m i t s  of the  h e a t  abso rbe r  and h e a t  r e j e c t o r  

as f1ui.d-side h e a t  t r a n s f e r  c o e f f i c i e n t s  i n c r e a s e  wi th  i n c r e a s i n g  f l o w  

rate.  

S i n c e  t h e  GPU-3 engine  was o r i g i n a l l y  des igned  f o r  a c o o l a n t  f low 

rate of \6 .31 x low4 m 3 / s  (10 gpm) through t h e  she l l -and- tube  h e a t  rejec- 

t o r ,  i t  was dec ided  t o  use  t h i s  va lue  f o r  both h e a t  abso rbe r  and h e a t  re- 

j e c t o r  i n  t h e  hcn t  pump s i m u l a t i o n  s tudy .  

5.4.3 E f f e c t  of Heat Exchanger Tube Number 

F i g u r e  1 7  shows t h e  e f f e c t  of i n c r e a s i n g  t h e  number of h e a t  abso rbe r  

t ubes  and h e a t  r e j e c t o r  t ubes  on S t i r l i n g - c y c l e  h e a t  pump performance €or  

a g iven  set of o p e r a t i n g  cond i t€ons .  For t h i s  s e n s i t i v f t y  a n a l y s i s ,  t he  

Base Case I1 h e a t  exchangers  were modeled. For t h e  h e a t  a b s o r b e r ,  t h e  

t o t a l  number of t i ihes (312) was i n c r e a s e d  25% (390) and 50% ( 4 6 8 ) ,  whi le  

t h e  t o t a l  number of heat  r e j e c t o r  t ubes  remained the  same. A s i m i l a r  tube  

ad jus tmen t  w a s  made on t h e  h e a t  r e J e c t o r  wh-ile keeping  t h e  number of h e a t  
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F i g .  20. S e n s i t i v i t y  of ambient a i r  temperature  t o  hecat abso rbe r -  
s i d e  h e a t  t r a n s f e r  f l u i d  i n l e t  temperat i i re .  

a b s o r b e r  tubes the  same. It should be noted t h a t  changes i n  tube number 

w i l l  obv ious ly  a€fect  t h e  t o t a l  surface area, c r o s s - s e c t i o n a l  f l o w  a r e a ,  

and volume of a hea t  exchanger.  T h e r e f o r e ,  t h e  d a t a  shown i n  Fig.  17 rep- 

resent the  combined e fFec ts  of t h e s e  changes.  F i g u r e  1 7  shows t h a t  t h e  

h e a t  r e j e c t o r  is  more s e n s i t i v e  t o  i n c r e a s e s  i n  t ube  number than is  the  

h e a t  a b s o r b e r .  This  is  because as a h e a t  pump the  hea t  r e j e c t o r  ( o r i g i -  

n a l l y  designed f o r  h e a t  engine a p p l i c a t i o n s )  m u s t  r e j e c t  a g r e a t e r  amount 

of heat.  As shown in Fig.  1 7 ,  i n c r e a s i n g  the  nrimber of h e a t  r e j e c t o r  

t u b e s  by 50% i n c r e a s e s  COP by about 5.5% but  d e c r e a s e s  hea t  output  by a 
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similar amount (-5.4%). I n c r e a s i n g  h e a t  a b s o r b e r  t ubes  by 50% i n c r e a s e s  

COP by 2.2% but  d e c r e a s e s  hea t  ou tpu t  by 4.8%. 

5.4.4 E f f e c t  of Heat Exchanger Tube Length 

F i g u r e  18 shows t h e  e f f e c t  of an i n c r e a s e  i n  tube l e n g t h  on t h e  h e a t  

a b s o r b e r ,  h e a t  r e j e c t o r ,  and both  t h e  h e a t  abso rbe r  and h e a t  r e j e c t o r .  An 

arrangement  w i t h  two s h e l l - s i d e  f low p a s s e s  f o r  t h e  h e a t  t r a n s f e r  f l u i d  

w a s  used f o r  t h e  p a r t i c u l a r  h e a t  exchanger  under  i n v e s t i g a t i o n .  I f  only 

h e a t  a b s o r b e r  t ube  l e n g t h  was t o  be i n c r e a s e d ,  t hen  only  t h e  hea t  abso rbe r  

p o r t i o n  of t h e  h e a t  exchangers  u t i l i z e d  two s h e l l - s i d e  f low passes .  A s  

shown i n  Fig.  18, tube  l e n g t h  w a s  i n c r e a s e d  up t o  50% f o r  each c a s e ,  which 

meant t h a t  bo th  h e a t  t r a n s f e r  s u r f a c e  area and volume were i n c r e a s e d  by 

50%. 

The h i g h e s t  i n c r e a s e  i n  COP ( -4%) w a s  computed when both  hea t  ab- 

s o r b e r  and h e a t  r e j e c t o r  tube l e n g t h s  were i n c r e a s e d  50%. However, t h e  

h e a t  o u t p u t  dec reased  by about 10% f o r  t h i s  ca se .  I n c r e a s i n g  only  t h e  

h e a t  a b s o r b e r  tube l e n g t h  d'Fd not p rov ide  s i g n i f i c a n t  improvement i n  COP. 

Th i s  f i n d i n g  i s  s imilar  t o  t h a t  r e p o r t e d  f o r  t h e  h e a t e r  in t h e  p rev ious  

s e c t i o n  when t h e  tube  number w a s  i n c r e a s e d  50%. It appea r s  t h a t  t h e  

she l l -and- tube  h e a t  a b s o r b e r  i s  a d e q u a t e l y  s i z e d  f o r  t h e  S t i r l i n g - c y c l e  

h e a t  pump 

For  t h e  h e a t  r e j e c t o r ,  i n c r e a s i n g  tube l e n g t h  by 50% gave an i n c r e a s e  

i n  COP of 3.1% and a d e c r e a s e  i n  h e a t  ou tpu t  of 6.3%. A comparison of 

F'Fgs. 17 and 18 shows t h a t  a s l i g h t l y  h i g h e r  COP can be achieved  by in-  

c r e a s i n g  t h e  tube  number i n  t h e  h e a t  r e j e c t o r  r a t h e r  t han  tube  l e n g t h .  

However, i n c r e a s i n g  t h e  number of t ubes  i n  t h e  h e a t  r e j e c t o r  i n t r o d u c e s  

t h e  complexi ty  of r e d e s i g n i n g  t h e  h e a t  rejector-regenerator-heat ab- 

s o r b e r  c a r t r i d g e s  ( F i g s .  3 th rough 5 )  a long  wi th  t h e  c y l i n d e r  head be- 

cause  t h e  d i ame te r s  of t h e s e  components w i l l  undoubtedly change. Of 

c o u r s e ,  added complexi ty  a l s o  r e s u l t s  in i n c r e a s e d  c o s t s ,  a f a c t o r  which 

cannot  be ignored .  

I n  o r d e r  t o  keep t h e  S t i r l i n g - c y c l e  h e a t  pump des ign  r e l a t i v e l y  

s imple ,  i t  w a s  dec ided  t o  improve t h e  performance by i n c r e a s i n g  t h e  

l e n g t h  of h e a t  r e j e c t o r  t ubes  by 50%. Th i s  change l e d  t o  our Base Case 

I11 c o n f i g u r a t i o n .  
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5.4.5 E f f e c t  of Heat Rejector-Side Heat T r a n s f e r  F l u i d  
I n l e t  Temper a t  lire 

The e f f e c t  of hea t  t r a n s f e r  f1ui.d i n l e t  temperature  f lowing through 

t h e  h e a t  r e j e c t o r  on S t i r l i n g - c y c l e  h e a t  pump performance is shown i n  

F i g .  19. This  parameter may be viewed as the  i n l e t  temperature  of a de- 

l i v e r y  f l u i d  used f o r  space h e a t i n g  and /o r  p rocess  water h e a t i n g .  In 

Fig.  19, indi-cated COP and hea t  ou tpu t  are shown f o r  v a r i o u s  mean com- 

p r e s  s i  on-s pace p r e s  s u r e  l e  ve 1 s . 
Computer runs were made at f l u i d  i n l e t  t empera tu res  of 305.2 and 

321.9 K (90 and 120°F) For a f i x e d  crank s p e e d  (1800 rpm), ambient out-  

door  a i r  t empera tu re  L264.7 K (17"F)1,  and h e a t i n g  and cool-ing flow 

rates of 6.31 x 

c o n f i g u r a t i o n  w a s  used i n  t h i s  a n a l y s i s ,  based on t h e  favorab1.e f i n d i n g s  

r e p o r t e d  i n  p rev ious  s e c t i o n s .  

m 3 / s  (10 gpm). The Base Case I11 hea t  exchanger 

A s  expec ted ,  t h e  r e s u l t s  i n d i c a t e  an i n c r e a s e  i n  COP a s  hea t  

r e j e c t o r - s i d e  f l u i d  i n l e t  t empera tu re  i s  lowered. This  is so because as 

f l u i d  t empera tu re  d e c r e a s e s  t h e  gas t empera tu re  f lowing through t h e  hea t  

r e j e c t o r  d e c r e a s e s .  S ince  t h e  h e a t  a b s o r b e r  o p e r a t i n g  c o n d i t i o n s  have 

n o t  changed, t h e  S t i r l i n g - c y c l e  hea t  pump i s  a b l e  t o  o p e r a t e  w i t h  less 

power a t  a lower t empera tu re  d i f f e r e n c e  between t h e  hea t  r e j e c t o r  and 

h e a t  a b s o r b e r  p o r t i o n s ;  t h e r e f o r e ,  COP i n c r e a s e s .  A s  shown i n  Fig. 19 ,  

lowering t h e  f l u i d  inl .e t  t empera tu re  by 16.7 K (30OF) i n c r e a s e s  COP from 

5 t o  7% a s  gas  p r e s s u r e  dec reases .  The hea t  ou tpu t  a p p e a r s  t o  dec rease  

very s l i g h t l y ,  f o r  t h e  same p r e s s u r e .  

5.4.6 E f f e c t  of Temperature D i f f e r e n c e  Between Outdoor A i r  and 
Absorber-Side Heat T r a n s f e r  F l u i d  I n l e t  Temperature 

Most s i m u l a t i o n  r e s u l t s  p re sen ted  i n  ear l ie r  s e c t i o n s  were ob ta ined  

by choosing a very c o n s e r v a t i v e  t empera tu re  d i f f e r e n c e  between (1)  t h e  

ambient outdoor  a i r  temperature  and hea t  abso rbe r - s ide  hea t  t r ans fe r  

f l u i d  i n l e t  temperaturc  and ( 2 )  the h e a t  r e j e c t o r - s i d e  h e a t  t r a n s f e r  

f l u i d  i n l e t  temperature  and indoor  a i r  e x i t  temperature .  Consequent ly ,  

t h e  S t i r l i n g - c y c l e  h e a t  pump ope ra t ed  a t  a h i g h e r  t empera tu re  d i f f e r e n c e  

between t h e  hea t  r e J e c t o r  and h e a t  abso rbe r  p o r t i o n s ,  r e s u l t i n g  j n  lower 

COP. 
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F i g u r e  20 i l l u s t r a t e s  the e f f e c t  of d e c r e a s i n g  ambient a i r  ( s o u r c e )  

t e m p e r a t u r e  t i  h e a t  a b s o r b e r  f l u i d  i n l e t  t empera tu re  on S t i r l T n g - c y c l e  

h e a t  pump performance €or f i x e d  gas p r e s s u r e ,  crank speed ,  and f l u i d  

f low rates.  By d e c r e a s i n g  t h i s  t empera tu re  d i f f e r e n c e  by h a l f  [AT = 

8 .3  K (15"F)I  t h e  COY i n c r e a s e s  up t o  9.7%, y e t  t h e  heat ou tpu t  remains 

p r a c t i c a l l y  unchanged a t  about  5 kW ( 17,064 Btu/h) .  
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Appendix A 

INTKODUCTION TO STZKLLNG-CYCLE HEAT PUMPS 

The S t i r l i n g - c y c l e  h e a t  pump ana lyzed  i n  t h i s  s t u d y  can be d e s c r i b e d  

as a c losed -cyc le  p i s t o n  h e a t  pump with c y c l i c  r e c i r c u l a t i o n  o f  t h e  work- 

i n g  f l u i d .  Heat is absorbed by t h e  working gas  a t  some t empera tu re  lower 

than  t h e  ambient ,  and s h a f t  work is added. The absorbed hea t  and t h e  

s h a f t  work are conve r t ed  i n t o  t h e  i n t e r n a l  energy of t h e  working g a s ,  

which is r e j e c t e d  t o  the  su r round ings  a t  a t empera tu re  above t h e  ambient.  

During h e a t  pump o p e r a t i o n ,  a power p i s t o n  compresses the  working gas 

a t  a high t empera tu re .  The gas  i.s then cooled,  expanded a t  a low t e m p e r a -  

t u r e ,  anti h e a t e d  aga in .  In the S t i r l i n g - c y c l e  h e a t  pump, the r e q u i r e d  

h e a t  i s  a p p l i e d  t o  t h e  working gas  from t h e  outs i .de through a w a l l .  Be- 

c ause  of t h e  h igh  heat- c a p a c i t y  of t h e  w a l l ,  t h e  gas cannot be hea ted  and 

cooled simply by rapi-d h e a t i n g  and c o o l i n g  of t h e  w a l l .  T h e r e f o r e ,  a sec- 

ond p i s t o n ,  c a l l e d  t h e  d i s p l a c e r ,  i.s added t o  t h e  machine t o  move t h e  gas  

between two s t a t i o n a r y  chamber volumes c a l l e d  t h e  ho t  space and the  co ld  

space. To avoid unnecessa ry  waste of h e a t  du r ing  t h e  a l t e r n a t i n g  h e a t i n g  

and c o o l i n g  p r o c e s s e s ,  a r e g e n e r a t o r  i s  placed between the hot ( h e a t  re- 

j e c t o r )  and co ld  (heal: a b s o r b e r )  h e a t  exchangers .  Th i s  r e g e n e r a t o r  is  a 

space f i l l e d  wi th  a porous material t h a t  c o o l s  the gas  b e f o r e  i t  moves to- 

ward t h e  co ld  space (e-xpansion s p a c e ) .  On -its r e t u r n ,  t h e  stream of gas 

r e a b s o r b s  t h e  s t o r e d  h e a t  befort: r e e n t e r i n g  t h e  ho t  space (compression 

s p a c e ) .  A S t i r l i n g - c y c l e  hea t  pump machine i n  i t s  s i m p l e s t  form i s  shown 

i n  F i g .  A . l .  

A .  1 I d e a l  S t i r l i n g - C y c l e  Heat Pump 

The i d e a l  S t i r l i n g - c y c l e  h e a t  pump c y c l e  is  shown i n  the p r e s s u r e -  

volume (P-V) and temperature-entropy (T-S) diagrams of Fig.  A. 2(a ) .  

1. P rocess  1 + 2 i s  an i s o t h e r m a l  compression i n  which h e a t  is  t r a n s -  

f e r r e d  from t h e  working f l u i d  a t  t h e  maximum c y c l e  t empera tu re  t o  t h e  

e x t e r n a l  s i n k  ( h e a t  r e j e c t e d  from the  S t i r l i n g - c y c l e  hea t  pump). 
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2. 

3. 

4 .  

t he  

P r o c e s s  2 -+ 3 is  a constant-volume r e g e n e r a t i v e  p r o c e s s  i n  which h e a t  

is t r a n s f e r r e d  t o  t h e  r e g e n e r a t o r  matrix f r o m  t h e  working f l u i d  ( h e a t  

abso rbed) .  

P r o c e s s  3 + 4 i s  an i s o t h e r m a l  expansion i n  which h e a t  i s  t r a n s f e r r e d  

t o  the working f l u i d  a t  the minimum c y c l e  t empera tu re  from t h e  exter- 

n a l  s o u r c e  ( h e a t  added to  t h e  S t i r l i n g - c y c l e  h e a t  pump). 

P r o c e s s  4 -t 1 is a constant-volume r e g e n e r a t i v e  p r o c e s s  i n  which h e a t  

i s  t r a n s f e r r e d  t o  t h e  worki.ng f l u i d  f toin t h e  r e g e n e r a t o r  m a t r i x  ( h ~ t  

r e l e a s e d ) .  

F i g u r e  A . 2 ( b )  shows t h e  o p e r a t i o n  of a S t i r l i n g - c y c l e  h e a t  pump. A t  

beginning of t he  c y c l e ,  t h e  power p i s t o n  is  a t  i t s  bottom dead c e n t e r  

p o i n t ,  and t h e  d i s p l a c e r  p i s t o n  i.s a t  i t s  t o p  dead c e n t e r  p o i n t .  A l l  of 

t h e  working f l u i d  is i n  t h e  compression ( h o t )  space. 'This s t a r t i n g  

p o i n t  co r re sponds  t o  p o i n t  1 i n  t h e  P-V and T-S diagrams of Fig.  A4.2 

where t h e  volume and f l u i d  t empera tu re  are a t  t h e i r  maximum l e v e l s .  

With t h e  d i s p l a c e r  p i s t o n  s t a t i o n a r y ,  the power p i s t o n  moves toward 

the  top  dead c e n t e r  p o i n t  ( p r o c e s s  1 + 2), compressing t h e  working f l u i d  

i s o t h e r m a l l y .  S i n c e  h e a t  is  being r e j e c t e d  from t h e  compression space 

t o  t h e  s u r r o u n d i n g s ,  t h e  t empera tu re  remains c o n s t a n t .  Because t h e  

working f l u i d  i s  compressed , t h e  p r e s s u r e  inc.reases .  

V i t h  t h e  power p i s t o n  remaining s t a t i o n a r y  i n  i t s  top dead c e n t e r  

p o s i t i o n ,  t h e  d i s p l a c e r  p i s t o n  advances toward t h e  power p i s t o n ,  moving 

t h e  working f l u i d  at: c o n s t a n t  volume from t h e  hot compression space 

th rough  t h e  porous r e g e n e r a t o r  ma t r ix  t o  the co ld  expansi.on space  (pro- 

cess 2 + 3) .  Heat is t r a n s f e r r e d  t o  the r e g e n e r a t o r  m a t r i x  from t h e  

f l u i d ,  t he reby  d e c r e a s i n g  t h e  f l u i d  t empera tu re .  The d e c r e a s e  i n  f l u i d  

t empera tu re  causes  a d e c r e a s e  i n  p r e s s u r e .  

The d i s p l a c e r  p i s t o n  c o n t i n u e s  t o  move away from i t s  top  dead 

c e n t e r  p o i n t  as t h e  i so t i i e rma l  expans ion  p rocess  ( p r o c e s s  3 + 4) pro- 

g r e s s e s .  P r e s s u r e  d e c r e a s e s  as volume i n c r e a s e s ,  but t h e  f l u i d  tempera-  

t u r e  is  kep t  c o n s t a n t  s i n c e  h e a t  from an external .  sou rce  is  being added 

t o  t h e  expansion space  - 
The f i n a l  p rocess  i n  t h e  c y c l e  i s  completed as t h e  d i s p l a c e r  p i s t o n  

t r a n s f e r s  t h e  worki-ng f l u i d  a t  c o n s t a n t  volume from t h e  co ld  expans ion  
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space  through t h e  r e g e n e r a t o r  m a t r i x  t o  the  hot  compression space ,  while  

t he  power p i s t o n  remains s t a t i o n a r y  ( p r o c e s s  4 + 1) .  H e a t  is t r a n s -  

f e r r e d  from t h e  r e g e n e r a t o r  m a t r i x  t o  t h e  working f l u i d ,  t hus  i n c r e a s i n g  

t h e  f l u i d  t empera tu re  and p r e s s u r e .  The h e a t  d e p l e t e d  from t h e  regen- 

e r a t o r  ma t r ix  i s  t h e  hea t  s t o r e d  t h e r e  du r ing  p rocess  2 +. 3 of t h e  

cyc le .  

I f  t h e  h e a t  t h a t  is t r a n s f e r r e d  t o  t h e  working € h i d  from the re- 

g e n e r a t o r  ma t r ix  is t h e  same as t h a t  t r a n s f e r r e d  from t h e  f l u i d  t o  t h e  

m a t r i x ,  t hen  only t h e  e x t e r n a l  h e a t  t r a n s f e r  p rocesses  remain,  and t h e  

performance i s  t h e  same as t h e  Carnot c y c l e .  T h e o r e t i c a l l y ,  S t i r l i n g -  

c y c l e  machines o f f e r  t h e  b e s t  p o s s i b l e  means t o  u t i l i z e  thermal  re- 

s o u r c e s .  However, t h e  a c t u a l  performance of a S t i r l i n g - c y c l e  machine, 

a f f e c t e d  by i r r e v e r s i b i l i t i e s  i n  hea t  t r a n s f e r  and mechanical f r i c t i o n  

l o s s e s ,  may a t t a i n  on ly  a f r a c t i o n  of t h e  i d e a l  va lue .  

‘4.2 DeDartures from the  Ideal. Cvcle 

The i d e a l  c y c l e  d e s c r i b e d  assuines t h a t  t h e  p r o c e s s e s  are thermody- 

namica l ly  r e v e r s i b l e ;  i n  o t h e r  words,  t he  expansion and compression pro- 

cesses arc i s o t h e r m a l ,  and i n f i n i t e  h e a t  r a t e s  e x i s t  i n  a d d i t i o n  t o  i n f i -  

n i t e  hea t  c a p a c i t i e s .  I n  t h e  i d e a l  a n a l y s i s ,  t h e  e f f e c t s  of r e g e n e r a t o r  

m a t r i x  vo ids ,  c l e a r a n c e  s p a c e s ,  and c y l i n d e r  pockets  were n e g l e c t e d .  I n  

a d d i t i o n ,  t he  p i s t o n s  were assumed t o  move i n  a d i s c o n t i n u o u s  manner, 

whereas i n  r e a l i t y  t h e  motion is  a smooth, cont inuous pa th .  T h e r e f o r e ,  i n  

r e a l i t y ,  the t h e o r e t i c a l  P-V and T-S diagrams are rounded o f f .  Aerody- 

namic and mechanical l o s s e s  were a l s o  n e g l e c t e d .  I n c l u s i o n  of t h e s e  

l o s s e s ,  of cour se ,  r e s u l t s  i n  a h i g h e r  ne t  c y c l e  i n p u t  power and lower 

e f f i c i e n c y .  

The a d d i t i o n  of t h e  hea t  exchanger components changes t h e  real  hea t  

t r a n s f e r  t o  a more a d i a b a t i c  p rocess  r a t h e r  than the  assumed i s o t h e r m a l  

p rocesses .  P e n a l t i e s  i n  a d d i t i o n a l  aerodynamic f l o w  l o s s e s  and i n c r e a s e d  

dead volume r e s u l t .  
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Appendix B 

S I  CONVERSION FACTORS 

An a t t e m p t  has been made t-o p r e s e n t  a l l  key t a b l e s  and f i g u r e s  i n  

d u a l  u n i t s  (ACU arid S I ) .  The f o l l o w i n g  conversion f a c t o r s  may be uscd t o  

conver t  from ACU t o  S I  u n i t s :  

To convect from 

Rtu/h 

Btu/h* f t 2  

B t u / h * f t  O F  

Btu/hef t 2  0°F 

B t 1.1 / 1. b, 

Rtu / lbm= "F 

f t  

f t 2  

f t /h2 

f t / s  

R P  

i n .  

l b f  /f  t 

lb,/f t 3  

lb,/h* f t 

lb,/h* f t 2  

p s i  

A (  O F )  

Temperature 
con v e  r s i n n  

To Mu1 t i p  l y by 

W 0.2929 

W / d  3.152 

W/m *K 1.730 

W / m 2  *K 5.675 

J /kg  2.234 103 

J/k.g *K 4.184 x l o 3  

m 0.3048 

rn2 0.0929 

m / s 2  2.35 x 

m / s  0.3043 

m 3  / s  6.309 x 

cm 2.54 

N / m  14.59 

kg/m3 16.02 

Paas 4.134 10-4 

Pa * s/m 1.356 10-3 

Pa 6.895 103 

0.5556 A(K)  o r  A ( " C )  

T(K)  = 5/9 x [T(OF)  - 321 + 273 
T("C)  = 5/9 x [ T ( O F )  - 321 
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