
p- i' --- --A - 

' OAK 
RIDGE 
N AT1 0 N AL 
LABORATORY 

OPERATED BY 
UNION CARBIDE CORPORATION 
FOR THE UNITED STATES 
DEPARTMENT OF ENERGY 

OlRfdL J CON- 1 3 1 

Efficiency Terms for Stirling 
Engine Systems 

J. L. Crowley 

O A K  R I D G E  N A T I O N A L  L A B O R A T O R Y  

C E N T R A L  RESEARCH L I B R A R Y  
CIRCULATION SECTION 

4500N ROOM 1 7 5  

LIBRARY LOAN COPY 
D O N O T T R A N S F E R T O  A N O T H E R P E R S O N  

I f  you w i s h  someone else t o  see t h i s  
report ,  s e n d  i n  n a m e  w i t h  report  a n d  

t h e  l ibrary  w i l l  arrange a l o a n .  



Prilnted in the United States of America. AvaliiliaMe from 
National Technical Infarmation Sewice 

U.S. Department of Commerce 
5285 Po~rt Royal Road, Springfileld, Vilrginia 221611 

ce mdes-Printed Copy: Am; Microfiche A01 

This report was prepwed 85 an account of woiak qmnsored by an agewy ot the 
Uniited SteSesGaremment. N-er the Wilnited S t a t e s G m , m m t m r a n y m  
theireof, nor any of their employees, makes any wrrranty, express oc implied, ox 
assumes any legal bability or ~ o n s ~ ~ i l i t y  for the wiucauracy, c m p l ~ s s ,  06 

usefulness cd m y  infomation, apparatus, product, or process diictosed, or 
represents that its use would rrot infrhge pnivateJy owned rights. Refemnoe herein 
to any specifiic commercial lproduct. pmcess, IM senrice by trade name, tradema&, 
manufactuirer, or othenmbe. does no? necessarily consbitwte OF imply its 
mdwsernent, recommendation, or favoning by the United States G m m e ! n t  or 
atmy agency tihemot. The v i e w  and opinions of authors exprerssad herein do not 
necessarily state er rdlect those of UlieUnitedStatesQoveirnment or my agency 
rhmeof. 



. 

ORNL/ CON-13 1 
D i s t .  Category UC-95d 

Contract No. W-7405-eng-26 

Engineering Techno1 ogy D i v i s i o n  

EFFICIENCY TERMS FOR STIRLING ENGINE SYSTEMS 

J .  I,. Crowley 

Date Published - June 1983 

Prepared by the 
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 37830 
operated by 

UNION CARBIDE CORPORATION 
for the I 

DEPARTMENT OF ENERGY 

' 3 q45b 0589083 b 
1 - -  





i i i  

CONTENTS 

Pane 

ABSTRACT .......................................................... 
1 . INTRODUCTION .................................................. 
2 . OBJECTIVE AND SCOPE ........................................... 
3 . DEFINITION OF POWER AND TEMPERATURE TERMS ..................... 
4 . DEFINITION OF EFFICIENCY TERMS ................................ 

4.1 Heat Source  ............................................... 
4.2 S t i r l i n g  Engine  ........................................... 
4.3 Load ..................................................... 
4.4 Heat Source and Engine ................................... 
4.5 S t i r l i n g  Engine  and Load ................................. 
4.6 Heat Source.  Engine. and Load ............................ 

5 . SUMMARY AND RECOMMENDATIONS ................................... 
REFERENCES ........................................................ 
APPENDIX A . FICTITIOUS STIRLING ENGINE ........................... 
APPENDIX B . FREE-PISTON STIRLING ENGINE .......................... 
APPENDIX C . KINEMATIC STIRLING ENGINE ............................ 

1 

1 

3 

6 
10 

10 

10 

11 

11 

12 

12 

13 

15 

17 

21 

25 





EFFICIENCY TERMS FOR STIRLING ENGINE SYSTEMS 

J. L. Crowley 

ABSTRACT 

Thermal e f f i c i e n c i e s  a r e  t h e  primary i n d i c a t o r s  of t h e  
q u a l i t y  of des ign  and performance of any energy system. How- 
eve r ,  i n  t h e  case of S t i r l i n g  engine systems, t h e r e  i s  no 
widely accepted s tandard  terminology i n  use,  which would al low 
v a l i d  comparative e v a l u a t i o n s  t o  be made. Discuss ions  w i t h  
Department of Energy s t a f f  and w i t h  t h e  S t i r l i n g  machine re- 
search  community have confirmed t h a t  t h i s  l a c k  of s tandard  
terms i s  g iv ing  r i s e  t o  severe  problems i n  comparing t h e  re- 
s u l t s  of d i f f e r e n t  r e s e a r c h  programs. To h e l p  overcome these  
problems, 1 4  e f f i c i e n c y  terms t h a t  d e s c r i b e  t h e  performance of 
6 combinations of t h e  b a s i c  system components - t h e  h e a t  source,  
t h e  engine,  and t h e  load  - a r e  proposed. The e f f i c i e n c y  terms 
a r e  def ined  i n  terms of an energy account ing f lowchar t ,  which 
a l lows  i n d i v i d u a l  components o r  t h e  e n t i r e  system t o  be re- 
p o r t e d  c o n s i s t e n t l y  so t h a t  t h e  r e s u l t s  of v a r i o u s  r e s e a r c h  
groups may be proper ly  compared. The appendixes c o n t a i n  t h r e e  
s e t s  of sample c a l c u l a t i o n s ,  two of which use t e s t  run  d a t a  
from an a c t u a l  f r e e - p i s t o n  and a kinematic  S t i r l i n g  engine. 

1. INTRODUCTION 

There i s  no widely accepted terminology o r  method a v a i l a b l e  f o r  de- 

s c r i b i n g  t h e  performance of t h e  S t i r 1  ing engine.  Researchers  a r e  ob1 iged 

t o  devise  (bu t  o f t e n  f a i l  t o  d e f i n e  proper ly)  t h e i r  own terms €or describ- 

ing t h e  r e s u l t s  ob ta ined  i n  t e s t i n g  S t i r l i n g  systems, E f f i c i e n c y  being 

t h e  common denominator of t he  numerous v a r i a t i o n s  i n  S t i r l i n g  engine s i z e  

and c o n f i g u r a t i o n ,  i t  i s  d i f f i c u l t  t o  compare t h e  r e s u l t s  of v a r i o u s  re- 

search  groups due t o  t h e  use of i n c o n s i s t e n t  e f f i c i e n c y  terms. 

The problem of incons is tency  of e f f i c i e n c y  terms i s  n o t  unique t o  

S t i r l i n g  engines ,  of course.  Incons is tency  i n  t h e  d e f i n i t i o n  and appl ica-  

t i o n  of e f f i c i e n c y  terms e x i s t s  t o  a c e r t a i n  e x t e n t  even i n  common energy 

systems, such a s  power p l a n t s ,  where t h e  terms and system boundaries  a r e  

f a i r l y  w e l l  def ined .1  A l a r g e  p a r t  of t h i s  problem f o r  some S t i r l i n g  sys- 

tems i s  caused by t h e  l a c k  of c l e a r l y  d e f i n e d  boundaries  between t h e  en- 

gine,  i t s  h e a t  source,  and i t s  load, due t o  t h e  n e c e s s a r i l y  c l o s e  coupl ing 
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between components. The steam engine,  on t h e  o t h e r  hand, has  e a s i l y  de- 

f i n e d  boundar ies  s e p a r a t i n g  i t  from t h e  b o i l e r  and t h e  load. Standardized 

steam engine e f f i c i e n c y  terms3 do not  inc lude  t h e  b o i l e r ,  f o r  example. I n  

c o n t r a s t ,  t he  f ree-p is ton  S t i r l  ing engine has  no c l e a r l y  de f ined  separa- 

t i o n  between h e a t  source and engine or  between engine and load.  

It i s  not  l i k e l y  t h a t  everyone w i l l  agree  w i t h  the  d e f i n i t i o n s  g iven  

i n  t h i s  r e p o r t .  Because of t he  v a r i e t y  of v iewpoin ts  on t hese  terms, a s  

evidenced by t h e  v a r i e t y  of terms p r e s e n t l y  i n  use, t h i s  r e p o r t  has  been 

given a s  ex tens ive  a review a s  t ime would allow. It was f i r s t  reviewed 

i n t e r n a l l y  a t  t he  Oak Ridge Nat iona l  Laboratory (ORNL) by s t a f f  members 

knowledgeable about S t i r l  ing engines .  Appropriate  comments by these  re- 

viewers  were inco rpora t ed  i n  t h e  t e x t ,  and t h e  second d r a f t  was s e n t  out- 

s ide  t h e  Laboratory t o  rev iewers  i n  t e n  o r g a n i z a t i o n s  a s  fo l lows :  Mar t in i  

Engineering; General E l e c t r i c  Company; Un ive r s i ty  of Washington; Nat iona l  

Aeronaut ics  and Space Administration-Lewis Research Center; Data Trace,  

Inc.  ; Energy Conversion Equipment Branch of t h e  Department of Energy; 

Un ive r s i ty  of Calgary; Sunpower, Inc.  ; Mechanical Technology, Inc. ; and 

Unive r s i ty  of Minnesota. A t  t h e  t ime t h i s  r e p o r t  was w r i t t e n ,  f i v e  re- 

sponses had been r ece ived  and were inco rpora t ed  where appropr i a t e .  It i s  

in tended  t h a t  t h e  use of t h i s  t a b u l a t i o n  of e f f i c i e n c y  terms w i l l  h e l p  t o  

provide a l a r g e r  measure of cons i s t ency  i n  t h e  subsequent r e p o r t i n g  of 

S t i r l  ing engine performance and thus  improve communication w i t h i n  t h e  

S t i r l  ing r e s e a r c h  community. 
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2 .  OBJECTIVE AND SCOPE 

The purpose of t h i s  r e p o r t  i s  t o  provide a common b a s i s  f o r  repor t -  

ing  e f f i c i e n c i e s  of S t i r l i n g  engines  and t h e i r  suppor t ing  systems. Pro- 

v i d i n g  c a l c u l a t i o n a l  procedures  and spec i fy ing  u n i t s  a r e  n o t  o b j e c t i v e s  

of t h i s  r e p o r t ;  i t  i s  assumed t h a t  t h e  r e s e a r c h e r s  us ing  t h e  e f f i c i e n c y  

terms given h e r e i n  w i l l  choose the  a p p r o p r i a t e  u n i t s .  I f  t he  terminology 

proposed i n  t h i s  r e p o r t  is widely  adopted, i t  w i l l  provide a c o n s i s t e n t  

method of accounting f o r  t he  v a r i o u s  p a t h s  t r a v e l e d  by t h e  f u e l  energy 

supp l i ed  t o  t h e  S t i r l i n g  engine system. However, i t  i s  l i k e l y  t h a t  t h e r e  

w i l l  be engine systems w i t h  excep t ions  t h a t  a r e  no t  r e a d i l y  adap tab le  t o  

t h e  energy accounting given here .  I n  such s p e c i a l  ca ses  t h e  r e s e a r c h e r  

should c a r e f u l l y  d e f i n e  h i s  terms and e x p l a i n  the  s p e c i a l  c o n s i d e r a t i o n s  

so t h a t  o t h e r  r e s e a r c h e r s  may be f u l l y  informed. 

Dividing t h e  S t i r l i n g  engine system i n t o  i t s  t h r e e  b a s i c  components 

( h e a t  source,  engine,  and load )  r e s u l t s  i n  s i x  equipment combinations f o r  

e f f i c i e n c y  de termina t ion .  These s i x  combinations (shown i n  Fig. 1 )  a r e  

t h e  b a s i s  f o r  t he  grouping of t he  e f f i c i e n c y  terms d i scussed  i n  t h i s  re- 

p o r t .  Four teen  e f f i c i e n c y  terms s u f f i c i e n t l y  d e s c r i p t i v e  t o  c h a r a c t e r i z e  

ORNL-DWG 83-4723 ETD 

STIRLING ENGINE 

STIRLING ENGINE 4 7 1  

Fig. 1. Equipment combinations f o r  e f f i c i e n c y  de termina t ion .  



4 

the  t h r e e  b a s i c  components s e p a r a t e l y  and i n  any combination a r e  tabu- 

l a t e d  i n  Table  1 according t o  the  s i x  combinat ions shown i n  Fig.  1. 

I f  bo th  low and h igh  f u e l  hea t ing  v a l u e s  (LHVs and HHVs) and both  

gas and metal  temperatures  f o r  Carnot e f f i c i e n c y  were used, t h e r e  would 

be 10 a d d i t i o n a l  terms f o r  a t o t a l  of 24 e f f i c i e n c y  terms. To minimize 

the  confusion t h a t  would r e s u l t  from a t tempt ing  t o  inco rpora t e  such a 

l a r g e  number of terms, t hese  o p t i o n s  were excluded t o  ma in ta in  t h e  number 

of e f f i c i e n c y  terms a t  14 .  It i s  t h e r e f o r e  necessary  a t  t h e  o u t s e t  t o  

s t a t e  t h a t  t he  EIW should be used i n  the  f u e l  energy term and t h a t  maxi- 

mum metal  and coolan t  supply temperatures  should be used i n  the  Carso t  

Table 1. Eff i c i ency  terms f o r  t he  t h r e e  . 
components of t he  S t i r l  ing 

engine system 

E f f i c i e n c y  term Symbo 1 - ---- - 
Heat source 

“hs Combustion system e f f i c i e n c y  

S t i r l  ing engine 

“ca 
“CY 
“it 
“ i e  
?b t 
”me 

Carnot e f f i c i e n c y  
I d e a l  S t i r l i n g  cyc le  e f f i c i e n c y  
I n d i c a t e d  thermal e f f i c i e n c y  
I n d i c a t e d  engine e f f i c i e n c y  
Brake thermal e f f i c i e n c y  
Mechanical e f f i c i e n c y  

Load 

ll11 

“ ige  
“ i g t  
‘bgt 

Load e f f i c i e n c y  

Heat source and engine 

I n d i c a t e d  g ross  engine e f f i c i e n c y  
I n d i c a t e d  g ross  thermal e f f i c i e n c y  
Brake g ross  thermal e f f i c i e n c y  

S t i r l i n g  engine and load  

%t System thermal e f f i c i e n c y  

Heat source,  engine,  and load  

Gross thermal e f f i c i e n c y  
Net thermal e f f i c i e n c y  
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e f f i c i e n c y  term. Note t h a t  t h e  use of t h e  HHV i s  i n c o n s i s t e n t  w i t h  t h e  

use of LHV a s  proposed f o r  h e a t  pump  system^.^ However, t h e  use of HHV 

w i l l  r e s u l t  i n  a more conserva t ive  e f f i c i e n c y  number. I n  a d d i t i o n ,  be- 

cause of t h e  improvements be ing  made i n  combustion systems, such a s  t h e  

pulsed  j e t  furnace ,  us ing  t h e  LHV could r e s u l t  i n  furnace e f f i c i e n c i e s  

g r e a t e r  than  100%. The 14 e f f i c i e n c y  terms i n  Table 1 a r e  t h e  b a s i s  f o r  

t h e  d i s c u s s i o n  i n  t h e  remainder of t h i s  r e p o r t .  

nef i n i t i o n s  of power, temperature,  and e f f i c i e n c y  terms a r e  given 

i n  S e c t s .  3 and 4; t h e s e  terms a r e  used i n  t h r e e  s e t s  of example ca lcu la-  

t i o n s ,  which a r e  presented  i n  t h e  appendixes. Appendix A g i v e s  an ex- 

ample using a f i c t i t i o u s  engine f o r  t h e  purpose of i l l u s t r a t i n g  t h e  use 

of 13 of t h e  14 e f f i c i e n c y  terms. Appendixes B and C c o n t a i n  example 

c a l c u l a t i o n s  of e f f i c i e n c y  terms, us ing  t e s t  run d a t a  obta ined  from an 

a c t u a l  f r e e - p i s t o n  and a kinematic  S t i r l i n g  engine.  

A 
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3.  DEFINITION OF POWER AND TEMPERATURE TERMS 

Table 2 p r e s e n t s  d e s c r i p t i o n s  of t he  power and tempera ture  terms 

t h a t  a r e  used l a t e r  i n  the  d e f i n i t i o n  of e f f i c i e n c y  terms. It i s  obvious 

t h a t  a l l  of these  terms cannot be the  r e s u l t  of d i r e c t  measurements. It 

would no t  be p o s s i b l e  o r  d e s i r a b l e  t o  a t tempt  t o  d e l i n e a t e  h e r e  a l l  t he  

p o s s i b l e  ways t o  measure o r  c a l c u l a t e  t hese  terms. It i s  t h u s  t h e  respon- 

s i b i l i t y  of the  i n d i v i d u a l  r e sea rche r  t o  i n d i c a t e  i n  h i s / h e r  t echn ica l  

r e p o r t s  how the  v a l u e s  were determined and, i f  poss ib l e ,  t o  g ive  an ind i -  

c a t i o n  of the  confidence l e v e l  i n  t h e  v a l u e s  so determined. In Table 2 

each term i s  given a number. Subsequent use of these  terms w i l l  be by 

r e fe rence  t o  t h i s  term number. I n  Sec t .  4 t hese  terms w i l l  be used i n  

the  d e f i n i t i o n  of t he  1 4  e f f i c i e n c y  terms s e l e c t e d  f o r  a p p l i c a t i o n  t o  t h e  

S t i r l i n g  engine system. 
. .  

Figure  2 i s  an energy balance f lowchar t ,  which r e p r e s e n t s  most 

S t i r l i n g  engine systems. The c i r c l e d  numbers r e p r e s e n t  t h e  power and 

Q 

c 
/ 

-- - _  

ORNL- DWG 83-4714 E T 0  

--@ 

- EOUIVALENT POWER F O R  
- -  ACCOUNTING PURPOSES 

Fig.  2.  Power account ing i n  t h e  S t i r l i n g  engine system. See Table 2 
i n  Sec t .  3 f o r  an exp lana t ion  of t he  numbered terms. 
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Table 2 .  D e s c r i p t i o n  of power and temperature  terms 

Term Term No. 
( s e e  Fig.  2) D e s c r i p t i o n  

Hea t source t o t  a1 
energy , QSOURCE 

Power input  t o  engine 

HEAL) head, 0. 

Cool a n t  temperature,  

TCOOL 

T~~~ 

Me t a1 temperature,  

Engine-suppl i e d  power 
t o  a u x i l i a r i e s  

Externa l  l y  suppl ied  
inpu t  t o  engine 

Equiv a 1 en t pow e r 1 o s s 
from ( 6 )  above 

Tota l  input  t o  s o l a r  c o l l e c t o r ,  
t o t a l  output  of i s o t o p i c  source,  
o r  t o t a l  input  t o  furnace  i n  t h e  
form of f u e l  a t  t h e  RHV. J f  
input  i s  e l e c t r i c a l ,  use source 
e f f i c i e n c y  of 0.3. 

That p o r t i o n  of t o t a l  input  which 
i s  e f f e c t i v e l y  t r a n s f e r r e d  t o  t h e  
engine head 

Absolute temperature  a t  which 
coolan t  e n t e r s  t h e  engine c o o l e r  

Maximum a b s o l u t e  temperature  of 
metal  a t  t h e  i n t e r f a c e  between 
furnace and engine head 

The power suppl ied  by the power 
p i s t o n  f o r  such a u x i l i a r i e s  a s  
frequency c o n t r o l  gas sp r ing ,  pas 
bear ing  supply,  e t c .  This  l o s s  
term, when combined w i t h  the  
f r i c t i o n  loss term (211, d e t e r  
mines t h e  d i f f e r e n c e  between in- 
d i c a t e d  power (13) and brake 
power (14). 

The e q u i v a l e n t  power suppl ied  t o  
t h e  engine c o n t r i b u t i n g  d i r e c t l y  
t o  t h e  energy conversion cha in  
(such a s  a motor-driven dis-  
p l a c e r ) .  The equiva len t  power 
suppli'ed i s  t h e  a c t u a l  input  
modif ied by the  e f f i c i e n c y  terms 
of a l l  t h e  components i n  t h e  
energy conversion cha in  from i t s  
source.  Use a source e f f i c i e n c y  
of 0.3 f o r  e l e c t r i c a l  power un- 
l e s s  otherwise j u s t i f i e d .  T h i s  
e q u i v a l e n t  power i s  t o  be t r e a t e d  
a s  i npu t  (denominator) i n  t h e  
e f f i c i e n c y  term. 

(7) = ( 6 )  x (1 - source e f f i -  
c i e n c y ) .  

Equivalent  l o s s  from ( 6 ) ;  
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Table 2 ( con t inued)  

Term No. 
( s e e  F ig .  2 )  

Term D e s c r i p t i o n  
- ---- 

(8 )  I d e a l  cyc le  output  

( 9 )  I d e a l  cyc le  input  

(10) 

(11) 

Gross load  power 

E x t e r n a l l y  suppl ied  

output  

a u x i l i a r y  power 

(12) Net load  power output  

(13) I n d i c a t e d  power 

Brake ( o r  s h a f t )  power (14) 

(15) Loss from h e a t  source 
t o  c e l l  

The c a l c u l a t e d  i d e a l  S t i r l i n g  
c y c l e  work ou tpu t  w i t h  no l o s s e s ,  
a s  de f ined  by t h e  u s e r  

c y c l e  t o t a l  work inpu t ,  a s  de- 
f i n e d  by t h e  user .  T o t a l  work 
c o n s i s t s  of ou tpu t  above ( 8 )  
p l u s  i d e a l  cyc le  r e j e c t  hea t .  

l oad  

The c a l c u l a t e d  i d e a l  S t i r l i n g  

Gross power output  from t h e  engine 

A u x i l i a r y  power t h a t  i s  sepa- 
r a t e l y  supp l i ed  t o  a u x i l i a r i e s  
such a s  f a n s  and pumps r e q u i r e d  
f o r  t h e  o p e r a t i o n  of any S t i r  
l i n g  system component n o t  s i t u -  
a t e d  d i r e c t l y  i n  t h e  power con- 
v e r s i o n  chain.  T h i s  power i s  
t r e a t e d  a s  nega t ive  ou tpu t  i n  
t h e  e f f i c i e n c y  term. 

Net l oad  power ou tpu t  e q u a l s  g r o s s  
load  power minus a u x i l i a r y  power: 
(12) = (10) - (11). 

The sum of a l l  induced pressure-  
volume ( o r  fo rce - s t roke )  va r i a -  
t i o n s ,  p e r  u n i t  t ime, con t r ibu t -  
ing  t o  t h e  movement of t h e  power 
p i s t o n  

The use fu l  power c r o s s i n g  t h e  
boundary between engine  and load .  
Brake power i s  t h e  i n d i c a t e d  
power l e s s  any f r i c t i o n ,  pumping, 
gas sp r ing ,  or o t h e r  l o s s  from 
t h e  power p i s t o n  on t h e  engine 
s i d e  of t h e  load  boundary. 
(14) = (13) - [(21) + ( 5 1 1 ,  
(14) = (10) + ( 2 0 ) .  

Power loss from h e a t  source a s  
h e a t  t r a n s f e r  t o  t h e  c e l l ,  which 
i s  not inc luded  i n  measurement 
of term (16) 
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. r  

Table 2 (cont inued)  

---- I---- ---- I- - ---- 
Term Term No. 

( s e e  Fig.  2 )  
D e s c r i p t i o n  

(16) Exhaust gas l o s s  from Power l o s s  from h e a t  source a s  
h e a t  source exhaust gas 

(17 )  Loss from engine Power l o s s  from engine housing a s  
housing t o  c e l l  h e a t  t r a n s f e r  t o  t h e  c e l l  

(18) Rejec t  h e a t  from Power l o s s  a s  r e j e c t  h e a t  from t h e  
engine c o o l e r  engine c o o l e r  

(19) Loss from engine t o  Heat l o s s  between engine and load  
load  such a s  h e a t  t r a n s f e r  

(20) Load/ t r a n  s m  i s si on Power l o s s  from l o a d  due t o  inef -  
i n e f f i c i e n c y  f i c i e n c y  of t ransmiss ion ,  a l t e r  

n a t o r ,  o r  pump. Does n o t  inc lude  
h e a t  t r a n s f e r  from engine,  term 
( 1 9 ) .  [ ( 2 0 )  = (14) - (1013 

(21) Loss from power 
p i s t o n  

F r i c t i o n  l o s s  from t h e  power 
p i s t o n  and l inkage  between t h e  
compression space i n t e r f a c e  and 
t h e  engine output  s h a f t  ( o r  
e q u i v a l e n t ) .  T h i s  l o s s  term, 
when combined wi th  t h e  gas s p r i n g  
h y s t e r e s i s  l o s s  of term ( 5 1 ,  de- 
termines t h e  d i f f e r e n c e  between 
i n d i c a t e d  power (13) and brake 
power ( 1 4 ) .  

(22 )  Loss from h e a t  source Power l o s s  ( i . e . ,  nonproductive 
t o  engine housing h e a t  t r a n s f e r )  from t h e  h e a t  

source t o  t h e  engine c o o l e r  

(23) Source e f f i c i e n c y  The assumed e f f i c i e n c y  used t o  
e s t a b l i s h  t h e  e q u i v a l e n t  auxi l -  
i a r y  power [such a s  term (611 
suppl ied  from an o u t s i d e  source.  
Assume a source e f f i c i e n c y  of 
0.3 u n l e s s  otherwise j u s t i f i e d .  

temperature  terms descr ibed  i n  t h i s  s ec t ion .  An ener'gy balance can be 

e s t a b l i s h e d  f o r  i n d i v i d u a l  components, p a i r s  of components, o r  t h e  e n t i r e  

system. Reference t o  Fig. 2 w i l l  h e l p  t h e  r e a d e r  t o  understand t h e  def i -  

n i t i o n  of e f f i c i e n c y  terms i n  Sect .  4 and t h e  sample c a l c u l a t i o n s  i n  t h e  

appendixes.  
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4. DEFINITION OF EFFICIENCY TERMS 

.Following i s  a l i s t  of t he  14 e f f i c i e n c y  terms of Table 1 t o g e t h e r  

w i t h  a summarized d e f i n i t i o n .  The term numbers i n  pa ren theses  r e f e r  t o  

t h e  d e f i n i t i o n s  g iven  i n  Table  2 of Sect .  3. The use of "thermal" o r  

enginell i n  t h e  S t i r l i n g  engine e f f i c i e n c y  terms i s  c o n s i s t e n t  w i t h  com- 11 

mon usage i n  o t h e r  types  of engine systems a s  fo l lows :  ' ' thermal" e f f i -  

c iency compares a c t u a l  work t o  a c t u a l  h e a t  r a t e ,  whereas "engine" ef f i- 

ciency compares a c t u a l  work t o  Carnot or  i d e a l  work. 

Combustion system ef f i c i  

* 4.1 Heat Source 

4.2 S t i r l i n g  Engine 

"ca ' Carnot e f f i c i e n c y ,  

(3) cool a n t  temperature  = 1 - - - = 1 -  
'lca (4) maximum head tempera ture  

'lcy : I d e a l  cyc le  e f f i c i e n c y ,  

( 8 )  i d e a l  S t i r l i n g  cyc le  work output  - - -  - - 
'lcy ( 9 )  t o t a l  i d e a l  cyc le  work input  

Ind ica t ed  thermal e f f i c i e n c y ,  q * i t '  

- i n d i c a t e d  power 
(4rEm + engine a i d  power a t  source e f f i c i e n c y  

- - (13) 
(2) + (6) 

- - 
'lit 

* 
Where a p p l i c a b l e ,  ' 'furnace1' i s  used i n  p l ace  of t he  gene r i c  term 

hea t  s o u c e l l  e lsewhere i n  t h i s  r e p o r t .  11 
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Ind ica t ed  engine e f f i c i e n c y ,  q ie :  

. i n d i c a t e d  thermal e f f i c i e n c y  
- ‘it - - -  - 

‘ie qca Carnot e f f i c i e n c y  

Brake thermal e f f i c i e n c y ,  qbt : 

brake power - - (14) - - 
‘bt (2) + (6) + engine a i d  power a t  source e f f i c i e n c y  

Mechanical e f f i c i e n c y ,  ‘me : 

Load e f f i c i e n c y ,  qR: 

(10) g ross  load  output  power - - -  - - 
‘E (14) brake power 

4.4 Heat Source and Eng. ine  

Ind ica t ed  gross engine e f f i c i e n c y ,  qige: 

i n d i c a t e d  gross  thermal e f f i c i e n c y  
‘ ig t  - - =  - 

%e qca Carnot e f f i c i e n c y  

Ind ica t ed  gross thermal e f f i c i e n c y ,  ligt: 

ind ica t ed  power 
QSOURCE + engine a i d  power a t  source e f f i c i e n c y  

(13) - - - 
‘ ig t  (1) + (6) 
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Brake g ross  thermal e f f i c i e n c y ,  qbgt:  

brake power 
- - (14) - 

‘Ibgt - (1) + ( 6 )  QSouRCE + engine a i d  power a t  source e f f i c i e n c y  

4.5 S t i r l i n g  Engine and Load 

System thermal e f f i c i e n c y ,  q s t :  

g r o s s  load  power - - (10) - - 
‘Ist (2) + ( 6 )  + engine a i d  power a t  source e f f i c i e n c y  

4.6 Heat Source, Engine, and Load 

‘Igt : Gross thermal e f f i c i e n c y ,  

-. gross  l o a d  power 
QSOURCE + engine and power a t  source e f f i c i e n c y  

- - (10)  - 
‘ lgt  - (1) + ( 6 )  

Net thermal e f f i c i e n c y ,  qnt:  

. 

gross l oad  power - a u x i l i a q  power 
QSouRCE + engine a i d  power a t  source e f f i c i e n c y  

-- - (10) - (11) - 
‘Int - (1)  + ( 6 )  
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5 .  SUMMARY AND RECOMMENDATIONS 

The most important o b j e c t i v e  of t h i s  t a b u l a t i o n  of e f f i c i e n c y  terms 

i s  t o  provide s t anda rd ized  terms which, when accepted  and u t i l i z e d  by 

t h e  S t i r l i n g  r e s e a r c h  community, w i l l  r e s u l t  i n  more cons i s t ency  i n  t h e  

t e c h n i c a l  d e s c r i p t i o n s  of S t i r l i n g  engine systems. It i s  obvious ly  un- 

necessary  t o  use a l l  14 terms i n  every t e c h n i c a l  p r e s e n t a t i o n .  There- 

f o r e ,  t h i s  r e p o r t  recommends t h e  use of c e r t a i n  key e f f i c i e n c y  terms, 

which w i l l  allow r e a l i s t i c  comparisons of v a r i o u s  S t i r l i n g  systems among 

t h e  many v a r i a t i o n s  i n  ex i s t ence .  

A t  the  top  of t h i s  l i s t  of key e f f i c i e n c y  terms i s  t h e  brake thermal 

e f f i c i e n c y ,  qbt.  

i n  Table 3. When t h e  g r o s s  thermal e f f i c i e n c y  i s  quoted, i t  would be 

most h e l p f u l  i f  the  a u x i l i a r y  power [power term (11) i n  Fig. 21 were 

a l s o  l i s t e d .  Giving both  the  a u x i l i a r y  power and t h e  g ross  thermal e f f i -  

c i ency , 
e f f i c i e n c y ,  qnt. 

The f o u r  most important e f f i c i e n c y  terms a r e  t a b u l a t e d  

would be more informat ive  than  g iv ing  only  the  n e t  thermal ‘gt ,  

Table 3. Key e f f i c i e n c y  terms 

Components E f f i c i e n c y  term 

S t i r l i n g  engine Brake thermal,  qbt 

S t i r l i n g  engine I n d i c a t e d  thermal,  q i t  

Heat source and engine Brake g r o s s  thermal,  

Heat source,  engine, Gross thermal,  
‘bgt 

‘gt and l o a d  

A s  p rev ious ly  s t a t e d ,  Appendixes A, B, and C p r e s e n t  t h r e e  examples 

of e f f i c i e n c y  term c a l c u l a t i o n s .  The example i n  Appendix A i s  a f i c t i -  

t i o u s  f r ee -p i s ton  S t i r l i n g  engine,  whi le  t e s t  da t a  ob ta ined  from a c t u a l  

f r ee -p i s ton  S t i r l i n g  and k inemat ic  S t i r l i n g  engines  were used i n  t h e  ex- 

amples i n  Appendixes B and C. A summary of t he  e f f i c i e n c y  term ca lcu la -  

t i o n s  f o r  t he  two a c t u a l  engines i s  given i n  Table 4 .  Although t h e  two 
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Table 4. Tabu la t ion  of c a l c u l a t e d  e f f i c i e n c y  terms f o r  a f r ee -  
p i s t o n  S t i r l i n g  Engine ( s e e  Appendix B )  and a k inemat ic  

S t i r l i n g  engine ( s e e  Appendix C) 

(The fou r  key e f f i c i e n c y  terms a r e  p r i n t e d  i n  i t a l i c  t ype . )  

Free-p is ton  Kinematic 
engine engine 

(Appendix B )  (Appendix C )  

Furnace 

Furnace e f f i c i e n c y ,  qhs 0.55 0.62 

Engine 

Carnot e f f i c i e n c y ,  q 
Indicated thermal e f f i c i e n c y ,  q i t  . . 

I n d i c a t e d  engine e f f i c i e n c y ,  qie 
Brake thermal e f f i c i e n c y ,  qbt 
Mechanical e f f i c i e n c y ,  qme 

ca 0.73 
0.24 
0.33 
0.19 
0.79 

0.74 
0.28 
0.37 
0.19 
0.70 

Load 

Load e f f i c i e n c y ,  ‘1% 0.84 0.81 

Furnace and engine 

I n d i c a t e d  g ross  thermal e f f i c i e n c y ,  n 0.13 
0.18 I n d i c a t e d  g ross  engine e f f i c i e n c y ,  n 
0.10 Brake gross thermal e f f i c i e n c y ,  

i g t  
i ge 

%3t  

0.17 
0.23 
0.12 

Engine and load  

0.16 0.16 ?s t  System thermal e f f i c i e n c y ,  

Furnace, engine,  and load  

Gross thermal e f f i c i e n c y ,  q 0 .09  0.10 
g t  

engines  a r e  l i s t e d  s i d e  by s i d e ,  i t  i s  n o t  t h e  purpose of Table  4 t o  

demonstrate any r e l a t i v e  m e r i t  one engine may have over t h e  o the r .  The 

primary c o n s i d e r a t i o n  i n  t h e  s e l e c t i o n  of t hese  d a t a  p o i n t s  was d a t a  qual-  

i t y ,  no t  engine performance. Both of t hese  engines  were h i g h l y  i n s t r u -  

mented, and t h e  t e s t  runs  were s e l e c t e d  t o  make maximum use of measured 

v a l u e s  r a t h e r  than  c a l c u l a t e d  va lues .  



15 

REFERENCES 

1. F. D. Lang, "Defining and Applying Power Plant Efficiencies," Power 
Eng. 87(1), 47-49 (January 1983). 

2. American Society of Mechanical Engineers, Reciprocating Steam Engines, 
Power Test Code 5-1949, 1949. 

3. B. R. Maxwell, Procedures f o r  Tes t ing ,  Rating, and Estimating the  Sea- 
80naz Performance of Engine-Driven Heat Pump Systems, NBSIR 79-1911, 
National Bureau of Standards, Washington, D. C., 1979. 





17 

Appendix A 

FICTITIOUS STIRLING ENGINE 

Presented  below i s  a l i s t  of t e s t  parameters  from a f i c t i t i o u s  

S t i r l i n g  engine,  w i t h  examples of t h e  e f f i c i e n c y  terms as’ d e f i n e d  i n  t h i s  

r e p o r t .  To make maximum use of t h e  terms, t h i s  f i c t i t i o u s  engine i s  as- 

sumed t o  be a f r e e - p i s t o n  S t i r l i n g  w i t h  t h e  d i s p l a c e r  sprung t o  t h e  power 

p i s t o n ,  t h e  power p i s t o n  sprung t o  t h e  housing, and t h e  d i s p l a c e r  d r i v e n  

by a l i n e a r  e l e c t r i c  motor. 

Following t h e  t a b u l a t i o n  of f i c t i t i o u s  d a t a  i n  Table  A . l ,  t h e  e f f i -  

c iency terms a s  d e f i n e d  i n  Sec t .  4 a r e  c a l c u l a t e d .  

Using t h e  e f f i c i e n c y  d e f i n i t i o n s  of Sect .  4 and t h e  engine parameters  

of Table A.l, t h e  fo l lowing  e f f i c i e n c i e s  a r e  c a l c u l a t e d :  

Furnace 

Furnace e f f i c i e n c y :  

( 2 )  10,500 
‘hs (1) 16,500 = 0.64 - - -  - - 

Ensr i n e  

Carnot e f f i c i e n c y :  

(3) 3 00 
= I - -  =1---- - 0.74, ‘ ca ( 4 )  1,172 

I n d i c a t e d  thermal e f f i c i e n c y :  

_ _ _ _  2,790 - 0 .25  - - (13) - - 
. ‘it ( 2 )  + (6) 10,500 + 670 

I n d i c a t e d  engine e f f i c i e n c y :  

, 
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Table A . l .  F i c t i t i o u s  S t i r l i n g  engine parameters  used 
i n  t h e  sample c a l c u l a t i o n s  

Term 
No. Term Value 

To ta l  power input  t o  furnace ,  f u e l  r a t e  a t  HHV 

Furnace input  t o  engine head, Q 

Cooling wa te r  i n l e t  temperature,  80°F 

Maximum metal temperature i n  head, 16500F 

Power l o s s  due t o  h y s t e r e s i s  i n  t h e  frequency 

E l e c t r i c a l  input  t o  d i s p l a c e r  motor, 201 W; 

HEAD 

adjustment gas sp r ing  

e q u i v a l e n t  i npu t  a t  source e f f i c i e n c y :  
201 0.3 = 670 W 

Equiva len t  l o s s  = 0.7 x (6) = 0.7 x 670 = 469 W 
Load power; g r o s s  output  of l i n e a r  a l t e r n a t o r  on 

Auxi l i a ry  power; input  t o  f a n  on l oad  i s  167 W 
Net power ou tpu t :  (10) - (11) = 2,205 - 167 = 

I n d i c a t e d  power: d i s p l a c e r  gas sp r ing ,  600 W, 

Brake power = i n d i c a t e d  power minus f r i c t i o n  and gas 

the  s h a f t  

2,038 W 

p l u s  working space, 2,190 W = 2,790 W 

s p r i n g  l o s s e s :  (14) = (13)- [(21) + ( 5 1 1  = 
2,790 - (160 + 180) = 2,450 W 

Heat t r a n s f e r  l o s s  from furnace  

Exhaust gas l o s s  from furnace  

Heat t r a n s f e r  l o s s  from engine 

Rejec t  h e a t  from c o o l e r  

Heat t r a n s f e r  between engine and l o a d  

A l t e r n a t o r  e f f i c i e n c y  = 0.9: l o s s  due t o  i n e f f i -  

F r i c t i o n  and pumping l o s s  from power p i s t o n  

Heat t r a n s f e r  between furnace  and engine 
(nonproduct ive)  

Source e f f i c i e n c y  

c iency  = 0.1(14) = 0.1 x 2,450 = 245 W 

16,500 W 
10,500 W 
300 R 

1,172 K 

180 W 

670 W 

469 W 
2,205 W 

167 W 
2,038 W 

2,790 W 

2,450 W 

500 W 
5,300 W 
300 W 
7,851 W 
300 W 
245 W 

160 W 
200 W 

0.3 
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Brake thermal efficiency: 

(13) - [(21) + ( 5 1 1  2790 - [160 + 1801 
= 0.22 --- - - - =  

‘bt (2) + (6) 10,500 + 670 

Mechanical efficiency: 

(14) 2,450 
‘me (13) 2,790 
----c- - - - 0.88 

- Load 

Load efficiency: 

Furnace and engine 

Indicated gross thermal efficiency: 

2,790 - = 0.16 - - (13) - - 
nigt (1) + (6) 16,500 + 670 

Indicated gross engine efficiency: 

0.16 

0.74 - - 0.22 
“igt - - - - -  - 

“ige “ca 

Brake gross thermal efficiency : 

2,450 -- = 0.14 - - (14) - - 
nbgt (1) + (6) 16,500 + 670 

Stirling engine and load 

System thermal efficiency: 

2,205 
= 0.20 . - --- - (10) - - 

‘ s t  (2) + (6) 10,500 + 670 
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Furnace, engine, and load 

Gross thermal efficiency: 

2,205 
- - 0.13 

(10) - -- - --- - - 
‘gt (1) + ( 6 )  16,500 + 670 

Net thermal efficiency: 

2,038 - --- - - - 0.12 
(12) - - 

‘nt (1) + (6) 16,500 + 670 
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Appendix B 

FREE-PISTON STIRLING ENGINE 

, 

Presented  below i s  a l i s t  of t e s t  parameters  from an a c t u a l  f ree-  

p i s t o n  S t i r l i n g  engine,  wi th  examples of t h e  e f f i c i e n c y  terms a s  def ined  

i n  t h i s  r e p o r t .  T h i s  engine has  t h e  d i s p l a c e r  sprung t o  t h e  power p i s t o n  

and t h e  power p i s t o n  sprung t o  t h e  housing. 

Following t h e  t a b u l a t i o n  of d a t a  i n  Table  B . l ,  which was obta ined  

from an a c t u a l  t e s t  run, t h e  e f f i c i e n c y  terms a s  def ined  i n  Sect .  4 a r e  

c a l c u l a t e d .  

Sample c a l c u l a t i o n s  of e f f i c i e n c y  terms us ing  d a t a  from Table B.l: 

Furnace 

Furnace e f f i c i e n c y :  

(2) 10,554 
‘hs (1) 19,225 

- - - - -  - - - 0.55 

Ene, i n e  

Carnot e f f i c i e n c y :  

297.5 
1,088 -I--- - 0.73 =1--.- 

(3) 
“ca (4 )  

I n d i c a t e d  thermal e f f i c i e n c y :  

2,530 
“it  (2 )  10,554 - = 0.24 

(13) - - -  - 

I n d i c a t e d  engine e f f i c i e n c y :  

0.24 “ i t  

Brake thermal e f f i c i e n c y :  

(14) 2,000 
“b t  - (2) 10,554 = 0.19 - -  
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Table B.l. Data ob ta ined  from t h e  o p e r a t i o n  of an a c t u a l  f r ee -p i s ton  
S t i r l i n g  engine and used i n  t h e  sample c a l c u l a t i o n s  

Term 
No. Term Value Comments 

(1) Tota l  power input  t o  furnace ,  
f u e l  r a t e  a t  HHV 

(2) Furnace input  t o  engine,  

(3) Cooling-water i n l e t  tem- 
pe r a t u r  e 

(4) Maximum metal temperature 
i n  head 

(5) Power l o s s  due t o  h y s t e r e s i s  
i n  the  frequency adjustment 
gas sp r ing  

Q~~~ 

(10) Load power 

(12) Net power output  
(13) I n d i c a t e d  power: d i s p l a c e r  

gas sp r ing  (865 W) p l u s  com- 
p r e s s i o n  space (1,665 W) 

(14) Brake power 

(15) Heat t r a n s f e r  l o s s  from 

(16) Exhaust gas l o s s  from 

(17) Heat t r a n s f e r  l o s s  from 

(18) Rejec t  h e a t  from coo le r  
(19) Heat t r a n s f e r  between engine 

(20) Power l o s s  from load  

furnace  

f urna ce 

engine 

and load  

(21) Loss from power p i s t o n  

19,225 W 

10,554 W 

297.5 K 

1,088 K 

220 w 

1,670 W 

1,670 W 
2,530 W 

2,000 w 

3,405 W 

5,265 W 

225 W 

8,552 W 
300 W 

330 W 

310 W 

Measured d i r e c t l y  

Term (1) minus l o s s  from 

Me a su r  ed 
combust o r  

F i n  tempera ture  

Measured a s  /Pdv 

Measured a s  /Fdx i n  t h e  two 
pumping chambers of t h e  in- 
e r t i a  p i s t o n  compressor 

Measured a s  /Fdx on power 
p i  ston-di s p l a c e r  gas s p r i n g  
and compression space 

Measured a s  /Fdx i n  f o u r  gas 
volumes of compressor p l u s  
e s t ima ted  50-W f r i c t i o n  
loss from t h e  compressor 
i n e r t i a  p i s t o n :  (14) = 
(10) + (20) = 1,950 + 50 W 

Cal cu l  a t ed 

Me a s  ur  ed 

Measured w i t h  h e a t  f l u x  

Me a su r  ed 
C a l c u l a t i o n  based on ther- 
mocoupl e me su r  ement s 

Measured a s  /Fdx i n  com- 
p r e s s o r  gas s p r i n g s  (280 W) 
p l u s  e s t i m a t e d  (50 W) 
f r i c t i o n  of t h e  compressor 
p i s t o n  

I n d i c a t e d  power minus brake  
power and gas s p r i n g  l o s s :  
(21) = (13) - [(14) + (511 
(21) = 2,530 W - (2,000 + 
220 W) 

t r ansduce r  
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Mechanical efficiency: 

(14) 2,000 
‘me (13) 2,530 

- - = - -  - - 0.79 

- Load 

Load efficiency: 

Furnace and engine 

Indicated gross thermal efficiency: 

(13) 2,530 
‘igt (1) 19,225 = 0.13 - -  - 

Indicated gross engine efficiency: 

Brake gross thermal efficiency: 

(14) 2,000 
‘lbgt (1) 19,225 = 0.10 - -  - 

Stirling engine and load 

System thermal efficiency: 

(10) 1,670 
‘st (2) 10,554 

- -  --- - - 0.16 

Furnace, engine, and load 

Gross thermal efficiency: 

(10) 1,670 
‘gt (1) 19,225 = 0.09 - -  - 
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Appendix C 

KINEMATIC STIRLING ENGINE 

Presented  below i s  a l i s t  of t e s t  parameters  from an a c t u a l  kine- 

mat ic  S t i r l i n g  engine t o g e t h e r  w i th  examples of t he  e f f i c i e n c y  terms a s  

def ined  in t h i s  r e p o r t .  Th i s  engine has  a rhombic d r i v e  wi th  a b u f f e r  

gas sp r ing  between the  power p i s t o n  and the  crank case.  

Following t h e  t a b u l a t i o n  of da t a  i n  Table C.1, which was ob ta ined  

from an a c t u a l  t e s t  run, the  e f f i c i e n c y  terms, a s  def ined  i n  Sec t .  4, a r e  

ca 1 cu l  a t ed. 

Sample c a l c u l a t i o n s  of e f f i c i e n c y  terms us ing  d a t a  from Table C . l :  

Furnace 

Furnace e f f i c i e n c y :  

(2) 13,812 
“hs (1) 22,440 = 0.62 - - -  - - 

Ena ine  

Carnot e f f i c i e n c y :  

285 
1 , 105 -I--- - - 0.74 - 1 - - -  

( 3 )  “ ca (4) 

Ind ica t ed  thermal e f f i c i e n c y :  

(13) 3,799 
“ i t  (2) 13,812 = 0.28 - -  - 

I n d i c a t e d  engine e f f i c i e n c y :  

0.275 “it 
= 0.37 

Brake thermal e f f i c i e n c y :  

(14) 2,649 
‘bt - (2) 13,812 = 0.19 - - -  - 

,- 
A 
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Table C . l .  Data obta ined  from t h e  o p e r a t i o n  of an a c t u a l  kinematic  
S t i r l i n g  engine and used i n  t h e  sample c a l c u l a t i o n s  

Term 
No. Term Value Comment s 

(1) T o t a l  power inpu t  t o  
furnace ,  f u e l  r a t e  
a t  HHV 

(2) Furnace inpu t  t o  

Q€!EAD engine , 

(3) Cooling w a t e r  i n l e t  
tempe r a t u r  e 

(4) Maximum metal tem- 
pera  t u r  e 

( 5 )  Power l o s s  due t o  
h y s t e r e s i s  i n  
t h e  b u f f e r  space 
gas  s p r i n g  

(10) A l t e r n a t o r  output  

(13) I n d i c a t e d  power 

(14) Brake power 

(18) R e j e c t  h e a t  from 

(20) Load i n e f f i c i e n c y  

(21) Mechanical l o s s  from 

c o o l e r  

loss 

1 inkage be tween 
. power p i s t o n  and 

a1 t erna t or 

22,440 W 

13,812 W 

285.5 K 

1,105 K 

1,014 W 

2,151 W 

3,799 W 

2,649 W 

8,280 W 

498 W 

138 W 

An LHV of 43.2 x lo6 J / k g  had been 
used i n  t h e  d a t a  r e p o r t  from which 
t h i s  number was obtained.  For t h e  
purpose of t hese  sample ca lcu la-  
t i o n s ,  an HHV of 46.5 x lo6 J / k g  
was assumed. 

Heater  tube temperature  

Measured i n  cool ing  w a t e r  t o  t h i s  
a r e a  

A l t e r n a t o r  output  measured; a l t e r -  
n a t o r  e f f i c i e n c y  g iven  a s  0.812 

Obtained by adding mechanical l o s s e s  
t o  measured brake power: 
(13) = (21) + (5) + (14); 
(13) = 138 + 1,014 + 2,649 

a l t e r n a t o r  e f f i c i e n c y :  
Measured a l t e r n a t o r  power d i v i d e d  by 

2,151 (10) 
(14) = a l t e r n a t o r  0.812 

e f f i c i e n c y  

- - -  - - 2,649 W 

Measured va lue  

Loss e q u a l s  brake power minus a l t e r  
n a t o r  ou tput :  (20) = (14) - (10) 

Measured va lue  i n  t h e  o i l  c o o l e r  
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Mechanical efficiency: 

(14) 2,649 
‘me (13) 3,799 - = 0.70 - - -  - - 

- Load 

Load efficiency: 

(10) 2,151 
‘11 (14) 2,649 

- - - - -  - - - 0.81 

Furnace and engine 

Indicated gross thermal efficiency: 

(13) 3,799 
‘igt (1) 22,440 = 0.17 - - -  - - 

Indicated gross engine efficiency: 

0.169 “igt 
‘ige tlca 0.742 - = 0.23 - - - -  - 

Brake gross thermal efficiency: 

2,649 
‘bgt (1) 22,233 - = 0.12 

(14) - - -  - 

Stirling engine and load 

System thermal efficiency: 

2,151 
‘st (2) 13,812 - = 0.16 

(10) - - -  - 

Furnace, engine, and load 

Gross thermal efficiency: 

(10) 2,151 
‘gt (1) 22,440 = 0.10 - - -  - - 



c 
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