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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 single-cylinder, single-piston heat engine with no
valves is described. Heat is supplied from an external
source, so that a wide variety of heat sources or fuels could
be used. The ideal performance of the thermodynamic cycle is
calculated; a reasonable power output and indicated efficiency
appears to be attainable from a machine of practicable size,
operating under very modest conditions of temperature and
pressure. '

1. INTRODUCTION

In a single cylinder containing both an adiabatic volume that can be
varied by a piston and a fixed isothermal volume (Fig. 1), cyclic move-
ment of the piston is accompanied by a power loss.! The loss 1s caused
by exchange of gas between the adiabatic space, in which the gas tempera-
ture varies according to the instantaneous pressure and the pressure
history, and the isothermal space, which is at a fixed temperature; the
temperature differences result in a heat flow and consequent irreversi-
bilities. The effect is important in Stirling or hot gas engines.?

Based on a study of these mixed adiabatic/isothermal space losses,
one of us proposed ﬁsing a similar effect to generate power — that is, to
make an engine.3 The basic single-cylinder, single-piston engine is
shown in Fig. 2: a piston moves in an open cylinder, in which a port
communicates with the atmosphere or with a l&rge reservoir of gas; the
space above the piston's top dead center (t.d.c.) position 1s filled with
wire screen, metal sponge, narrow tubes, or other means to make the gas
within it behave isothermally. The isothermal region is maintained at a
higher than ambient temperature by a heat source. The dimensions of the
cylinder and the frequency of the piston movement are chosen so that the

gas behavior in the open part of the cylinder is almost adiabatic; that
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is, little heat is exchanged between the gas and the piston crown, cylin-
der walls, or cylinder head.

The principle of operation is perhaps most easily seen by consider~
ing the sequence of events, shown in Fig. 3, that begins with the piston
at bottom dead center {(b.d.c.). Because the port is open, the pressure
of the gas at this time must be equal to the atmosphere pressure, and the
gas temperature in the adiabatic fegion is relatively low as a result of
cool air drawn in through the port during thé preceding downstroke. At
first, raising the piston causes no change in gas temperature Oor pressure

because the port remains open. At position 2, however, the piston covers
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Fig. 3. Baslc engine configuration showing piston position at
various points during recycles.



the port; subsequent upward piston motion compresses the cool gas, rais-
ing its temperature while forcing some, and eventually all, of it into
the isothermal space.

After t.d.c. the piston falls, drawing gas out of the isothermal
space. During the downstroke to positicn 4 just before the port is
uncovered, the gas already in the adiabatic space is being expanded, and
its temperature is therefore falling. However, the gas temperature (and
therefore pressure) is higher during the expansive downstroke than during
the upstroke because of the extra heat carried into the open part of the
cylinder by the hot gas that is continually being drawn from the isother-
mal space by the falling pressure. .

At position 5, the port is uncovered, and gas exhales into the atmo-
sphere, lowering the working—space pressure to atmospheric and cooling
the gas remaining in the adiabatic part of the cylinder. Further down-
ward movement to b.d.c. — position 6 — draws in cool air from outside and
lowers the average temperature still further, finally returning to the
beginning of the cycle at position 6. The pressure and volume (P-V) dia-

gram associated with this sequence of events is shown in Fig. 4.
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It is believed that a related cycle may have been used for cryogenic
refrigeration, but no published reference to such an engine has yet been

identified.



2. ANALYSIS

Fortunately, some of the analytical expressions developed for the
single—-cylinder loss mechanism and reported in Ref. 1 are directly
applicable to the engine described above.

Before beginning the analysis, it is necessary to establish an un-
ambiguous nomenclature for the variables to be used and for the various
points on the cycle.

State 1 is bed.c. State 2 is the point at which the rising piston
has just covered the port but not yet begun to compress the working
fluid. State 3 is ted.c. with all of the gas forced into the isothermal
space, which 1s maintained at temperature Ty throughout. State 4 is the
point on the downstroke just before the port is uncovered. Between
states 2 and 4, therefore, the port is covered, and the mass of working
fluid in the engine is constant.

Immediately after state 4, with negligible further movement by the
piston, the port is uncovered. Gas is blown out of the port until the
internal pressure has fallen to P The expansion will cool the gas in
the adiabatic space. Following this exhalation, the cooler, lower pres-
sure gas in the cylinder is at state 5. The piston stroke continues to
b.d.c., state 6, which for a repetitive cycle must be the same as state
l. Between states 4 and 6 (as between 1 and 2) the port is open, and
therefore the gas pressure 1is constant and atmospheric.

Gas volume, temperature, and wmass are indicated by subscripted
letters V, T, and M, respectively. The first subscript indicates that
the variable refers to the adiabatic space (subscript A), the isothermal
space (subscript I), or the working space as a whole (mo letter sub-
script). The numerical subscript indicates the state — 1, 2, 3, 4, 5, or
6 — that is represented. These variable names are summarized in Table 1.

At any moment, the pressure is assumed to be the same throughout the
system.

Note that the port could open to a large constant—-pressure, constant-
temperature reservoir instead of to the atmosphere, thus making it possi-

ble to pressurize the system.



Table 1. Nomenclature

State . Adiabatic space Isothermal space Working space
No. Volume Temperature Mass Mass Pressure Mass
1 Va1 Ta1 May M11 3| My
2 Va2 Tro My, M1s P, M,
3 Va3 Ta3 Ma3 M3 Py My
4 Vas Tas Mas Mrg Py M,
> Vas Tas Mas Mys5 Ps Mg
6% Va6 Tae Ma6 M6 Pg Mg

I or a repetitive cycle: VA6 = VAl
T,, = T

A6 = Tal
Mpp = May
Pg = Py

From the description of the states in the previous section, it is
possible without further calculations to write down expressions for some
of the variables at some of the states (see Table 2).

Those variables that cannot be obtained by inspection, beginning

with state 1, will now be calculated.

2.1 States 1 and 2

Assume for the moment that the temperature Ta1 of the gas in the

adiabatic space at b.d.c. is known. Then from the ideal gas law,

PV
0

B
M = ’ (1)
Al RTA1 .
and
PV
_ ol
e v (2)



Table 2. Variable values obtained by inspectiona

State Adiabatic space Isothermal space Working space
No. Volume Temperature Mass Mass Mass Pressure
1 Vg Ta (B Vp)/RTy 0

2 Va Same Same M2 Po

3 0 N.A. 0 M, Same

4 VA Same

3 Va (PoVp)/RTy o

6 Vg Same P,

INote fixed values: Vo = adiabatic volume abové port
Vg = adiabatic volume at bottom dead center
Vi = isothermal volume
Tp = isothermal temperature
P_ = atmospheric (or reservoir) pressure

R = gas constant

Therefore, the total mass of gas is given by

v v
B 1
1) - | (3)
(TAI TI)

M1 =

| 4
L
R
In moving from state 1 to state 2, the port is open, and the gas pressure
does not change as the adiabatic volume is reduced from Vg to VA' There-

fore, TA does not change, and

Mag = My

- 2 (4)

and

la~}

v v
o) A I
M = —— e . (5)
2 R (TAl TI)

2.2 States 3 and 4

At the end of the compression, all of the gas (mass MZ) has been

compressed into a volume V; at temperature Ty.



P3VI - M Po (VA + VI)
——= M, = — s R
RTI R TAl TI
Therefore
P =P (} + Xé E__> (6)
3 o VI TA1 ~

Later it will be convenient to denote the quantity in parentheses, which
is the pressure ratio (the ratio between the maximum and mionimum of

working fluid pressure), by a single variable:

v, T
‘- (Hvé-lg_) , | )
I "Al
and then
P3=¢P0‘ (8)

The mass of gas 1n the system is unchanged from state 2, but in state 3
all of the gas is collected in the isothermal space.

The equations governing the.gas behavior during the expansion in a
combination of adiabatic and isothermal spaces were derived in Ref. 1 and
can be copied — with the appropriate change of nomenclature — from

Eq. (2) of that reference.

Y
LN Q.+-Xé—> . 9

Substituting the expression for P. from Eq. (8),

3
P =P

0 (1 +-———VA)Y
YV
I

From Eq. (6) of Ref. 1, the temperature of the gas in the adiabatic

. (10)

space at the end of the expansion may be written as
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T V
I A (11)

v 1 4+ —=— | —
1 YVI

From the above expressions the mass of gas in each space may be found.

PV PV \' -Y
Al I I
and
PHVI PV, v, Y |
My RT, R R +W; . (13)

The total amount of gas in the system is, of course, unchanged [as
and (13) and comparing the result

may be verified by adding Eqs. (12)
with Eq. (5)] because the port is closed during this phase of the cycle.

2.3 State 5

Between states 4 and 5, the pressure falls to P0 as gas leaves the
cylinder. The temperature in the adiabatic space at the end of this

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

(P /R )L/Y — 1
3" o
Substituting for P3 from Eq. (8) yields
IRYA S
T = T L] ‘Y -“-‘————""‘—'c - 1 . (15)

It is now possible to calculate the mass of gas in the adiabatic space as

well as in the isothermal space in state 5:

PoVI
M _ = =, (16)

I5 RT1
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and

PV PV
M = oA _ o‘A . 1’ .

A5 A

Now substitute Eq. (7) for = in the numerator, giving
POVA \' . 1 (17
A5 ~ RT 7 /vy _ "

2.4 State 6

As the piston continues downward toward b.d.c. cool gas is drawn in
through the port, mixing with the gas already in the adiabatic space.
Because this is a constant-pressure process, the consequences are fairly
easy to calculate.

Assuming that the specific heat, at constant pressure, of tﬂe gas 1is

independent of temperature,

Mpo Tag = My Tps + (Mg — M) T
or
T _ —T
A5 o
M, =M, 22, (18)
a6 = Mas T, =T

. (19)

Combining Eqs. (18) and (19) to eliminate M, yields

S O
T \ T ¢

A6 B A5

Now substitute for TAS from Eq. (15), simplify, and rearrange to give

=1

VZT 1
0o

Trs B VBVI TAl v (MY 1)y

A
= 1—-g=+ (20)



12

2.5 Closing the Cycle

If the cycle has been running long enough to reach equilibrium and
become repetitive, then TA6 = TAI' Replacing TA6 on the left—hand side
of Eq. (20) with T,; glves, following some manipulation, an expression

for TAl (note that TAl was earlier assumed to be known).

T v 2 1
= —-—-——-—--——-—-——--—--o 1 — A . (21)
Al 1 - VA/VB V.V

T
BV vtV - 1)

There is a catch to this equation: the variable « appearing on the
right-hand side is a function of TAl’ as revealed by.its definition in
Eq. (7). The form of Eq. (21) is such that a numerical solution is re-
quired. The equation—solving routines built into many hand calculators
can be used, but the simplest method is to guess a value for TA1 — the
atmospheric temperature Tj is a good starting point — and evaluate «

by using Eq. (7). Then an approximate value of T,,, calculated directly
from this value of = by using Eq. (21), is used to calculate a better
value of « and so on. The answer converges after only a few iterations.

The important variables in each state are summarized in Table 3.

2.6 The P-V Loop

The expressions derived above can be used to evaluate the gas pres-
sure and volume at each state so that a P-V diagram can be constructed.
The loop in Fig. 5 corresponds to an engine with Vo = VI/Z, Vi = Vp
(i.e., the port is at midstroke of the piston), T{/T, = 3, and vy = 1l.4.
For reference, the value of '1‘Al calculated for this engine by iteration
of Eq. (21) is equal to 1.43 T {155°C if the atmospheric temperature is
27°C (300 K)}].

2.7 Indicated Power OQutput

P~V work is done on the piston as the gas expands from state 3 to
state 4, and work is done by the piston in compressing the gas between
state 2 and state 3. During all other parts of the cycle, the pressure

is equalized above and below the piston because the port is open, and no



Table

3.

State variables

State Adiabatic space Isothermal space Working space
No.  oiume Temperature Mass Mass Pressure Mass
. A AL - = (= 2
B Al RT, | RT, ° R lTa T
PovA Po vA vI
2 Va Same T Same Same = \T + T
Al Al I
P v v v, T
3 [4] Not applicable o] ig Té— + El Po 1+ Vé Tl— Same
Al I 1 Al
. ( ) LA
VA 1 POVI VATI VA Povl vI TA VI rhl
4 VA TI T o 1+ T 1 - 1+ P RT Po Same
1 v, 1 1 AL hAS ¢ I v, v, \
1+ e -1 1+ = 1+ o
1 ™y Wi
VT L/y
i + AL -1
5 v T v VI TAl PovA Zﬁ- 1 POVI P Not needed
A
1 v, T, RT,, YV v . \Y RT, o
v T, +ALY
I Al VI TAL
Vs
2 1
v. —V v
[ Vg B A A 7y Not needed Same Same Not needed
T W T Yalr
*o it T -1

€1
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Fige 5. P-V diagram for nominal engine.

work 1s done. The net work available from the piston is the difference
between the expansive and compressive work.

The expansive work can be calculated from Eqe. (3) of Ref. 1:

P3\1l/y—1
W= PV, <—Y—Z_-—T) [1~ <F§> Y ] . (22)

Equations (8) and (10) above can be used to evaluate Eq. (22):

1 —-x
« VA
R [l" (”W;) ] ' N

The compressive work, that is, the work done by the piston in going
between states 2 and 3, cannot be calculated from any of the equations

given in Ref. 1 because that reference does not include the effect of the
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blowdown phase between the expansion and compression. However, the same

analytical method can be adapted to the new configuration. The work is

given by
P P p/p
3 3 dv 30 dv
Wc = PdV = f P i dP « = PO (P/Po) -&-(--i;-]‘ﬁ:-j' d(P/PO) .
P P 1
(o] o]

For convenience in carrying out the calculation, variables during the
course of the compression phase (i.e., between states) will be denoted by
lowercase subscripts. Remembering that P3/Po = « and writing, for con-

venience, p = P/Po, the expression for compressive work becomes

dVa
Wc = Po p\a;— dp . ; (24)
1

Because the port is closed there 1s a fixed mass of gas during the com—

pression and, therefore, at any time during this phase.

p \ 1— 1/ '
Ta - TAl <§— ' : (25)
e}
Also, from the ideal gas law for a fixed mass of gas,
\ A% ! v \ «<p V
p(.fe.J,.i.z):po(Té_J,g):: o' (26)
a I Al I I

Substituting the expression for T, from Eq. (25) into Eq. (26) and using
the resulting relationships to rewrite the integral expression for the

compressive work leads to

o«

T
- - Al = Uy x—1 1—=1/y
W, =—PV, 3 / (Yp Al dp
1

) , ‘
- -V R b VA O y—1 . 2-1/y _
=PV [ ( D+ 3 1)] .2n
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The net work over the cycle W, is obtained by adding Eqs. (23) and (27):

1 —y
oy v, Ty |2 VY _ .
W= PV, Lo -1+ -z
Y Wy I Y — 1
2
RECES VGRS VY | SO
2y — 1

To calculate the power output, the work per cycle Wo is multiplied by the

operating frequency.

2.8 Indicated Heat Input and Efficiency

The indicated heat input is calculated by using the method intro-

duced by Creswick" for Stirling engines. In general, for any space,
heat input = change of internal energy + PV work — enthalpy convected in.

For the isothermal space, the only one in which heat can be exchanged to
or from gas in the cylinder between states 2 and 5, the P-V work term is
zero because the volume is fixed.

Consider first the expansion phase. During the expansion, gas
leaving the isothermal region does so at temperature TI' Therefore,

during this phase,
dQe = CVTIdmI -hdmI .
Cy is the specific bheat at constant volume of the (ideal) working gas,

and h is its specific enthalpy. The multiplicands of dmI are not func-

tions of dmI’ and, therefore,

AQ_ = (C,T; —h) aM_ .

VTI

During the expansion phase, MMy = MIS'"'MI3’ and for an ideal gas, h = Cp
Tt Therefore,

Qq = (Cg — C) Tp (Myg — Mpq) o
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For an ideal gas, Cp - Cv = R, so

Qe = RTp (Mpy — M) « (29)

Substituting the expressions in Table 3 for MIS and MI3 yields

o -xr. |softa,Yr) _Folr| _Zolax
e I {R\T T ‘RT T *

Al I 1 Al

Using the relationship between T,, and « from Eq. (7) results in a
further simplification:

Q =PV (== 1) . | (30)

During the compression phase, gas entering the isothermal space does so

at the instantaneous temperature Ta of the adiabatic space. Therefore,
dQC = CV TI dmI- Cp Ta dmI .

From the ideal gas law,

A

and, therefore,

Vy
aq_ = (CVTI ~ cp'ra> R

From Eq. (25), however,

a Al P ?
o
therefore,

c, T
P "Al P1——1/*1 4P

¢ RT v _1-—1/y
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The total heat input during the compression is

P
3
Q=Y—I- CT——P——————~C a1 T UYY g
c RT vV I 1 —-1/y
P
P o
(o]
P
- 3
v CT p2 ~ Uy
T, VI P1——1/7 2 — 1/y P
(o] (o]
v CT Y
_ I p Al . 2 —1/y_,2—1/v
T, CyTy (P3 Po) ! - 1/y 2y —1 (Ps Py )

[o}

Cc cC T
- Vo 1y P ALY 2y _ }
=PV {R( 1 R T, 3y =71 ¢ D

Substituting the relations between the specific heats and the gas con-

stants gives

2 T
= o« — ] Y Al “2-—1/7
%= Folt {Y—l"(Y—-l)(Zv—l)TI ( -‘”}' L

Q. is generally negative, reflecting the fact that during compression in
the isothermal space, heat is rejected by the gas. However, the heat re-
jected is usually much smaller than the heat absorbed during expansion.

The net heat input is obtained by adding Q, and Qc'

T
_ . «—1 2 d Al  2— 1/y _
%@+ Q% =BV [( D+ G- D =D T, ¢ ”]’
or
T
i o 2 X C ST [N
I

The indicated efficiency is calculated by dividing Eq. (32) into
Eqe. (28).



19

2.9 Examples

In this section, the indicated power output and efficiency are cal-
culated (with the help of the simple computer program listed in the
Appendix) for a machine that might be considered of practical size. The
effect of varying certain parameters is also calculated. Note that the
figures are for indicated power and efficiency — parasitic losses of
mechanical power or heat are not included in the calculations. The re-
sults Indicate that an engine of reasonable size might produce a useful
amount of power at an indicated efficiency that, although much less than
Carnot, is not too small to be interesting.

The baseline or nominal case is described in Table 4. The single
cylinder has a piston swept volume of 400 mL, about the same as each
cylinder of a 100-in.3, four-cylinder automobile engine. The 400-mL
isothermal space is heated to a very modest temperature of 650°C, and
the atmospheric air is supposed to be at 25°C. The port is placed at
midstroke of the piston, and the engine operates at 2400 rpm.

Table 5 shows the effect on indicated power and efficiency of in~-
creasing or decreasing the isothermal space temperature from the nominal
value.

Table 6 shows the effect of increasing or decreasing the isothermal
volume, and Table 7 shows the effect of>p1acing the port above or below

the piston midstroke position.

Table 4. Nominal engine configuration

Quantity Value
Isothermal volume (VI)’ mL 400
Adiabatic volume at bottom dead center (VB), mL 400
Adiabatic volume above port (V,), nL 200
Temperature in isothermal space (TI)’ K 923
Air temperature (To)’ K 298
Atmospheric pressure (B ), Pa 105
Gas specific hear ratio (air) (y) 1.4

Operating speed, Hz 40
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Table 5. Indicated power per
cylinder and efficiency at
various heater temperatures

Isothermal space
temperature, T; (°C)

450 650% 850

Power, W 114 176 240
Efficiency, 7% 6.19 6.38 6.53

ABaseline case.

Table 6. Indicated power per cylinder
and efficiency with various
isothermal volumes

Isothermal volume,

VI (mL)
200 4004 600
Power, W 296 176 124

Efficiency, 7% 11.33 6.38 4443

aBaseline case.

Table 7. Indicated power per cylinder
and efficiency with the exhaust
port in various positions

Adiabatic volume above
port, V, (mL)

100 200% 300
Power, W 73 176 172
Efficiency, 7% 3.46 6.38 8.43

aBaseline case.
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From the parametric studies summarized in Tables 5-7, a good com-
bination of parameters seems to be the one shown in the first column of
Table 6: compared with the nominal case, the isothermal volume has been
reduced, thus increasing the compression ratio. The indicated power is
296 W/cylinder with the engine vented to atmospheric pressure and at a
heater temperature of only 650°C. The cycle efficiency is >117%.

The corresponding output for a four—cylinder machine with the port
venting to a reservoir at 0.5 MPa (75 psig) is 5.9 kW (or 8 hp). The

cyclic efficiency figure is comparable with other small engines.
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Appendix

HTENG2 PROGRAM LISTING (BASIC)

Name Unit Definition

AN kg Gas mass in adiabatic space; N=1,2,.4+.,6,
index of state number

C J/cycle Compression work

Cco J/ (kge*K) Constant volume specific heat of gas

DN kg Gas mass in isothermal space; N=1,2,...,0,
index of state number

E J/cycle Expansion work

El Z Efficiency

F Hz Frequency

G Gas specific heat ratio

PO Pa Ambient pressure

PN Pa Gas pressure; N=1,2,¢e¢4,6, index of
state number

Q J/eycle Heat input

R J/(kg+K) Gas constant

To K Ambient temperature

TN K Gas temperature in adiabatic space;
N=1,2,.24,6, index of state number

T8 K Temperature of isothermal space

VN m3 Gas volume in adiabatic space;
N=1,2,+.0,6, index of state number

VO m3 Adiabatic volume above port

v7 m3 Adiabatic volume at bottom dead center

V8 m3 Isothermal volume

W J/cycle Net work

WN kg Gas mass in working space; N-1,2,...,6,

index of state number

A W Power output



00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
00210
00220
00230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
00380
00390
00400
00410
00420
00430
00440
00450
00460
00470
00480
00490
00500
00510
00520
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F=40.

R=285.

G=1.4

Co=R/(G-1.)

T1=298.

T0=298.

T8=923.

PO=1.E5

YO=2.E-4

V7=4 .E-4

V8=4 .E-4

PRINT " VOLUME  TEMPERATURE AMASS
PRINT " (M**3) (K) (KG)
PRINT * "

FOR I=1 TO 10

V1=V7

T1=T1

Al=PO*V7/R/T1

D1=PO*V8/R/T8

P1=P0

W1=A1+D1

PRINT USING 650,V1,T1,A1,D1,P1,H1
V2=V0

T2=T1

A2=PO*VO/R/T1

D2=P0*V8/R/T8

p2=PQ

W2=A2+D2

PRINT USING 650,v2,T2,A2,D2,P2,W2
V3=0.

A3=0,

X1=1.+V0*T8/V8/T1

P3=PO*X1

D3=P3*V8/R/T8

¥3=A3+D3

PRINT USING 650,V3,T3,A3,D03,P3,W3
V4=V0

X2=1.+V0/VY8/G
T4=VO*T8/V8/(X2**(G)-1.)
X3=PO*V8/R/T8
Ad=X3*X1*(1,~X2%*(~G))
DA=X3*X1/X2**(G)

P4=PO*X1/X2**(G)

W4=A4+D4

PRINT USING 650,V4,T4,A4,D4,P4,W4
Y5=Y0

T5=B2

X4=PO*VO*V0/G/R/V8/T1
AS=X4/(X1**(1./G)-1.)
D5=PO*V8/R/T8

P5=P0

H5=A5+D5

IMASS
(KG)

PRESSURE
(PA)

™ASS"
(KG)“



00530
00540
00550
00560
00570
00580
00590
00600
00610
00620
00630
00640
00650
00660
00670
00680
00690
00700
00710
00720
00730
00740
00750
00760
00770
00780
00790
00800
00810
00820
00830
00840
00850
00860
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PRINT USING 650,V5,T5,A5,05,P5,W5

V6=V7

Y1=(V7-V0)/TO

Y2=V0*VO/ (G*T1*V8*(X1**(1./G)~1.))
T6=V7/(Y1+Y2)

A6=PO*V7/R/T6

D6=PO*V8/R/T8

P6=P0

W6=A6+D6

PRINT USING 650,V6,76,A6,D6,P6,W6

T1=T6

NEXT I

SHBE RE BHE R BERRE RRELBE BB LBE B LR
61=G/(G-1.)

E=PO*V8*G1*X1*(1.~X2**(1.~G))
Cl=X1*{X1**(1.-1./G)~1.)
C2=(G=1,)**2%(X1**(2,~1./G)-1.)/(2.%G~1,)
C=-PO*Y8*G1*T1*(C1+C2)/(G*T8)

W=E+C

Z=W*F

Q1=PO*V8*(X1-1.)

Ul"'(Xl‘l.)/(G"l.)
U2=G**2*T1*{X1**{2.-1,/G)~1.)
U3=(G-1.)*{2.*G-1,)*T8

Q2=P0*V8*(U1-U2/U3)

Q=Q1+Q2

E1=W*100./Q

PRINT * "

PRINT “POWER OUTPUT{(W)= ",Z

PRINT # n o
PRINT "COMP. WORK EXP. WORK  NET WORK HEAT INPUT
PRINT " (J) () (N {J3)
PRINT C,E,W,Q,El

END

EFF."
(z) 11
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