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ANALYSIS OF A MECHANICALLY SIMPLE EXTERNAL COMBUSTION 
ENGINE WITH AN UNUSUAL CYCLE 

N. C. J. Chen C. D. West 

ABSTRACT 

A s ingle-cy l inder ,  s ing le-p is ton  heat  engine with no 
valves  is descr ibed .  Heat i s  suppl led  from an e x t e r n a l  
source ,  so t h a t  a wide v a r i e t y  of hea t  sources  or  f u e l s  could 
be used. The i d e a l  performance of t h e  thermodynamic cyc le  is  
c a l c u l a t e d ;  a reasonable  power  output  and ind ica t ed  e f f i c i e n c y  
appears  t o  be a t t a i n a b l e  from a machine of p r a c t i c a b l e  s i z e ,  
ope ra t ing  under very modest condi t ions  of temperature and 
p res su re  

1 INTRODUCTION 

I n  a s i n g l e  cy l inde r  conta in ing  both an a d i a b a t i c  volume t h a t  can be 

va r i ed  by a p i s t o n  and a f ixed  i so thermal  volume (Fig.  l ) ,  c y c l i c  move- 

ment of the  p i s t o n  is  accompanied by a power 1oss . l  The loss is caused 

by exchange of gas  between the  a d i a b a t i c  space, i n  which the  gas tempera- 

t u r e  v a r i e s  according t o  t h e  ins tan taneous  pressure  and the  pressure  

h i s t o r y ,  and the  i so thermal  space,  which is at  a f ixed  temperature;  the  

temperature  d i f f e r e n c e s  r e s u l t  i n  a heat  f low and consequent i r r e v e r s i -  

b i l i t i e s .  The e f f e c t  i s  important  i n  S t i r l i n g  or hot  gas engl.nes.2 

Based on a s tudy  of these  mixed ad iaba t i c / i so the rma l  space l o s s e s ,  

one of us proposed using a similar e f f e c t  t o  gene ra t e  power - t h a t  is, t o  

make an enginee3  

shown i n  Fig. 2:  a p i s t o n  moves i n  an open c y l i n d e r ,  i n  which a p o r t  

The bas i c  s ing le-cy l inder  , s ingle-p is ton  engine i s  

communicates with the atmosphere o r  with a l a r g e  r e s e r v o i r  of gas; t he  

space above the  p i s t o n ' s  top dead cen te r  (t.d.c.) p o s i t i o n  is  f i l l e d  wi th  

w i r e  s c reen ,  metal sponge, narrow tubes ,  o r  o the r  means t o  make the  gas 

wi th in  i t  behave i so thermal ly .  The i so thermal  reg ion  is maintained a t  a 

h igher  than ambient temperature by a hea t  source. The dimenslons of the  

cy l inde r  and the  frequency of the  p i s t o n  movement are chosen so  t h a t  the 

gas behavior i n  the  open p a r t  of t he  cy l inde r  is almost a d i a b a t i c ;  t h a t  
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Fig. 1 .  Working space of isothermal and adiabatic volumes. 
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is, l i t t l e  hea t  is exchanged between the  gas  and the  p i s ton  crown, cy l in-  

der  w a l l s ,  o r  c y l i n d e r  head. 

The p r i n c i p l e  of ope ra t ion  is perhaps most e a s i l y  seen by consider- 

ing t h e  sequence of events ,  shown i n  Fig. 3, t h a t  begins  wi th  the  p i s t o n  

a t  bottom dead c e n t e r  (b.d.c.). Because the  por t  is open, t he  pressure  

of  t he  gas at t h i s  time must be equal  t o  the  atmosphere p re s su re ,  and t h e  

gas  temperature i n  t h e  a d i a b a t i c  region is r e l a t i v e l y  low as a r e s u l t  o f  

cool  air drawn i n  through t h e  po r t  during the  preceding downstroke. At 

f i r s t ,  r a i s i n g  the  p i s ton  causes  no change in gas temperature or pressure  

because t h e  po r t  remains open. A t  p o s i t i o n  2 ,  however, the  p i s ton  covers  

O A N L - D W G  $6-4863 E T D  

HEAT INPUT 

\ 

\ 

POSITION 3 

POSITION 2 

POSlTlON 1 

"L - POSITION 4 - - POSITION 5 

- POSITION6 

Fig. 3. Basic engine conf igu ra t ion  showing p i s t o n  p o s i t i o n  a t  
various po in t s  during recyc les .  
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t h e  por t ;  subsequent upward p i s t o n  motion compresses t h e  cool gas ,  rais- 

ing i t s  temperature while fo rc ing  some, and even tua l ly  a l l ,  of i t  i n t o  

t h e  i so thermal  space. 

Af t e r  t.d.c. t he  piston f a l l s ,  drawing gas out of t he  i so thermal  

space. During the  downstroke t o  p o s i t i o n  4 j u s t  before  the  po r t  i s  

uncovered, the  gas a l r eady  i n  the  a d i a b a t i c  space is being expanded, and 

its temperature i s  t h e r e f o r e  f a l l i n g .  However, the gas temperature (and 

t h e r e f o r e  pressure)  is higher  during the  expansive downstroke than during 

the  upstroke because of the  e x t r a  hea t  c a r r i e d  i n t o  the  open p a r t  of t h e  

cy l inde r  by the  hot gas t h a t  is con t inua l ly  being drawn from t h e  i so the r -  

m a l  space by the  f a l l i n g  pressure.  

A t  p o s i t i o n  5,  the  por t  i s  uncovered, and gas exhales  i n t o  the  atmo- 

sphere,  lowering the  working-space pressure  t o  atmospheric and cool ing  

t h e  gas remaining i n  the  a d i a b a t i c  pa r t  of t he  cy l inder .  Fur ther  down- 

ward movement t o  b.d.c. - p o s i t i o n  6 - draws i n  cool  air  from ou t s ide  and 

lowers the average temperature s t i l l  f u r t h e r ,  f i n a l l y  r e tu rn ing  t o  the  

beginning of the cyc le  a t  p o s i t i o n  6. The p res su re  and volume (P-V) dia-  

gram assoc ia ted  with t h i s  sequence of events  is shown i n  Fig. 4. 

t 
P 

O R N L - D W G  86-4864 ETD 

3 

1 I 1 
I I 

t t  .E 
t.d.c. PORT POSITION b.d.c. 

V--+ 

Fig .  4. Typical  P-V diagram showing var ious  po in t s  during the  
cycle .  
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It is be l i eved  that a r e l a t e d  c y c l e  may have been used €or cryogenic 

r e f r i g e r a t i o n ,  but no published reference  to such an engine has yet  been 

I d e n t i f i e d .  

e 
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2. ANALYSIS 

For tuna te ly ,  some of t he  a n a l y t i c a l  express ions  developed f o r  t he  

s ing le-cy l inder  l o s s  mechanism and repor ted  i n  Ref. 1 are d i r e c t l y  

app l i cab le  t o  the engine descr ibed above. 

Before beginning the  ana lys i s ,  it is necessary t o  e s t a b l i s h  an un- 

ambiguous nomenclature f o r  the  v a r i a b l e s  t o  be used and €or  the  va r ious  

po in t s  on the  cycle.  

S t a t e  1 is b.d.c. S t a t e  2 is the  poin t  at which the  r i s i n g  p i s ton  

has j u s t  covered the  por t  but  not  y e t  begun t o  compress the  working 

f l u i d .  S t a t e  3 is  t.d.c. with a l l  of the gas  forced i n t o  the  i so thermal  

space,  which is  maintained a t  temperature TI throughout. State 4 is the  

poin t  on the  downstroke j u s t  before  the por t  is uncovered. Between 

states 2 and 4 ,  t he re fo re ,  t he  po r t  is covered, and the  mass of working 

f l u i d  i n  the  eng-ine is constant .  

Immediately a f t e r  s ta te  4 ,  with n e g l i g i b l e  f u r t h e r  movement by the  

p i s ton ,  the  por t  i s  uncovered. Gas is blown out of the  p o r t  u n t i l  t h e  

i n t e r n a l  pressure  has f a l l e n  t o  Po. 

t h e  a d i a b a t i c  space. Following t h i s  exha la t ion ,  the  coo le r ,  lower pres- 

s u r e  gas  i n  the  cy l inde r  is at  s ta te  5.  The p i s ton  s t r o k e  cont inues t o  

b.d.c., s t a t e  6 ,  which f o r  a r e p e t i t i v e  cyc le  must be the  s a m e  as s ta te  

1 .  Between s ta tes  4 and 6 (as between 1 and 2) t he  po r t  is open, and 

theref  ore  the  gas  p re s su re  is cons tan t  and atmospheric. 

The expansion w i l l  cool the  gas  i n  

Gas volume, temperature,  and mass are ind ica t ed  by subscr ip ted  

le t te rs  V ,  T,  and M, r e spec t ive ly .  The f i r s t  subsc r ip t  i n d i c a t e s  t h a t  

t h e  v a r i a b l e  r e f e r s  t o  the  a d i a b a t i c  space ( s u b s c r i p t  A), the  isothermal  

space ( s u b s c r i p t  I) ,  o r  the  working space as a whole (no le t ter  sub- 

s c r i p t ) .  The numerical subsc r ip t  i n d i c a t e s  t he  s ta te  - 1, 2,  3, 4 ,  5 ,  or  

6 - t h a t  is represented.  These v a r i a b l e  n a m e s  are summarized i n  Table 1. 

A t  any moment, t he  pressure  i s  assumed t o  be the s a m e  throughout t he  

sys tem.  

Note t h a t  the port  could open t o  a l a r g e  constant-pressure,  constant-  

temperature r e s e r v o i r  i n s t ead  of t o  the  atmosphere, thus making it  possi-  

b l e  to pres su r i ze  the  system. 
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Table I. Nomenclature 

S ta te  Adiabat ic  space Is0 thermal space Working space 

Mas S Pressu re  Mass No. V o l u m e  Temperature Mass 

1 'A1 TAl  MA1 %l pl M1 
2 MA2 M12 p2 M2 

3 TA3 MA3 M13 p3 M3 

4 'A4 TA4 MA4 M14 *4 M4 

5 vA5 TA!5 M15 p5 M5 

6a 'A6 TA6 M16 '6 M6 

%or a r e p e t i t i v e  cycle:  v ~ 6  = vAl 
TA6 = TA1 

e MA1 
P6 P 1  

. From the  d e s c r i p t i o n  of t he  s ta tes  i n  the  previous s e c t i o n ,  it is 

p o s s i b l e  without f u r t h e r  c a l c u l a t i o n s  t o  w r i t e  down expressions f o r  some 

of the v a r i a b l e s  at  some of t h e  states (see Table 2) .  

Those v a r i a b l e s  t h a t  cannot be obtained by i n s p e c t i o n ,  beginning 

wi th  state 1, will now be c a l c u l a t e d .  

2.1 S t a t e s  1 and 2 

Assume f o r  t h e  moment t h a t  t he  temperature TAl of the gas i n  the 

a d i a b a t i c  space a t  b.d.c. is known. Then from the i d e a l  gas l a w ,  

and 

- 'OV13 
- I_  

MA1 RTAl ' 

I 
MI1 = - . 

RTl 
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Table 2. Var iab le  va lues  obtained by inspec t iona  

S t a t e  Adiabat ic  space Isothermal  space Working space 
NO. 

Volume Tempera ture  Mass Mass Mass Pressure  

a ~ ~ t e  f ixed  va lues :  vA = 

VB = 

VI = 

TI = 
- - 

R =  

a d i a b a t i c  volume above po r t  

a d i a b a t i c  volume at bottom dead cen te r  

isothermal  volume 

isothermal  temperature 

atmospheric (o r  r e s e r v o i r )  p re s su re  

gas cons tan t  

Therefore ,  the  t o t a l  mass of gas is  given by 

I n  moving from s ta te  1 t o  s ta te  2 ,  the  por t  is open, and the  gas  pressure  

does not change as the a d i a b a t i c  volume is reduced from VB t o  VA. There- 

f o r e ,  TA does not change, and 

- 'A - 'oVA 

vB RTA 1 
MA* - MA1 X - - - , 

an3 

2.2 S t a t e s  3 and 4 

( 4 )  

A t  the end of the  compression, a l l  of the gas ( m a s s  M2) has been 

compressed i n t o  a volume VI a t  temperature TI. 
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Theref o r e  

vA TI 
p 3  = (1 + T-T) 

Later it  w i l l  be convenient t o  denote  the  quan t i ty  i n  parentheses ,  which 

is  the  pressure  r a t i o  ( t h e  r a t i o  between the  maximum and minimum of 

working f l u i d  p re s su re ) ,  by a s i n g l e  va r i ab le :  

and then 

Pg = aP . 
0 

The mass of gas i n  the  system is  unchanged from s ta te  2 ,  but i n  s ta te  3 
a l l  of t he  gas  is c o l l e c t e d  i n  the  i so thermal  space. 

The equat ions  governing the  gas behavior during the  expansion i n  a 

combination of a d i a b a t i c  and i so thermal  spaces  were der ived  i n  Ref. I and 

can be copied - with  the  appropr i a t e  change of nomenclature - from 

Eq. ( 2 )  of t ha t  re ference .  

S u b s t i t u t i n g  the express ion  for P from Eq. ( 8 ) ,  
3 

From Eq. (6 )  of Ref. 1, the  temperature of the gas i n  the  a d i a b a t i c  

space a t  the end of t he  expansion may be w r i t t e n  as 
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1- 

TA4 

'I 

From the  above 

TI 

+ L ) T  YV I 

express ions  the  mass of gas  i n  each space may be found. 

and 

"Y 
(13) 

'4'1 '0'1 . 
I RTI 

M14 RT 

The t o t a l  amount of gas i n  the  sys t em is, of course,  unchanged [as 

may be v e r i f i e d  by adding Eqs. ( 1 2 )  and (13)  and comparing the  r e s u l t  

with Eq. ( 5 ) ]  because the  por t  is closed during t h i s  phase of the  cycle. 

2.3 S t a t e  5 

Between s ta tes  4 and 5,  the  pressure  f a l l s  t o  Po as g a s ' l e a v e s  the  

cy l inder .  

blowdown can be obtained from Eq. (5)  of Ref. 1: 

The temperature i n  the  a d i a b a t i c  space a t  the  end of t h i s  

S u b s t i t u t i n g  f a r  P3 from Eq. (8) y i e l d s  

It is now poss ib le  t o  c a l c u l a t e  the  mass of gas i n  t h e  a d i a b a t i c  space as 

w e l l  as i n  t he  i so thermal  space i n  state 5: 
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and 

'oVA 'oVA a -  1 
=-e-* 

MA5 RTpL5 RTI y(J'Y - 1 )  

Now s u b s t i t u t e  Eq. ( 7 )  f o r  = i n  t he  numerator, g iv ing  

2.4 State 6 

As t h e  p i s t o n  cont inues  downward toward b.d.c. cool  gas  is drawn i n  

through the  p o r t ,  mixing with the  gas  a l r eady  in t he  a d i a b a t i c  space. 

Because t h i s  is a constant-pressure process ,  the  consequences are f a i r l y  

easy t o  c a l c u l a t e .  

Assuming t h a t  t he  s p e c i f i c  heat, at cons tan t  p re s su re ,  of t he  gas is 

independent of temperature ,  

o r  

= 

Also, from 

ZI 

- T  TA5 o 
TA6 - To 

the  i d e a l  gas l a w ,  

'oVA -. 
RTA5 

Combining Eqs. ( 1 8 )  and (19) t o  e l imina te  MAS y i e l d s  

- =  T 0 
TA6 vB 

I - -  v A  (l -$) . 
Now s u b s t i t u t e  f o r  TA5 from Eq. (15), s impl i fy ,  and rear range  t o  g ive  
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2.5 Closine the Cvcle 

I f  the  cyc le  has been running long enough to  reach equi l ibr ium and 

Replacing TA6 on the  left-hand s i d e  become r e p e t i t i v e ,  then TA6 = TAl .  

of Eq. (20)  with TA1 g i v e s ,  following some manipulat ion,  an expression 

f o r  TA1 (no te  t h a t  TA1 w a s  e a r l i e r  assumed t o  be known). 
r 1 

There i s  a catch t o  t h i s  equat ion:  t h e  v a r i a b l e  a appearing on the  

right-hand s i d e  is a func t ion  of TAl, as revealed by i t s  d e f i n i t i o n  i n  

Eq. ( 7 ) .  The form of Eq. ( 2 1 )  i s  such t h a t  a numerical s o l u t i o n  is re- 

quired.  The equation-solving rou t ines  b u i l t  i n t o  many hand c a l c u l a t o r s  

can be used, but the  s implest  method is t o  guess a va lue  f o r  TAl - t h e  

atmospheric temperature To i s  a good s t a r t i n g  poin t  - and eva lua te  = 

by using Eq. ( 7 ) .  

from t h i s  va lue  o f  a by using Eq. (21 ) ,  is used t o  c a l c u l a t e  a b e t t e r  

va lue  of a and so on. The answer converges a f t e r  only a few i t e r a t i o n s .  

Then an approximate value of TA1, ca l cu la t ed  d i r e c t l y  

The important v a r i a b l e s  i n  each s ta te  are summarized i n  Table 3 .  

2 . 6  The P-V Loop 

The express ions  der ived above can be used t o  eva lua te  the  gas  pres- 

s u r e  and volume a t  each s ta te  so  t h a t  a P-V diagram can be cons t ruc ted .  

The loop i n  Fig. 5 corresponds to  an engine with VA = V I / 2 ,  VI = Vg 

( i . e . ,  the  por t  is at  midstrake of the  p i s t o n ) ,  TI/To = 3, and y = 1.4. 

For r e fe rence ,  the va lue  of TAl c a l c u l a t e d  f o r  t h i s  engine by i t e r a t i o n  

of Eq. ( 2 1 )  i s  equal  t o  1.43 To [ 155°C i f  the  atmospheric temperature is  

2 7 ° C  (300 K)] 

2.7 Ind ica ted  Power Output 

P-V work is done on the  p i s ton  as the gas expands from s t a t e  3 t o  

s ta te  4 ,  and work is  done by the  p i s ton  i n  compressing the  gas  between 

s t a t e  2 and s ta te  3 .  During a l l  o the r  parts of the cyc le ,  t he  pressure  

i s  equal ized above and below t h e  p i s t o n  because the  por t  is opens and no 
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Fig. 5. P-V diagram f o r  nominal engine. 

work is done. The ne t  work a v a i l a b l e  from the  p i s t o n  i s  the d i f f e r e n c e  

between the expansive and compressive work. 

The expansive work can be ca l cu la t ed  from Eq. (3 )  of Ref. 1: 

w e = P V .  3 .I (*)[I- ($ /y- ' ]  . 
Equations (8) and (10) above can be used to  eva lua te  Eq. ( 2 2 )  : 

The compressive work, t h a t  i s ,  the  work done by the p i s t o n  i n  going 

between s ta tes  2 and 3, cannot be c a l c u l a t e d  from any of t h e  equa t ions  

given i n  Ref. 1 because t h a t  r e fe rence  does not include the  e f f e c t  of  the  
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blowdown phase between t h e  expansion and compression. However, the same 

a n a l y t i c a l  method can be adapted t o  the new conf igu ra t ion .  The work is 

given by 

P 

- l3 PdV = i3 P d~ dV dP = Po [3/p0 (p/po)  d( dV P/Po) d(P/Po)  * 

P 

- 
0 0 

For convenience i n  ca r ry ing  out the c a l c u l a t i o n ,  v a r i a b l e s  during the 

course of the compression phase (i.e., between states) w i l l  be denoted by 

lowercase subsc r ip t s .  Remembering t h a t  P3/Po = and w r i t i n g ,  f o r  con- 

venience,  p = P/Po, t he  expression f o r  compressive work becomes 

a 

dVa 
w C = P  0 / P d p d P  

Because the  po r t  is closed t h e r e  is a f i x e d  m a s s  of gas during t h e  com- 

p res s ion  and, t h e r e f o r e ,  a t  any t i m e  during t h i s  phase. 

Also,  from the  i d e a l  gas l a w  f o r  a f i x e d  mass of gas ,  

a 

S u b s t i t u t i n g  the expression f o r  T, from Eq. (25) i n t o  Eq. (26 )  and using 

t h e  r e s u l t i n g  r e l a t i o n s h i p s  t o  rewrite t h e  i n t e g r a l  expres s ion  f o r  t h e  

compressive work l e a d s  t o  
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The net  work over t he  cycle  Wo is  obtained by adding Eqs. (23)  and (27) : 

To c a l c u l a t e  t he  power output ,  the  work per cycle Wo i s  mul t ip l i ed  by the  

opera t ing  frequency. 

2.8 Ind ica ted  H e a t  Input and Ef f i c i ency  

The ind ica t ed  heat  input  is ca l cu la t ed  by using the  method in t ro -  

duced by Creswick4 f o r  S t i r l i n g  engines.  I n  gene ra l ,  f o r  any space,  

hea t  input  = change of i n t e r n a l  energy .f PV work - enthalpy convected in .  

For the  isothermal  space,  t he  only one i n  which hea t  can be exchanged t o  

o r  from gas i n  the  cy l inder  between states 2 and 5, the  P-V work t e r m  i s  

zero because the  volume is  f ixed .  

Consider f i rs t  the  expansion phase. During the  expansion, gas  

leav ing  the isothermal  region does so at temperature TI. 

dur ing t h i s  phase, 

Therefore ,  

dQ = C T dm - hdmI 
e V I  I 

C+ i s  the  s p e c i f i c  hea t  at cons tan t  volume of the  ( i d e a l )  working gas ,  

and h is i t s  s p e c i f i c  enthalpy.  

t i o n s  of dmI and, t h e r e f o r e ,  

The mul t ip l i cands  of dmI are not  func- 

cP 
During the  expansion phase, AMI = M15 - M13, and f o r  an i d e a l  gas ,  h = 

TI. Therefore ,  



17 

For an i d e a l  g a s ,  Cp - 5 = R, so 

S u b s t i t u t i n g  t h e  expressions i n  Table 3 f o r  M15 and Mr3 y i e l d s  

Using t h e  r e l a t i o n s h i p  between TAl and a from Eq. ( 7 )  r e s u l t s  i n  a 

f u r t h e r  s i m p l i f i c a t i o n :  

= P V  ( = - I )  . ( 3 0 )  Qe 0 I 

During t h e  compression phase, gas e n t e r i n g  the  isothermal  space does so 

a t  the  in s t an taneous  temperature T, of t h e  a d i a b a t i c  space. Therefore, 

dQc = $ T dmI - C T dmI 
I P a  

From the  ideal gas l a w ,  

and, t h e r e f o r e ,  

From Eq. (25), however, 

t h e r e f o r e ,  
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The t o t a l  hea t  input  during the  compression i s  

P 

p2 - l / Y  
pT A1 = -  

RTI (Cv TIP - 1 - l / Y  2 - l / Y  

'pTAl Y 2 - l / Y )  
Po> - 1 - l / Y  * 2y - 1 = - kVT1 (P3 - 

RTI 

1 

S u b s t i t u t i n g  the  r e l a t i o n s  between t h e  s p e c i f i c  h e a t s  and the  gas  con- 

s t a n t s  g ives  

L 

Q, is  gene ra l ly  nega t ive ,  r e f l e c t i n g  the f a c t  t h a t  during cornpression i n  

t h e  i so thermal  space,  heat  i s  r e j e c t e d  by the gas. 

j e c t e d  is  usua l ly  much smaller than the  hea t  absorbed during expansion. 

The ne t  hea t  input  is obtained by adding Qe and Qc. 

However, the  hea t  re- 

1 

or 

The ind ica t ed  e f f i c i e n c y  i s  ca l cu la t ed  by d iv id ing  Eq. (32) i n t o  

Eq. ( 2 8 ) .  
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2.9 Examples 

I n  t h i s  s e c t i o n ,  t he  ind ica t ed  power output  and e f f i c i e n c y  are cal- 

cu la ted  (with t h e  he lp  of the s imple computer program l i s t e d  i n  t h e  

Appendix) f o r  a machine t h a t  might be considered of p r a c t i c a l  s i z e .  The 

e f f e c t  of varying c e r t a i n  parameters is a l s o  ca l cu la t ed .  Note t h a t  t h e  

f i g u r e s  are f o r  i nd ica t ed  power and e f f i c i e n c y  - p a r a s i t i c  l o s s e s  of 

mechanical p o w e r  o r  hea t  are not included i n  t h e  c a l c u l a t i o n s .  The re- 

s u l t s  i n d i c a t e  t h a t  an engine of reasonable  s i z e  might produce a u s e f u l  

amount of p o w e r  at  an ind ica t ed  e f f i c i e n c y  t h a t ,  a l though much less than 

Carnot,  is not  too small  t o  be i n t e r e s t i n g ,  

The base l ine  or  nominal case is descr ibed i n  Table 4 .  The s i n g l e  

c y l i n d e r  has a p i s t o n  swept volume of 400 mL, about t he  same as each 

c y l i n d e r  of a lOO-in, 3, four-cyl inder  automobile engine. The 400-mL 

iso thermal  space is heated to  a very modest temperature of 650aC, and 

t h e  atmospheric a i r  i s  supposed t o  b e ' a t  25OC. The por t  is placed at  

midstroke of t h e  p i s t o n ,  and the  engine ope ra t e s  a t  2400 rpm. 

Table 5 shows the  e f f e c t  on ind ica t ed  power and e f f i c i e n c y  of in- 

c reas ing  o r  decreas ing  t h e  i so thermal  space temperature  from the nominal 

value.  

Table 6 shows t h e  e f f e c t  of increas ing  or decreasing the  i so thermal  

volume, and Table 7 shows the  e f f e c t  of p lac ing  t h e  por t  above or below 

the p i s t o n  midstroke pos i t i on .  

Tab le  4 .  Nominal e n g i n e  c o n f i g u r a t i o n  

Quan t i ty Value  

I s o t h e r m a l  volume (V,), mL 400 

A d i a b a t i c  volume at bot tom dead c e n t e r  ( V , ) ,  mL 400 

A d i a b a t i c  volume above p o r t  ( V A ) ,  mL 

Tempera ture  i n  i s o t h e r m a l  s p a c e  ( T I ) ,  K 

200 

923 

Air  t e m p e r a t u r e  (To) ,  K 29 8 

Atmospher ic  p r e s s u r e  ( P o ) ,  Pa 

Cas s p e c i f i c  h e a t  r a t i o  ( a i r )  ( y )  

105 

1 * 4  

O p e r a t i n g  s p e e d ,  Hz 40 
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Table 5. Indicated power per 
cylinder and efficiency at 
various heater temperatures 

Isothermal space 
temperature, TI ( O C) 

450 650" 850 

Power, W 114 176 240 
Efficiency, % 6.19 6 - 3 8  6.53 

"Baseline case 

Table 6 .  Indicated power per cylinder 
and efficiency with various 

isothermal volumes 

Isothermal volume, 
VI (mL) 

200 400" 600 

Power, W 296 176 124 

Efficiency, % 11.33 6.38 4.43 

aBaseline case. 

Table 7 .  Indicated power per cylinder 
and efficiency with the exhaust 

port in various positions 

Adiabatic volume above 
port, VA (mL) 

100 200" 300 

Power,  W 73 176 172 

Efficiency, % 3.46 6.38 8.43 

"Baseline case. 
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From the  parametr ic  s t u d i e s  summarized i n  Tables 5-7, a good com- 

b i n a t i o n  of parameters seems t o  be the one shown i n  t he  f i r s t  column of 

Table 6: compared with the nominal case, the isothermal  volume has been 

reduced, thus inc reas ing  the  compression r a t i o .  The i n d i c a t e d  power is 

296 W/cylinder with the  engine vented t o  atmospheric p re s su re  and a t  a 

h e a t e r  temperature of only 650°C. The cyc le  e f f i c i e n c y  is >11%. 

The corresponding output  f o r  a four-cylinder machine with the p o r t  

ven t ing  t o  a r e s e r v o i r  at  0.5 E3Pa (75 psig) is 5.9 kW ( o r  8 h p ) .  

c y c l i c  e f f i c i e n c y  f i g u r e  i s  comparable with o t h e r  small engines.  

The 
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Appendix 

HTENG2 PROGRAM LISTING (BASIC) 

N a m e  

AN 

C 

co 
DN 

E 

E l  

F 

G 

PO 

PN 

9 
R 

To 

TN 

T8 

VN 

vo 
v7 

V8 

W 

WN 

Z 

Unit 

kg 

J/ cycle 

J/ ( kg K) 

kg 

J / c y c l e  

x 
Hz 

Pa 

Pa 

J / c y c l e  

J/(kgDK) 

K 

K 

K 

m 3  

m3 

m3 

m3 

J / c y c l e  

kg 

W 

. .  
Def in i t i on  

Gas mass i n  a d i a b a t i c  space; N=1,2,...,6, 

Compression work 

Constant volume s p e c i f i c  hea t  of gas 

G a s  mass i n  isothermal  space; W1,2,.*. ,6, 

Ex pans ion  work 

Ef f i c i ency  

Frequency 

Gas s p e c i f i c  hea t  r a t i o  

Ambient p re s su re  

Gas pressure ;  N. l ,2 ,  . , 6 ,  index of 

Heat i n p u t  

Gas cons tan t  

Amb Len t temper at u r e  

Gas temperature i n  a d i a b a t i c  space; 
N = l , 2 , .  . . , 6 ,  index of state number 

Temperature of i so thermal  space 

Gas volume i n  a d i a b a t i c  space; 

Adiaba t ic  volume above por t  

Adiabat ic  volume a t  bottom dead center 

Isothermal  volume 

N e t  work 

Gas mass i n  working space; N-l,2,.. , 6 ,  

Power output  

index of s ta te  number 

index of state number 

s ta te  number 

N=1,2 ,..., 6 ,  index of state number 

index of state number 
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00010 F=40. 
00020 R=285. 
00030 621.4 
00040 CO=R/ (6-1, 1 
00050 T1=298. 
00060 T0=298 
00070 T85.923. 
00080 PO=l .E5 
00090 VOs2.E-4 
00100 V7=4.E-4 
00110 V8z4.E-4 
00120 P R I N T  I' VOLUME TEMPERATURE AMASS IMASS PRESSURE TMASS" 
00130 PRINT *' (t4**3) (lo (KG) (KG) (PA) (KG)" 
00140 PRINT 'I I' 

00150 FOR 1=1 TO 10 
00160 V1=Y7 
00170 T l = T l  
00180 A1=POfV7/R/T1 
00190 Dl=PO*V8/R/T8 
00200 P1-PO 
00210 M=Al+Dl  
00220 PRINT U S I N G  6 5 0 3 1  ,T1 , A 1  , D l , P l  , W 1  
00230 V2=VO 
00240 T2=T1 
00250 A2=PO*VO/R/T1 
00260 D2=POfV8/R/T8 
00270 P2=P0 
00280 W2=A2+D2 
00290 PRINT USING 650,V2 ,T2,A2 ,D2, P2 ,W2 
00300 V3=0. 
00310 A3=0. 
00320 X1=1 .*VO*T8/V8/T1 
00330 P3=PO*Xl  
00340 D3=P3*V8/R/T8 
00350 W3=A3+D3 
00360 PRINT USING 650,V3,T3,A3,D3,P3,\43 
00370 V4=VO 
00380 X2=1.+VO/V8/G 
00390 T4=VO*T8/V8/(X2**(G)-I.) 
00400 X3=PO*V8/R/T8 
00410 A4=X3*Xlf( l.-X2**(-6) ) 
00420 D4=X3*Xl/XZ**(G) 
00430 P4=PO*Xl/X2**(G) 
00440 W4=A4*D4 
00450 PRINT US1 NG 650, V4 ,T4 ,A4 ,D4, P4 ,W4 
00460 V5=V0 
00470 T5=B2 
0 0480 X4= PO*VO*VO / G / R / V8 /T1 
00490 A5=X4/(Xl**( l . / G ) - l e )  
00500 D5=PO*V8/R/T8 
00510 P5=PO 
00520 W5=AS+D5 
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00530 PRINT USING 650,V5,T5,A5,05,P5,W5 
00540 V6=V7 
00550 Yl=(V7-VO)/TO 
00560 Y2=VO*VO/(G*T1*V8*(Xl**~l./G)-l.)~ 
00530 T6=V7/ (Yl+YZ) 
00580 A6=PO*V?/R/T6 
00590 D6=PO*V8/R/T8 
00600 P6=PO 
00610 W6=A6+D6 
00620 PRINT USING 650, V6 76 ,A6,06 , P6 ,W6 
00630 Tl=T6 
00640 NEXT I 
00650 :###.## ###.## ###.## if##.## ###.## #%#.## 
00660 Gl=G/ ( G-1. ) 
00670 E=PO*V8*Gl*X1*( 1 .-X2**( 1 .-GI 
00680 C1=X1*( Xl**( 1 .-1 ./G)-l. 1 
00690 CZ=(G-l.)**Z*(Xl**(2.-1./G)-l. )/(2.*G-l.) 
00700 C=-PO*V8*G1*Tlf ( c1+c2 ) / ( G*T8) 
00710 W=E+C 
00720 Z=W*F 
00730 Ql=PO*V8*( X1-1.1 
00740 U1=( X1-1. ) / ( G - l .  1 
00750 UZ=G**2*Tl*( Xl**[Z.-l./G)-l.) 
00760 U3=(G-l.)*(Z.fG-l.)*T8 
00770 Q2=POfV8*(U1-U2/U3) 
00780 Q=Ql+Q2 
00790 El=W*100. / Q  
00800 PRINT " I' 

00810 PRINT "POWER OUTPUT(W)= ",I 
00920 PRINT " 'I 

00830 PRINT "COMP. WORK EXP. WORK NET WORK HEAT INPUT EFF . I' 
00850 PRINT CsE,H,Q,E1 
00860 END 

00840 PRINT (3) ( J )  (J) (J) ( X I  
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