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A STIRLING ENGINE COMPUTER MODEL FOR
PERFORMANCE CALCULATIONS
by Roy Tew, Kent Jefferies, and David Miao

Lewis Research Center

SUMMARY

To support the development of the Stirling engine as a possible alter-
native to the automobile spark -ignition engine, the thermodynamic char-
acteristics of the Stirling engine were analyzed and modeled on a computer,
The modeling techniques used are presented. The performance of an exist -
ing rhombic -drive Stirling engine was simulated by use of this computer
program, and some typical results are presented. Engine tests are planned
in order to evaluate this theoretical model.

INTRODUCTION

The Department of Energy (DOE) has established programs whose pur -
pose is to reduce fuel consumption and emissions of highway vehicles. The
Stirling Engine Highway Vehicle Systems Program is one such program.

Its purpose is to develop the Stirling engine as a possible alternative to the
spark -ignition engine, It will be implemented through government participa-
tion with industry. NASA Lewis Research Center has project management
responsibility for the program.

At NASA Lewis a Stirling -engine digital -computer model is being devel -
oped for predicting engine performance. This report documents the present
modeling techniques and shows some preliminary predictions of one version
of the model, which is configured to represent a particular single-cylinder
rhombic -drive engine.



Analysis of the ideal Stirling cycle is straightforward (ref. 1), but this
analysis is useful only as a reference against which to compare real cycles.
Schmidt developed a somewhat more ealistic analysis that considers the
effbct of dead volume and assumes sinusoidal piston motion (ref. 1). The
basic power and efficiency (the Carnot efficiency) calculated by the Schmidt
analysis can be multiplied by experience factors to estimate performance
in the initial stages of engine sizing. (Ranges of experience factors are
discussed in refs. 2 and 3.) Rios (ref. 4), Qvale (ref. 5), and Martini
(ref. 2) have each developed models that first calculate a basic power and
efficiency and then correct these basic values with separate, independent
loss calculations. The most detailed performance models so far reported
simulate real -time variations in gas temperatures, pressures, and flow
rates at various control volumes within the working space. Some or all of
the loss calculations are an integral part of the model and can thus interact
with the basic thermodynamic calculations and with each other. Detailed
models that have been reported in the open literature are those of Urieli
(refs. 6 and 7), Finkelstein (ref. 8), and Finegold and Vanderbrug (ref. 3).
A listing of Urieli's computer model is given in reference 8 and a listing of
the Finegold-Vanderbrug model, in reference 3. Allan Shock of Fairchild
Industries is also developing a detailed model (ref. 9).. The more detailed
models should be of value in studying the effects on performance of engine
details not considered in the simpler models, in refining the loss calcula-
tions of the simpler models, and in investigating the significance of phys-
ical effects such as gas inertia and pressure dynamics on engine perform-
ance. However, these models appear to require too much computer time
for use in a design optimization program: One run with such an optimiza-
tion program might investigate hundreds of designs, or even several
thousand. Since the less detailed models such as those of Qvale, Rios,
and Martini require much less computer time, they would seem t2 be more
appropriate for use in a design optimization program. Unfortunately, the
models that have been published in the open literature have not been ade-
quately validated.
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N. V. Philips and its licensees have both a design-optimization pro-
gram and detailed performance prediction models, which have been devel -
oped over the years with the aid of extensive test data. Howover, these
programs and the test data are proprictary and are presently available
only under license,

The model being developed by NASA Lewis differs from the Urieli
and Finegold models essentially in that the Lewis model assumes that gas
inertia and pressure-wave dynamics can be neglected in predicting Stirling
engine performance. The Lewis model also uses an integration technique
that avoids instability caused by excesasive heat transfer between gas and
metal when large time increments are used, Thus, the Lewis type model
should be inherently more efficient in terms of computing time, than the
more general Urieli and Finegold models,

The Lowis model differs from the Rios and Martini models essentially
in that it more closely represents the distributed -parameter nature of the
working space by dividing each heat exchanger into several control volumes
and, also, by making the heat -exchanger inefficiencies an integral part of
the cycle calculations, The Lewis model is thus more general in nature but
less efficient tn terms of computing time than the models of Rios . .«
Martini.

Two versions of the computer performance maodel have been developed,
Oune verston is configured to model a rhombic -drive ground power unit
(GPU) designed and built for the U, S, Army by General Motors, This unit
wias designed to produce 3 kilowatts of electric power (or about 6 kW of
brake power), The other version is configured to model a free-piston en-
gine.  This document contains a description and program iisting of the
GPU version.of the model. The GPU engine parameters arve given in
reference 2. The model is also briefly described in reference 2, along
with some performance prediction comparisons botweoen it and the Martini
model,

The GPU-3 engine has been run through initial checkout tests at NASA
Lowis: engine accessorieos were powerad by the engine and instrumentation
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was minimal (ref. 10). Testing with accessories run independently of the
engine and with more instrumentation is now getting under way; these tests
will provide basic engine data for evaluation and refinement of the computer
model,

GENERAL DESCRIPTION OF MODEL

The GPU engine, for which this model predicts performance, is shown
schematically in figure 1. There are actually riht separate flowpaths
through each of eight regenerators and coolers with five heater tubes serv-
ing each regenerator. In the model, however, it is assumed that the same
flow conditions exist in each of the eight flowpaths so that it is necessary to
model only one path. The model represents the working space by a series
of subdivisions called contrc’ volumes; this type of model is sometimes
called a nodal model,

The model calculates indicated power and efficiency for given engine
speed, mean pressure, and fixed heater and cooler metal temperatures.
The indicated efficiency is based 5n heat into the gas plus conduction losses.
The model also simulates temperature, pressure, and flow variations over
the cycle at various stations in the working space. The working space con-
sists of the expansion space, the heater, the regenerator, the cooler, and the
compression space.

The engine working space is represented by 13 control volumes, as
shown in figure 2; the adjacent metal walls are represented by 13 corre-
sponding control volumes. The metal temperatures, except for those in
the regenerator, are assumed to be constant. This is a reasonable assump-
tion for any given run since the heater and cooler metal temperatures are
essentially boundary temperatures that are controlled by the combustor and
the cooling water flow, respectively; these temperatures vary little over a
cycle because the metal heat capacity is much greater than that of the gas.
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The calculation procedure used in the model is outlined ii figure 3;
the equations used in the calculations are discussed in the section EQUA-
TIONS AND ASSUMPTIONS USED IN DEVELOPING THE MODEI,, Each
set of calculations shown in figure 3 within the inner loop is made at each
integration time step during each engine cycie except that it i1s necessary
to use the pressure-drop equations only during the last cycle, Also, the
conduction and shuttle heat -transfer losses are calculated just once, dur-
ing the last engine cycle. (Shuttle heat transfer is heat transfer by heat -
ing of the displacer at the hot end of the stroke and cooling of the displacer
at the cold end (ref, 2).) Between cycles, corrections to the regenerator
metal temperatures are made to speed up convergence to steady operation,
Typically it takes about 10 cycles with regenerator temperature correction
to adjust the regenerator metal temperatures to their steady operating
values. (The model predicts that these temperatures vary with an ampli-
tude of about 6° C or less over a cycle.) In addition, a number of cycles
are required for the leakage between the working and buffer spaces to ad-
just the mass distribution, The smaller the leakage rate, the loyger the
time required for the mass distribution to reach steady state, For the
range of leakage rates considered thus far, it takes longer for the mass
distribution to steady out than for tho regenerator metal temperatures to
settle out, Current procedure is to turn the metal temperature conver-
gence scheme on at the fifth cycle and off at the 15th cycle. The model is
then allowed to run for 15 to 25 more cycles to allow the mass disteibution
to settle out. When a sufficient number of cycles have been completed for
steady -state operation to be achieved, the run is terminated,

Current computing time is about 5 minutes for 50 cycles on a UNIVAC
1100, or 0.1 minute per cvcle. This is based on 1000 iterations per cyvele,
or a time increment of 2\10'5 second when the engine frequency is 50 hertz,

The computing time can be decreased by decreasing the number of it -
erations per cycle; the corresponding effect on predicted indicated power
and efficlency is shown in figuros 4 and § for one series of runs, These
figures show that some error is im oduced by reducing from 1000 to 500
iterations per cycle and that the error bocomes more significant if only
200 iterations per cycle are used,
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The comr™uter program is written in FORTRAN V and, in card format,
is about 1300 cards long (including plotting subroutines), The program was
designed to be an engineering tool for use in establishing the validity of the
modeling techniques, It could be usced rather easily by others but has not
been designed or extensively documented for that purpose, A listing, not
including the plotting subroutines, is presented in appendix E,

EQUATIONS AND ASSUMPTIONS USED

IN DEVELOPING THE MODEL

First, the basic equations and assumptions used in making the thermo-
dynamic calculations in the working space are stated, Then a relatively
complete presentation of the equations used in the model is made that cor-
responds very closely to the steps shown in the outline of calculation pro-
cedure (fig. 3).

WORKING -SPACE THERMODYNAMIC CALCULATIONS

Each of the 13 gas control volumes shown in figure 2 is a special case
of the generalized control volume shown in fijure 6, The generalized con-
tral volume includes flow across two surfaces, heat transfer across a sur-
face, and work interchange between the gas and a piston, Each of the three
heater, five regenerator, and three cooler control volumes has flow across
two surfaces and heat transfer across one surface but is of fixed volume;
therefore, no work is done by the gas in these volumes, The expansion-
and compression-space control volumes each have {low across one surface
and heat transfer across one surface and are of variuble volume; there-
fore, the gas in these two volumes is respansible for the work output of
the engine,
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The three basic equations used to model the thermodynamics of the gas
in each control volume are conservation of energy, conservation of mass,
and equation of state. These equations are used to determine the temper-
ature and mass distributions and the pressure level within the working space
at a particular time, A fourth basic equation, the momentum equation, in
steady -state form, is used to calculate pressure drop across each control
volume in order to evaluate its effect on indicated power and efficiency.
However, this pressure-drop calculation is decoupled from the thermody -
namic calculations; it has no effect on the temperature and mass distribu-
tions. This assumption simpiifies the model and should be reasonable when
the pressure drop is sufriciently small in relation to the pressure level.

The energy, mass, and state equations, as written for the generalized
control volume shown in figure 6, are as follows, where three formulations
of the equation of state are shown:

Conservation of energy (for negligible change in kinetic energy across the
control volume):

d - dv
Rate of change Rate of Rate of enthalpv  Rate of work
of internal energy heat transfer flov across done by gas in
of control volume across boundary  boundary of control volume

of control volume control volume

Conservation of mass:

dM
— =W - W, (2)

dt



Equation of state:

PV = MRT for ideal gas

PV = MR 'l‘+(0‘033882l—:-)?] for hydroge.. - real gas $ )
ps f

v

W‘,Vo

pv-m['n(o.oma-;o&)x)] for hellum - real gas |

psi

heat -transfer area of control volume

heat capacities at cons*ant pressure and volume
heat-transfer coefficient

mass of gas in volume

pressure

yas constant

bulk or average temperature of gas in volume

temperatures of gas flowing across surfaces { and o,
respectively (in fig. 6)

temperature of metal wall adjacent to heat -transfer «rea A
time
volume

flow rate across surfaces { and o, respectively

(The real -gas equations of state were developed from data in ref, 11.)
Several assumptions are inherent in the use of these equations:
(1) Flow is one dimensional,
(2) Heat conduction through the gas and the regenerator matrix along
the flow axis iz neglected. The thermal conductivity of the regenerator
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matrix is assumed to be infinite in calculating the overall gas-tv-matrix
heat -transfer coefficient.

(3) Kinetic energy can be neglected in the energy equation,

{4) The pressure-~drop calculation (based on the conservation-of -
momentum equation) can be decoupled from the other three basic equa-
tions. This implies vse of a uniform pressure level throughout the work -
ing space at a given time in applying these equations,

(5) The time derivative term in the momentum equation is neglected
(see appendix D),

(The last three assumptions are not made in the generalized models of
Uriell (refs, 6 and 7) and Shock (ref. 9).) Thus these two models provide
a means of checking the validity of these assumptions. )

In appendix A it is shown that equations (1) and (2) and the ideal -gas

equation of state can be used to derive the following differential equation:

dT _ - oy - dpP
p (-‘-; = hACI‘w T) + pri(Ti T) pr'o('l‘0 T™+V 5

The same resuit is obtained if either of the real -pas equations of state
are used in the derivation. This equation savs that the bulk or average
gas temperature of a control volume is a function of the following three
prucesses:

(1) Heat transfer across the boundary from the wall

(2) Gas flow across the boundary

(3) Pressure level

One approach to mumerically integrating equation (4) is to solve for
the temperature derivative

w w
T M r,-medm-m-2r,om L0
dt MC M M MC,, dt

b P

@

(5)
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and then set
Tt+At - Tt . ﬂ At
dt
where
AL pew gas temperature (at time t - At)
'l‘t old gas temperature (at time t)
at time increment

This is a first-order numerical integration. A similar but higher order
technique (Runge-Kutta fourth orde., for example) could also be used on
equation (5). This type of approach was not used.

The approacli used (which helps to avoid numerical instability prov-
lems) was to decouple the three processes that contribute to the temper -
ature change and solve for the temperature change due to each process
separately. This second appreaci J'lows a trade -off between computing
time and accuracy of solution (as indicated in figs. 4 and 5) with much
less concern for numerical irtabilities. The approach is suggested by
representation of equation (5) in the following form:

T AT , 4T
a fotal dt due to dt due to dt due to change
heat transfer mixing in pressure
where
dT .V _ap (52)
dt due to change MCp dt

in pressure



d—11 . 'i(Tt -T) - 'oﬂ‘o -T) (5b)
dat due to M
mixing
dT -2 e, -T (5¢)
dat due to MCp
heat transfer

In appendix B it is shown that equations (5a) and (5¢) can be integrated
in closed form and that equation (5b) can be mumerically integrated, When
the results of appendix B are modified slightly to show just how they are
used in the model, the resulting expressions are

t+At (y-1)/y
Tg-At ot (p > 5')
pt
Lot Mt.rtl;m . (w:+At.r:+At ) wgmt.rgmt) At '
Tpm = (50 )
Mt+At
Theat _qhiat (gt _pteat)(y | se)

/

where the superscripts t and t+At denote values of the variables at

times t and t + At, The subscript P denotes the value of the temper -
ature after it has been updated for the effect of change in pressure. The
subscript PM denotes the value of the temperature after it has been up-
dated for the effects of change in pressure and mixing. No subscript (as
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on the left side of equation (8¢') denotes the value of the terperature after
it has been updated for all three effects - change in pressure, mixing, and
heoat transfer to or from the metal,

PRESENTATION OF RQUATIONS IN ORDER
OF CALCULATION PROCEDURE

The equationn considered ao far have been derived and discusaed with
reference tv the generalized control volume of tigure 8. In the computer
model these equations are applied to each of the 13 control volumes shown
in figure 3, Thus temperatureas, massea, heat-transfer coefficients, flow
rates, ete., are all aubacripted with an index. The index varies from 1
to 13 for variables that are averages of the control volumen and from 1 to
12 for values at the interfacea between control voluimes, The nambering
procedure used (or control volutie and interface indexos ta defined in fig-
ure 2. The equationsa dircusaed in thiz section tnclude these indoxes,

The prexentation of the equationa follows the stepr shown i the outline of
caleulation procedure in tiguve 3,
Pressure (step 2 in fig, 3). - The prexsure P ix caleulated by

L
}—? mit
.5 (®
a
A1

pt*dt - R

t
Yi
where

P preasure

R par constant



13

M; masain th volume

Ty average temperature in l‘h volume

\f gh volume

| an index denoting which control volume is under consideration
Equation (8) is obtained by summing the ideal -gas equation

PV, = MRT; 1=1,13

over each of the 13 control volumes (remembering that pressure is as-
sumed to be the aame in all control volumes) and then solving for P,
If the real -gas equation of state for hydrogen is used then and the same
procedure is followed, the result is

;‘j it
P‘*At = R bl (7)
&

=

Equations (6) and (7) are both included in the program. Also an equivalent
real~gaa equation for helium is included. An index in the input data speci-
fles whether a real or ideal equation is to be used.

Update temperatures for effect of change in pressure (step 3 in
fig. 3). - It was not necessary to use the subscripts P and PM of equa-
tions (5a"),(8b"), and (5¢') in the computer model. Applying the three
equations in sequ~nce without the subscripts produced the same offect as
if the subscripts had been used. Therefore, if the subseript P is dropped
from equation (5a') and the control volume index I is introduced, the re-
sult is

: R
Vi - 0.02358 RL_{ M;

Lo
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teat\(r-1/Y
Tt (B — ®
pt

This equation is commonly used to relate temperature and pressure for an
adiabatic fixed -mass process.

Mass distribution (step 4 in fig. 3). - The equations for mass distribu-
tion are derived by assuming that the mass redistributes itself in accord-
ance with the new volumes and temperatures in such a way that pressure is
uniform throughout the working space. This assumption, of course, in-
troduces inaccuracies in the solution, but the inaccuracies are relatively
small because the pressure drop in Stirling engines is usually a small por-
tion of the total pressure of the fluid, ‘The pressure P throughout the
working space is derived from the perfect-gas law as follows: The perfect-
gas law for the lu‘ control volume can be written

PV,
M e ]
RTy

Summing over the 13 control volumes
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Now substituting for P/R into the perfect-gas equation for the I'" can.
trol vulume gives

M« otar Vi
RTINS
e
G
The form of this equation used in the model is

Vi

t+at
T‘;

P
al
ki

T beteat
' 1 ILP

I=1,18 9)

MY - My

(where rivat represents T, updated for pressure but not for mixing and
LP 1

heat transfer),

The preceding equation calculates the new mass distribution for the
case o1 a perfect gas. The following equation, which can be derived in the
same manner, is used to approximate the real properties of hydrogen:

t
Vi
(T}*f,‘ +0,02358 P+t
~- t
TN Vi

/ \.(TNM t+At)
/ +0.02358 P
T‘Jﬂ 1P i

I-1,13 (10)
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A similar equation that approximates the real properties of helium is in-
cluded in the model,

Flow rates (step 5 in fig. 3). - Once the new mass distridbution is
known, the new flow rates are calculated from the old and new mass dis-
tributiona according to

Mt . teat \
e Wl |
at

and $ (1)

s
at

"1

Wy = * WV for I«3,13

e

where W, is the flow rate at the l"‘ interface between control volumes,

Update temperatures in each control volume ®or effect of gas flow
between control volumes (step 6 in fig. 3). - The following equations
(modifications of equation (5b') in the zection WORKING -SPACE THERMO-
DYNAMIC CALCULATIONS) were used (o update temperature for the mix-
ing effect following gas (low between control volumes:

totaat [ _teat taat >
pteat  MiTy p *("’x A )‘M
1,PM uteat
1
ttaat {Lteat teat  _tedt teat
M, oW fy.y ~W )M
T;rgh - ‘ le l"l ‘ l ‘ ‘)I fﬂr “2.12 \ (‘a)

teat
M

topteat (oteat t+At)
pteat g'“xs"xa,p*("'m fig /A

trat
Mis

s et i st
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(where the subascript PM indicates the temperature has been updated for
pressure change and mixing).

The equations for the first and thirteenth control volumes (expansion
and compression spaces, respectively) are simpler in form than those for
the other control volumes because there is flow across only one surface
in each of these volumes, (The leakage flow between compression and
buffer spaces is handled independently; it does not appear in eq. (12).)
The temperature of the fluid flowing across the interface has been given
a new variable name ¢ to better distinguish it from the average control
volume temperature T and to keep the subscripts as simple as possible,
The procedure used to update the temperature ¢ for each interface is
now defined.

The temperature of the fluid flowing across a control volume boundary
is just the bulk temperatire of the control volume from which the fluid
came - for flow from the expansion-space, heater, cooler, or
compression-space control volumes, This is a reasonable assumption
for these volumes since the actual temperature gradient across each is
expected to be relatively small, In the five-control -volume regenerator,
however, the temperature gradient is not small. One option would be to
increase the number of control volumes in the regenerator. However, to
save computing time, an alternative approach was used, It was assumed
that a temperature gradient existed across each volume in the regenerator,
The magnitude of the gradient was assumed to be equal to the correspon -
ing regenerator metal gradient,

A schematic of a regenerator control volume is shown in figure 7(a).
Flow across both int. rfaces is, for now, assumed to be in the direction
shown (which is defined to be the positive flow direction). The cross-
hatched area represents the portion of the fluid that will flow across in-
terface I during the time increment At. The assumed temperature pro-
file of the control volume is characterized in figure 7(). The vertical
dashed line in figure 7(b) defines the tempeorature at the left boundary of
the fluid that will flow across interface I during at, If 'l‘l is defined
as the average temperature of control volume 1 and A’l‘l equals
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one-half the change in temperature across the control volume, then
Ty - &T; is the temperature of the fluid at interface I and

1, - amy e L g ar
- +
Y 1

is the temperature of fluid at the vertical dashed line, (Figure % shows
the numbering schemes used for the control volumes and the interfaces
between control volumes, )

Now the temperature of the fluid that flows across an interface dur-
ing At is assumed to be equal to the average temperature of that fluid
before it crosses the interface. The average tomperature of the fluid
in the crosshatched area of figure 7(a) is then

1 wy At wy at
2 Mi Ml

Therefore, for the flow directions shown in figure 7(a), the updated
temperatures of the fluid that crosses the interfaces during At are

teat
teAt | teat wp at teat A
M,
\
t+at
teat | oteat Wiy at t+at
oy Ty, p 8Tt —— 4Ty Mg O
Ml“l s

If the flow direction is reversed at both interfaces, then

(13)
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t+at
teAt  tedt wpoat tet _ o
0 =Ty +4aTp,+ ATy, W <O
+1 $
teat
teat  teat Wiy At teat
M )

Heat -transfer coefficients (step 7 in fig. 8). - The assumptions and
equations used in calculating heat -transfer coefficients are discussed in
appendix C. The heater and cooler equations are based on well-
established, steady-flow correlations for tubes. The regenerator equa-
tion is based on an extrapolation of a steady-flow correlation, There is
a need for additivnal steady-flow heat-transfer data for Stirling engine
heat -exchanger components, especially regenerators. In addition, data
are needed to determine how to modify steady-flow correlations for the
periodic-flow conditions that exisi in Stirling engires.

Update temperature in each gas control volume for effect of heat
transfer between gas and metal (and determine heat transfer between
gas and metal) (step 8 in fig. 3). - This temperature update is accom -
plished by using the following equation (a modification of eq. (5¢'):

t+At teat
(-hl Ap/My cp\m

Tt+At 1-e

. mt+At
I =T

t+at
1, PM -T

I, PM) I= l, 13

(T:v,l
where 'I‘w I is the wall temperature of Ith control volume. Note that,
no matter how large the heat-transfer coefficient, the gas temperature
cannot change more than the AT between the wall and the gas. Thus
this calculation cannot cause the solution to become unstable, but it can
lead to significant inaccuracies if the time increment At is made too
large,

(14)
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The heat transferred between gas and metal is then calculated from

+At t+At  t+At ), t+At
4 a -( I - I, PM)MI Cp I = 1’18 (15)

so that heat transfer from gas to metal is defined to be positive.

Regenerator metal temperature (step 9 in fig. 3). - The equation used
to update the metal temperatures in the five regenerator control volumes
is

Ty 1

where Ql is the rate of heat transfer between gas and metal. This is in-
tegrated numerically by setting

At amn

trat
pteat ot
w,1 w,l MIC

where

M; mass of metal in th volume
C  thermal capacitance of metal
At time increment

For most regenerators the thermal capacitance of the metal is so much
larger than the thermal capacitance of the adjacent gas volume that an ex-
cessive number of engines cycles (from the point of view of computing time)
are required for the metal temperatures to reach steady state. Therefore,
it is necessary to apply a correction to the metal temperatures after each
cycle to speed up convergence, The method used is discussed in the sec-
tion Convergence scheme for regenerator metal temperatures (step 19 in

fig. 3).




31

Pressure-drop calculations (step 10 in fig. 3). - Since the pressure-
drop caloulations have been decoupled from the heat- and mass -transfer

calculations, pressure drop nevds to be calculated only over the last cycle.
The indicated work calculation can then be corrected for pressure-drop

A general form of the conservation of momentum equation for one-

loss.
dimensional flow is
£ (v -4 (ovx)
ot R 4
Rate of Rate of
accunmulation momentum
of momentum  gain by
per wit convection
volume per unit volume
where
0 density
v velocity of flow
f friction factor
Dh hydraulic diameter
P  pressure
t time
 § distance

Rate of
mamentum gain
by viscous
transport (fxic-
tional forces)
per unit volume

op
X

Rate of
momentum gain
due to pressure
force per unit
valume

(18)

In appendtix D it is shown that by combining the continuity and momentum

equations and then neglecting the time dertvative term in the re-
sulting equation, the tollowing equation results:

R
vav o

My,

dx*d—}:—lﬂ

p

(1m
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This equation can be integrated over a length L for the special cases of
adiabatic or isothermal flow processes (the two extremes). When the re-
sulting adiabatic and isothermal expressions are applied to the GPU re-
generator, the contribution of the v dv term is negligible for the two ex-
tremes. Since the effect of the term is more significant in the regenerator
than in the heater and cooler, the expression for pressure drop can be re-
duced to

2
Iv o ax+9P - (20)

2Dh p

or applying the differential equation (20) over a finite length L

AP = pV2L (2 l)

DO foe

L
where AP is the pressure drop over length L.
A modification of this equation can also be used to ccount for the ef-

fect of expansions and contractions in flow area. The form of the modified
equation is

AP =K -;-pvz (22)

It is applied at each area change in the flowpath between the expansion and
compression spaces. At a particular point where an area change occurs,
K is a function of the two areas and the direction of flow (since an expan-
sion for one flow direction is a contraction when the flow reverses). The
term K is calculated in accordance with the procedure given in refer-
ences 12 and 13,

For the heater and cooler control volumes the friction factor f is
determired from
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‘I = I-‘-1----— NRel < 1500
Rey
(23)
0. 046
fy = e N = 1500
Rey

where Nm’l is the Reynolds number (based on plots of smooth-tube fric -

tion factors in ref. 14),
For the regenerator control volumes

-0. OIQONRaI
ff=0.96¢e +0.54 I=5,9 (24)
which is a fit of the curve shown in figure 8. This curve was derived from
the experimental steady -flow air data taken on the regenerator cooler unit
of the GPU-3 engine and was extrapolated to the low Reynolds number
range (below 50). Since the sample runs for this report were made, this
curve has been compared with other wire-screen data from Kays and
London (ref. 13). This comparison suggests that the curve should be some-
what higher in the below-50 Reynolds number range. (This range is im-
portant in the regenerator, )

There is a need for additional pressure drop data for Stirling engine
heat -exchanger components, especially for regenerators. Also additional
data are needed to determine how to modify the steady -flow pressure drop
correlations for periodic-flow conditions. With the pressure level P
known (which is now assumed to be the pressure at the center of the re-
generator) and the AP's across each of the control volumes in the heater,
regenerator, and cooler known, the pressures needed in the work calcula-
tions, P e and P c» can be calculated as follows:
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Heat conduction from hot end to cold end of engine and shuttle loss
(step 11 in fig. 3). - Three separate paths were considered in the calcula-
tion of heat-condr~tion losses from the hot end to the cold end of the
engine:

(1) Through each of the eight regenerators

(2) Through the cylinder walls

(3) Through the walls of the displacer from the hot space to the cold

space
The effect of temperature on conductivity was considered. A calculation
of the conduction loss through the gas inside the displa§ suggested that
the loss along this path was small enough to be neglected. The dimensions
used in calculating these conduction losse‘d the locations where the
tegperature measurements will be made are shown in figure 9.

The displacer picks up heat from the cylinder at the hot end of its
stroke and loses heat to the cylinder at the cold end of its stroke, This
shuttle loss is calculated . using the following equation from refer -
ence 2:

Q2
Q _ K7DS® AT

= T al (26)
shuttle 8CL



where

K thermal conductivity of gas

D displacer diameter

S stroke

AT temperature difference across displacer length
C clearance between displacer and cylinder

L displacer length

Conduction ar - shuitle calculations are made just once after steady op-
eration has been achieved.

Sum up heat transfers between gas and metal for each component
(step 12 in fig. 3). - The basic heat into the working space per cycle is
the sum of the net heat transfer from metal to gas in the heater and
expansion-space control volumes over the cycle. The basic heat out of
the working space per cycle is the sum of the net heat transfer from the
gas to the metal in cooler and compression-space control volumes per
cycle. Since it is assumed that there are no losses from the regenerator
matrix, the net heat t.-ansferred between gas and metal in the regenerator
over .. cycle should be zero. This net heat transfer in the regenerator
over the cycle appears to be the most convenient single criterion for judg-
ing when convergence of regenerator metal temperatures has been achieved.
However, for small leakage rates, using this criterion to judge convergence
to steady operation can lead to significant errors. That is, even though the
regenerator metal temperatures have converged so that the net heat trans-
fer in the regenerator per cycle is small, small changes in the mass dis-
tribution between working and buffer spaces from one cycle to the next can
cause a significant change in performance over many cycles.

Leakage flow between working and buffer spaces (step 13 in fig. 3). -
A leakage flow between working and buffer spaces can be calculated accord-

ing to




w=CA/|P, - Pyugl @
where
C constant (0. 0001 was assumed for sample run)
Pc'Pbuff compression- and buffer -space pressures

where flow is from compression space to buffer space if Pc > Pyute and
the reverse if Pbuff > Pc. This equation was used to investigate the sen-
sitivity of performance to leakage., This procedure for calculating loss
due to leakage will have to be updated when more information about leak-
age flow becomes available, Relatively small leakage flows will increase
the number of cycles required for the mass distribution between the work-
ing and buffer spaces to reach steady operating values.

Compression-, ¢ on-, and buffer -space volumes (step 14 in
fig. 8). - The crankshaft angle is defined in the schematic shown in fig-
ure 10. Compression-, expansion-, and buffer -space volumes are cal-
culated from the crankshaft angle by the following set of equations (as de-
rived from fig. 10):

‘

Ly = ‘VLg - (e - r cos x)° = Projection of rod length L on vertical axis.

Y1 =rsinx+ Ly = Position of displacer yoke

Y2 =r sinx - I..y = Position of power -piston yoke
_ 2 2
Y min = '\/‘L -r) -e

Ly max = \/L?' -(e-r)°

Ve = Ad(Y 1°- Yl,min) + Ve, clearance = Expansion-space volume

Vo =2(A4 - A, gL ,max Ly) +Vc, clearance = Compression-space volume

Voutt = Apr("Yz - Yl,min) + Vbuff, clearance ~ Buffer -space volume s
(28)
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where
e eccentricity
r crank radius

x crank angle

Ad displacer cross-sectional area

Apr piston cross-sectional area minus piston rod cross-sectional area
Arod displacer rod cross-sectional area

and Ve and Vc are the two volumes needed to calculate the indicated
power,

Work, power, and efficiency calculations (step 16 in fig. 3), - The
indicated work is calculated according to

W= 55 P@AV, + dV ) (20)

over all but the last cycle, Since heat-exchanger ineffectivenesses, dead
volumes, and leakage from working space to buffer space are all an in-
tegral part of the calenlations, the work calculated in equation (29) includes
the effect of these losses. Over the last cycle, after steady operation has
been achieved, pressure-drop losses are calculated. To i{nclude this loss,
t: . indicated work calculation was revised to

\
W= gj ["e dv, + P, dvc] (30)

The indicated power is just the indicated work per cycle times the engine
frequency.

The conduction and shuttle transfer losses are calculated only once
after steady operation has been achieved. These lusses increase the heat
input and heat output by the same amount. Since it is assumed that they do
not interact with the working space, they affect the efficiency but not the
power calculations,




The net heat into the engine per cycle is defined to be the basic heat
input (from step 12) plus conduction and shuttle losses minus one-half
the total windage (pressure drop) loss. (It would probably be more accu-
rate to use the heater windage loss plus one-half the regenerat- » wind-
age loss for windage credit in calculating the net heat input (as in ref, 2).
However, if the regenerator loss is considerably larger than the heater
and cooler losses, it is a reasonable assumption to use one-half the total
loss for windage credit. )

Indicated efficiency is defined to be the indicated work per cycle
divided by the net heat into the engine per cycle (as defined in the pre-
vious paragraph).

Convergence scheme for regenerator metal temperatures (step 19
in fig. 3). - The scheme used to correct regenerator metal temper -
atures between cycles was arrived at through trial and error, The cor-
rection is made as follows:

Time=N At ~ ‘ 9|
('hlAl/ Mlcp) aty
('rw,l -TP(1-e JMl
ATy = T m°;‘: . : 1=5,9 (31
('hIAI/MICp)A{’
l -0 .MI
Time=0 ’
where
N number of iterations per cycle

ATI weighted average change in gas temperature over cycle for Ith
regenerator control volume

’l‘l lth average ges temperature

w,1 lth wall temperature
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Then let
ATl!ATl'oldXF‘ +AT‘XF2 | ‘8.9 (31'0

where F‘ = 0.4 and l‘, = 10,0 are the factors that seem to work best.
The final step in the correction is

N

s ATs +4 A’l‘c +3 AT., + 2 AT8+AT9
T aT - e
W.uel\w ',5,0‘6 a

«T
w.enw w,6,0ld ~ )

3

Ve

T

w,T,new * w 7,0ld ° 1

Tw,8,new * Tw,a old ~ 3

AT5+2AT6+3AT7§4ATB+5ATQ
T
w,.9. new " w 8,0ld ~ 3
v
(33)
In an attempt to improve upon the rate of convergence, the scheme
used by Urieli (ref. T7) was tried. This is a carrection of the form
Tw,I,new ~ Tw.roa " FINQ 1=859 (34)

where Ql is the net heat transferred from the l"‘ metal node to the lth
gas node aover the previous cycle. An attemipt was made, by trial
error, to pick the optimum combination of factors Fy (- 5,9) to speed
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up convergence. This procedure worked in the Lewis model but not as
well as the previously described approach.

RESULTS GENERATED WITH MODEL

Some sample performance predictions and plots of engine variables
over a cycle are shown for the GPU simulation run characterized in
table I. The assumed metal boundary temperatures are shown in fig-
ure 11. Performance predictions for this run are shown in table I

The ratio of '"dead volume' to the change in total working-space
volume over the cycle is a very important factor in Stirling engine per-
formance. Dead volume is the volume of the heat-exchanger components
plus clearances in the expansion and compression spaces. It decreases
the ratio of maximum to minimum pressure that can be achieved over
the cycle. Better definitions of GPU engine dead volume by refined cal-
culations and gas displacement measurements, since these sample runs
were made, indicate a larger dead volume than used in the model for the
sample runs. Using the larger dead volume would result in lower pre-
dicted power than shown here.

Expansion-~ and compression-gpace volumes are shown in figure 12
as a function of time. Zero time corresponds to minimum compression-
space volume, The cycle is complete at 0.02 second. One and one-half
cycles are shown on this and the following plots. These volumes, together
with the plot of total volume in figure 13, are keys to the behavior of the
engine variables shown in later figures.

Expansion- and compression-space pressures are plotted in figure 14.
These plots correlate closely with the plot of total volume in figure 13:
Minimum pressure correspcnds closely to maximum total volume. The
pressure drop between expansion and compression spaces is a small per-
centage of the pressure level (<3 percent).

A plot of this pressure drop as a function of time in figure 15 shows
that the maximum positive AP (where AP = P, - Pc) occurs a little
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before 0.008 second. The corresponding flow rates into and out of the heat
cxchangers are shown in figures 16 to 18. (Additional flow rates calculated
at the control -volume interfaces within the heat exchangers are not shown
here). The maximum positive flow rates just before 0. 008 second corre-
spond to the region of the volume plots in figure 12, where the compression-
space volume is increasing at its maximum rate and the expansion-space
volume is decreasing at its maximum rate (to give the maximum rate of
volume displacement from the hot to the cold space). Similarly, the max-
imum negative flow rates and pressure drop occur just before 0. 016 sec-
ond, where the maximum rate of volume displacement from the cold to the
hot space occurs. Pressure drop is greater for positive than for negative
flow primarily because of the luwer average pressures and, therefore,
higher velocities when flow is from the hot toward the cold space. Pres-
sure is lower because positive flow occurs when working -space volume is
at and near its maximum,

The differences in inlet and outlet flows for each of the heat-exchanger
components divide each cycle into two regions - a region where net mass
is removed from the component, and a region where net mass is stored in
the component. These regions are labeled in the plots of flow rates for the
heater in figure 16. Similar flow-rate plots for the regenerator and cooler
are shown in figures 17 and 18.

Pressure-volume diagrams for the expansion and compression spaces
are shown in figures 19 and 20, Since the expansion-space work is positive
and the compression-space work is negative, the net indicated work per
cycle is the difference of the areas within these two diagrams (219 joules
(162 ft-1bf) in this case). The area within the pressure-volume diagram
of figure 21 represents net indicated work uncorrected for pressure-drop
loss (231 joules, or 170 ft-lbf).

Expansion- and compression-space temperatures are shown in fig-
ures 22 and 23, The temperature variations correlate well with the pres-
sure variations of figure 14, In both the expansion and compression
spaces the temperature variations are about 23 percent of the peak tem-
perature in the space,



Plots of indicated power and efficiency are shown in figures 24 and 28
as a function of engine speed for three average working -space pressures.
Other run conditions are as specified in table I, except that for the runs
at the two lower pressure levels the cooler temperature was 5.6 K (10° R)
lower than specified in table I,

A number of runs wcre made to compare predicted performance for
hydrogen and helium, Indicated power for both fluids is shown as a func-
tion of frequency in figure 26. The power was larger for hydrogen except
for frequencies below abuut 17 hertz, (For a series of runs made with no
leakage, power was greater for hydrogen for all frequencies above 5 Hz.)

Indicated efficiency for both fluids is shown as a function of frequency
in figure 37. The efficiency for hydrogen was greater than that for helium
above about 13. 5 hertz, at which point the curves cross aver, (For the
series of runs made with no leakage, there was no crossover; however,
the curves did get closer together as the frequency was decreased to
5 hertz. At 5 hertz, the efficiencies were 35. 7 percent for hydrogen and
34. 8 percent for helium, )

The data from figures 26 and 27 are replotted in figure 28 in a form
used by several other authors. The hydrogen and helium curves cross
over 8o that below about 12 hertz the model predicts higher efficiencies
for heltum than for hydrogen at a given pressure level. When the runs
were repeated with no leakage calculation, the curves did not cross over
but became quite close at § hertz, the lowest frequency considered. Sim-
flar curves predicted by Urieli's model indicated a crossover of the he-
lilum and hydrogen curves in the 30-to 40-hertz range (ref. T) for no leak-
age and a significantly different engine. In the same reference, Uriell
also shows curves for a Philips engine (a heat -pipe-operated swashplate
type) which indicate that, in an efficiency -versus-power plot, the helium
and hydrogen curves would cross over in the 40- to 45-hertz range. (It
is not known whether or not the Philips' curves include the effect of a
leakage calculation),
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In figure 28, in the low-frequency range, the efficiency drops off
rapidly due to the increasing significance of static conduction and shuttle
heat -transfer losses us the power level drops.

CONCLUDING REMARKS

As shown above, the Stirling engine performance model discussed
herein tracks engine cyclical performance. Testing of the ground -power -
unit engine now under way at NASA Lewis will provide the basic engine
performance data necessary for a quantitative evaluation of the modeling
process for mechanically linked engines. The data resulting from these
tests and comparisons of the model predictions with the data are subjects
for future reports,

There is little information in the literature applicable to the periodic-
flow processes occurring in Stirling engines. An expanded base on both
periodic -flow and steady -flow heat-transfer and pressure-drop data for
Stirling engine heat -exchanger companents is needed to improve the level
of confidence in predicting engine heat -transfer and pressure-drop
characteristics.

It is expected that better definition of the actual engine dead volumes,
modifications to the presently incorporated heat-transfer and pressure-
drop correlations, and, perhaps, tightening of some of the simplifying
assumptions may be required before the model predicts real-engine per-
formance with a high degree of quantitative accuracy. However, the
model's qualitative ability to predict variations in the state of the working
gas over a cycle and to predict performance trends has already been use-
ful in helping to understand operation of the engine, to plan the experi-
mental program, and to study sensitivity to various engine and working-
gas parameters,
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APPENDIX A

DERIVATION OF GAS TEMPERATURE DIFFERENTIAL EQUATION

The basic gas-volume equations are used in the derivation. For con-
venience they are listed again here:

_mc'r) hA(T,, - T) + Cp(wT; - w,T,) - P:tv (M
%ﬂvi-wo @)
PV = MRT &)

Expanding the first term of equation (1) gives

MC, T+ T T < hA(T,, - T) + C Ty - w,T) -P Y (AD)
vat at at

Differentiating equation (3) gives

MRIT g M _pdV, ydP (A2)
at at  at  at

Letting R = Cp - Cv in the first and second terms of equation (A2) and
solving for

yields
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c,r™M.mc -cpE +c'rdM v_yee (A3)
dt P a P oat dt dt

Substituting the right side of equation (A3) for the second term of equa-
tion (Al) yields

M%_uu(c 9() +c'r‘iM gv‘“’

= BA(T, - T) + CywT, - w,T,) - P &(
or

mc_ 9T . ¢ T‘L-M-v‘!l’_hA('r - T) + Cy(WT, - WoT,) (Ad)
Pat P at dt

Using equation (2) to substitute for dM/dt in equation (A4) gives
MC, I - hA(T, -T) + C plWTy - WoT) - C T(w, - wo) + V42
P gt i1 i dt
or

dT _ dp

which is the equation used in the model to solve for gas temperature.
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APPENDIX B

INTEGRATION OF DECOUPLED TEMPERATURE EQUATIONS

The equation
aT =V 4P (5a)
dt due to Mcp dt
change in
pressure

can be integrated in closed form by solving the equation of state for V/M
and substituting in equation (5a).

PV=MRT » ¥ = RT
M P
Substituting
dT . RT dP
¢t PC,adt
c. -C
gaigzugaug
T CpP (‘p P y P
teat t+at
“.InT Xzlmp

ptot (ptmt)""”/"
o ot
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t+At (y-1)/y
Tt#-At‘Tt P
Pt

w(l, -T)-w (T, -T)
N A 0'"0 (5b)

a1
dt

due to M
mixing

By using numerical integratiin let

pteat | gt (AT 4,
at

tmt( rtrat t) t+At( t+At t)
w -T )-w T -T
,_.rt i i o 0o At
X (wgmt :mt).rt t+A.r:+At ) wt;AtTtmt
=T + At + At
Mt+At Mt+At
Since
t+Al
v MO M e Bt (St Gteat)g | test gt
Ak
have
teatpteat _ tea .t+At)
pt+at )( QVI N) ( Ty Yo t'10 At
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satptiat w:)mt.rgm) At

Mt s {wh
. +\w
o qteat | *\Mi

Mt+At
dT =._h_ﬁ..('rw-'r),_§.?__=..‘l‘;‘.dt (5¢
at due to Mcp Tw -T MCp

heat transfer

Assume T' i{s constant over the time increment for the purpese of inte-
grating the left side with respect to time, This is a reasonable assump-
tion since T' changes much more slowly than T due tc the relatively
large heat capreity of the metal. R was a's0 assumed that h and M
were constant over the time incremeit to alluw integration of the right

side of the equation,

teat X -\ MCp)At
‘.(’l‘w-‘l‘) =(Tw-T\e

-(hA MCD)M
. t+at t :
. T =Ty - Ty -TY e
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or

-M/MCP)M

ptvat _ ot ('1" -Tt)(l -e )

.

This equation says that, as the time increment is made layger, the gas
temperature approaches the wall temperature asymptotically. Thus us-
ing large time increments cannot ¢ ause instabilities because of excessi:
change in gas temperature.
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APPENDIX C

HEAT -TRANSFER-COEFFICIENT EQUATIONS

HEATER AND COOLER

The heat -transfer equation used in the heater and cooler is

by -%().oown -D-'-i‘- +15) 1

tAcs, I

which was derived by linearizging

0.4

0.8 /C

hD  _ o.023 ( Dw \"" (.2.‘.‘) (Ca)
k uAc’ k

Nuaselt Reynolds Prandtl

number number number
where
h heat -transfer coefficient
D hydraulic diameter
k thermal conductivity
w flow rate
u viscosity
Acs cross-setional flow area
C specific heat

P
This eouation is reportedly valid (ref. 14) for turbuvlent flow of gases when

0.7 < Prandtl number < 120, 10 000 - Reynolds number < 120 000, and
AT is moderate, The Prandtl number was essentially constant over the
temperature range of interest at 0. 63 to 0. 69, With the assumption that
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¢
C .
({l‘)) « (0.688)%: ¢ = 0. 861

equation (C2) reduces to

.8
hD , o.0198 [ D¥. (C3)
k uAcs

Heater and cooler Reynolds numbers were calculated in the model range
from 0 to 25 000 but are mostly above 10 000. When equation (C3) was
linearized, the result was

hD _ 4, 001871 | -2¥ >+ 15 (C4)
k HAcg

which is equivalent to equation (C1). Plots of equations (C3) to (C4) are
compared in figure 29,

REGENERATOR

In reference 15, heat-transfer data for a 79 \ 79-wire,‘'cm (200 \ 200-
wire/in,), 0.051-em- (0, 002 -in, -) diameter wire screen are given, T..~
data were extrapolated to 400 layers with the result shown as a solid curve

in figure 132.
A linear approximation to this curve

'L_"=o.06071( D">+3.7 (C5)

HAg

is also shown in figure 30. This equation was used to calculate heat -
transfer coefficients in the regenerator,
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EXPANSION SPACE

This analysis assumes perfect insulation between the combustion gas
and the expansion-space wall, Heat transfer between nmetal and gas is a

combination of radiation and convection, For radiation

Q.or (x4 -14)

and
Q
hrad * =
T =T
where
o Boltzmann constant
F omiasivity times view factor
Tv wall temperature
T gas temperature
Q rate of heat flow
A heat -transfer area

hrad radiation heat -transafer coefficient

The overall F is assumed to be 0,7,
The convection heat -transfer coefficient is

0.8.00.4 k
heony = 0. 023 (Re)™" “(Pr) ' " = Re > 10 000

(C6)

(Ca)



Q

0.0
Moony = 0. 028 Re)- & pr)0- 4 1-:{\ [1 +(%.) 1 2100 < Re = 10 000

where L is the maximum distance from the cylinder head to the displacer,

and

h = 1, 86 (Graetz number)o‘ 3™ k Graetz number > 10; Re < 2100
(C'Tv)

conv

or
Mooy * 5-0 Bwr-t3.OR  Graetz number < 10; Re <2100 (C%c)

where Graetz number = Re x Pr X Dh/‘l... The value in equation (C7c) is an
assumed cutoff point (cloae to the natural convection coefficient). For the
combined heat-transfer coefficient the values obtained from equations (C6)
and (C7) are added.

The volume of the insulated part of the heater tubes adjacent to the
expansion space is lumped with the expansion space, (It is treated as an
exp-ansion-space clearance volume, ) However, the heat -transfer rates
between the ingsulated tubes and the gas are calculated separately before
they are combined with the rate for the expansion space. The same equa-
tions, (C6) and (C7), are used, but in this case the convection strongly
dominates the combined value,

COMPRESSION SPACE

Since the radiation effect is small in the compresgion space, only
convection heat transfer is considervd. Equation (C7) is used for the
calculation. It is assumed that the wall temperature is known, Without
detailed analysis or test data to identify this wall temperature, it seems
reasonable to assume that it is about equal to the average compresston-
space pas temperature over the cycle, The net result is that very little
heat transfer takes place in the compression space and the compression-
space process is essentially adiabatic.
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APPENDIX D

MOMENTUM EQUATION

A general form of the conservation-of-momentum equation for one-
dimensional flow is

) e { 2 oP
2w o+ v + L . &, (1)
ot ev ax(p 2thv 2 4
Rate of Rate of Rate of Rate of

accumulatior momentumm momentum momentum
of momentum gain by gain by gain by

per unit volume convection viscous pressure force
per unit transport  per unit
volume per unit volume
volume

Expanding the first and second terms of equation (D1) yields

p¥°!+v§-2+vm-)+pva—v~+—f—pvz+-a—l,=0 (D2)
ot ot ox ox 2Dy oX

By the contimuity equation
P, 2 (W) =0
et ox

and second and third terms of equation (D2) can be eliminated to yield

p?1+pva—v+-!——pv2+?-g= (D3)

at ox 2Dh ox
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The first term in equation (D3) is neglected in the model. Neglecting
this term and multiply the resulting equation by 5x/p yields

vav+Lv28x+?—P-= (D4)
P

Note that at zero flow and second and third terms of equation (D3) are
zero, so that it reduces to

in which case the time derivative term is responsible for any pressure
drop. The significance of this time derivative term could be investi-

gated by the use of a comprehensive model such as that of Urieli
(vef, 7).
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APPENDKX E

PROGRAM LISTING AND DEFINITION OF VARIABLES

This appendix includes

(1) A listing of the computer program with the short form of the
printed output for a sample run, (The Calcomp plotting subroutines
are not included in the listing. )

(@) Definitions of the variables that are read into the main pro-
gram using a NAMELIST format

(3) Definitions of the variables shown in the printed output
Other key variables used in the program are defined with comment
statements that are used throughout the program.

The program consists of a main program and four subroutines,
It is programmed in FORTRAN V and has been run on a UNIVAC 1110,
All input data are either contained within the program or are read into
the main program via the 20 NAMELIST parameters. Values of the
NAMELIST parameters used in the sample run were printed out and
are shown as part of the output.



a ORIGINAL PAGE I8

OF POOR QUALITY
LISTING OF COMPUTER PROGRAM

Main Program

C NAIN PROBRAN
C JOES INIVIALIZATION. UPDATES PISTON POSIVIONS~--EXPANSION, CONPRESSION
€ AND BUFFER SPACE VOLUNES. INTEGRATES PODELTAIV) VO DETERMINE HORN.
C DETVERXNINES MHEN CVCLES IS COWPLETE,.
DINENSION RU2),VIL13) ,REYNOILI)Y, QRISI, THANLL 2Y
DINENSION TGL120,TEALL3), TNLIS) THAVGLLS) ,DTINILS)
CONMON DTITHELFI12),u8L130,0ELPI13) P ,PEPC
COWNON #CVC/ QEXP,ONEATR,QREGEN,QCOOLR,OCONP JENFRTH ENFHTR,
LENFCIRNLENFRYC URRP MRREXP,
2URRCMD JUARLER JURRLCN L URRLP JURRH SUNNUNESZ) JSUMNDENEL S ,ENTN,
SHDISP L UPIST WTPIST QENPN,QERPP LQNEATN QNEATP,
SOCO0LN,QCO0LP QCONPN,QCONP P ,QREGN ¢ OREGP WD ISPP JMDISPN L WPISTP,
SUPISIN,QCNDRI (QCNDRO,QCNDCL,OCNDD 4 GCNOCN, QSHTL ,TGEXPA,TECHPA
CORNON 7DELTYAPZAD AP, Wwati3)
COMMON  /ZTAVCYCZ2IGCYTE12), T6ACYCI13),TNCYVCIL3)
COMMON/CTIVT/NCURVLISET) (ISET2,15€73
COMNON /7UNDEX/JIPNOCYC
NARELISTY ZSTRULNG/PREALGSFIPCYC,IPRINT JTINPS,COEFF T3,P3,0NEGA,
SFACTY JFACT2,NOCYC NSTRY JNOEND JMUGAS TG, TOALTH,RHCFAL,, JIP
DATA AD o AP , AR , APISTR 7/
|} 0e0,6.0,0031,3460/
DATA RCRANK LE JRODL \V3ICL DIAND,DIAMP ,DIAMDR,OLANPRY
13¢503,0002,1¢81,420.80,2475,2.75,0.375,0.875/
DATA V2200020105908 ,.933,50).020,300,202,0.3/
10 CONTENUE
C READ 39 INIVIAL PRESSURES, TEMPERATURES AND OTHMER PARAMETERS WHICH
C OEFINE THE NATURE OF THE RUN VYO BE MADE
READ (5,STRLYG,L,ENDSLIIIY
DTINEZ1./7tONEGARFTIPCYC)
dRITE (6,STRLNG?
[S INITIALIZATION
FRULTZY,
1IER2)
TINEZD.0
PSI=0.0
P$10€6:0,0
SAVET=D.)
tPLOTZO
2RSUM=Q.0
NOIVTPCOD
00 31 121,13
1FI1.€Q.13) GO 10 12
TGCVCIINIZTGEY)
12 TGACYCELTIICZTGAID)Y
11 THCYCHIRCTMCL)
CPCVC21/71OMEGASDTINE )
C ReCPyCY IN UNTTS OF IN-LBF/ LBON-DEG. R
GANMAZ). 390
R20}197.
CP=32%S7,
Cvz23360.
82.J2%58
I7 1R¥CAS . NE.0) O YD 18
Z.0D1613



SANRAT L (B0Y
TINR 32,
(442581118
471111 1%

1S CoNvINuE
terirRiat
TPRNT2ZIPRINTS2S
ADRTAD-NC
APRIAP-AP ISR
RANINERONT LARODL ~RERANR YOO 2-( 0 Q)
RODYNAZIQRTLNODLOO2- L -RCRANNISOD)
RODYNNISARY IRQDLON2 L RCRANR I OOD)Y
STROUVED LS LRDDYNR -RODYANY
REDVIRODYNR
LLTRRLIT 100
RN -RODYRL
VAR MEADSANALY-RINTIND . 908
VAL I TL L SADRGIRODYNI ~RODV 100,388
VIZAPROL-NIZN -NERTNIGYICL
vistanzy}
youRtzd)

00 33 1:=1,1)

30 VYOURTCVOVAVOUIEN/Z4VRALT VOB WPORTALENY
WITPIGUISV A7 (RGATIeQPIGREALBYNY
ALPHAZHIOR/ZVOVRY
S163ZALPHAZ (P eALPNAY
wiwissted
[ 4 14
[ 141
00 30 11x),1)

SO WBLINZPONLLI/Z LROLTBALYIODOPOREALSS))
1SVARYZY
13

100 Continmug
IF 4 JLV. J5VART) 80 YO 1IN0
129 1F (100,00 60 YO INO
IF QUL tNOZYC-10) SRLIYD (8,130
130 PORRAY €2 YINE [111% % M Uy LIRS I TS AN A PRSI PR

1%, Sh,* P " RN PROUT S IR PFIAD IR, F L9 )
TF CuelQotNOCYC-100 WRIVE 4,180
1V PORNAY (* W [ 1 118 4 Rrl RC2 "ed [ 14) 1% %
| 2 L1 1Y Re? REe 14 f€10 fEn R
tAd I 0% BRG]
IF L0000 CYC) WRIVE (8, 3N
13Y FORMCY @Y VIWE AvGLT FA Fe [ ] (&} Fy*
| (4] (3] ra (4 ] f10 Fil Yy

SESINNING OF LOO®
VO TVEREITYERCY

TFEJeBELANOCYC-00) IPRINTCIPRNY?

U7 CRTINMESAVET QY ,.%,0) 060 10 2O

T

vioWL 0.0

00 182 TuRZL,1Y
182 vYONLVT0YL eI U

TF LJIPLEY.00 80 YO I TD

1F (1P (LY. IPRINY) 80 F8 1o

T 1w sttt ISVAREY 80 YO 17O

TF Aol YoatuOCYC=100 UATYLD 10,1000 VINE PRIDCB, X 10003,1809),

“‘.“‘."..“‘0’( .PC.'!IN."O\H .' |.’.' Q“
LO0 FORNAY CARGFT Qo PRl 2F00 el R olFR 2 FB D oFoediiN, 0F0,.2,200,%)

1F LU EQtNBCYC=100 WRLTE 16,1020 VIARE,PLI0CS.REVYND
102 FORMAY QAXFP 0,8 12000, 00

16 (I EQ.NOCYCH URTITYE 16,1630 VINC,PLTI0EG,F
143 FORNAY QAN FP. 8, 78.14012F0.%)

[F LLTRPY.EQ.L) MRIVE (040000 TG, YRA TR
B0 PORWMAY 1% 183% AR A2F0.D/7,° TRATYL13F8.0/ % TRz, 13¢F0,02)



ORIGINAL PAGE I8
OF POOR QUALITY

170 1P20
180 VINEZDTINEOFLOATLITER)
CFCIYERLEQLIFIRELIZDVINED AND. JoLTe6) 80 YO 700
C CALL HEAT EXCHANGER SUBROUTINE YO UPDATE GAS LUNP RASSES, FLOW RATES,
C TENPERATURES, PRESSURE * RESENERATOR NETAL TEWNPERATURES,
CALL MEATR (VIRELIG YQA TR REYNOLOR X ,RODY ,J 0L ARD X ININ,
LR0DYAR VST 4 oNUSAS ARNCFAC,REALBSCONDID,NOCYC)
PRYUATPRSUNGPD
NOLTPLZNOLIIPC o)
C UPDATE CaPANSION AND CORPRESSION SPACC PRESSURES. 1LBF/1N2)
PEOLD:PE
PLOLDEPC
POLOZP
IF CJeL T INOCYC+32) 80 Y0 24)
PRINZIOTLPASIDELPIONICOS20ELPETIIOFAUL Y od
PROUVTIZP=(0.SO0ELPITICDELPLBICDELPLONIOFRLY
PESIOELPE2VDELPISICOELPIR N IGIRULTOPR]IN
PCIPROUT-IDELPUIDICDELP AL L ICDILPLIZNIORNULTY
80 10 208
200 PE=P
[ 1444
PRIN:P
PROVIZP
209 CONVINULE
AEZ(PEPEOLDY /2,
ACZLPCoPCOLDN /2.
AzZtPePOLDY/2,
DELPREZPRIN-PROVT
DELPHNTSPE-PRIN
DELPCL=PROVUT-PC
C CALCULATE INTTRNAL ENEQGY OF WORKING SPACE GAS. (FT-LBF)
UTITALZD.0
00 230 121,13
S0 UTOTALCUGIIDIOCVOTGALIINZ212.2UT0TAL
260 CONYINUE
C SUFFER SPACE DLETO FLOMFLOTOD ALDN/SECY
IF ({PC-P3) .6C. 0o 60 10 200
SIBIP==COCFFOIP3I-PCYIGN S/
$0 Y0 260
270 SISIP=COLFFO(PC-PIIce .S/
200 CONYINUE
FLOY0B33163PeN
IF (FLOVYODGE.0) ENTHNDSCPOTBACLLIINIOFLOTOBODTYINE/L2,
TF AFLOVORLT .0) ENTHUBICPOIIOFLOTOBODYINREZL 2,
ENTHIENTHOENT HUD
$163:S163e8163PeDTINE
JGLLIIZVEIL3D)~FLOTORODTINRE
IF (FLOYOD.LY 0400 TBALLIIIZTEALLII-FLOTVOBODTINES
AEYS-TGARYSNIZNGILSY
$20 P3OLO=PS
PITIZEVIZIRICISLER I -GoNRLALGY)
ASIP3OLOCPINZ2.
C UPDATE CRANR ANGLE, PSIIRADIANS), PSIOCGIDEBREES)
PSIOLDZPSI
PSI:PSIOINEGACDYINE®H,.28318
IF 1PSTe6Eeb.203)18) PSIPSI~0.20318
PSIDEG:PS10300,/6.20318
C UPDATE PISTON POSIVIONS (1N
RODY:SQRIIROOLO02-1E~RCRANKOCOSIPSL V) 0e2)
RI0LDSXR¢D)
X20.0=x4 0
ROETISRCRANROS INIPST I *RODY
KCQISRCRANROS INIPST N -ROOY
C UPDATE EXPANSION, CONPRESSION, AND BUFFER SPACE VOLURES. (IND)
vi0LDzve L)
visoL0zvIL Y)Y



NALIZADOANILI-NININDCD.068
VU131 22,0A0RSIRODYNX~RODY ) D, 383
VIZTAPROL=RIV-RININIOVICL
C CALCULATE VORR (FT-LBF)-=CRPANSION SPACE WORR ,URKERP; CONPRESSION
C SPACE WORWM ,MRNCHP; TOTAL MORR, WARNK} DISPLACER MORR,NDISP: POUER PISTON
C JORM,LUPISY: PRESSURE OROP NORK LOSS IN EXPANSION AND CONPRESSION
C SPACTS, wonLEXx AND whxLCwW
WRRPZURRP AT (NI SI-VIIOLD /)2,
DuERPZALOIVELI=VIOLDN/) 2.
MRRENPZNRKE RP SDUERP
3 (DMEXPBY.0.0) wEXPPIUENPPODUE P
1F (DNEXP.LY.D.D) NEXPHINEXNPNODNERP
OuCHP ZACOEIVIL3D=-VI30L0M2) 2,
MRKTNF _NRNCNP eDUCRP
IF (DNCNP 6V .0.0) WCNPPTUC NPPIDNCNP
IF (ONCRP.LT.0.0) MCNPNZUCRPNBULHP
MRRLENSURRLEX *LA-ALNQIV LRI -VIOLDIV L2,
URELCANZURRLCROTA-AC IOV LI I-VISALON 22,
NRRLPZURALP ¢ LA-ACIOLV LI DI=-VIIOLDI /222,
WRCHZURRHO AL O LWL =V I0LD Y *ALSLVIL Z-VISOLDI /12,
DUDISPIALSAD-ACOADRIGINEL I=R1OLDI )2,
dDISPIUDISP DD
IF 10WDISP8Y D00 WDISPPZNOISPPOBND]ISP
IF (OUDTISP LY L8420 WOLISPNZVOLISPRIDUDISP
DuPIST=ACSADROIXL20-R20LD) 212,
WPLIST2uPISToDUPILY
1F (DVPISY 6T 0.0) NPISTPIUPLISTIPDUPLSY
IF (OMPIST LT VDI WPISTNZWPISTINSDUPIST
MYPISTZUTPIST ACHADROLIX 2D ~R20LDY 222,
D0 533 121,13
1Fe2 Q.13 GO 10 831
TGEYCELINISTEEYC LNt
$33 YEACYCRTIITGACYCLRd eV BACEY
$30 TRCYCLIICTIRCYC LTI OTLID
IF (PST0LO0.GT.3,.10189 AND. PST.LTL3.00189 y 60 Y0 650
60 YO 180
¢ END OF LOOP
650 CoNTINGL
€ CALCULATE AVERASE GAS TEMPERATURES OvER THE CvCLE FOR TACH CONTROL VOLUNC
00 $33 121,13
IFCI.EQ.13) GO YO $38
TOCYCLIZIGEYCLIZCPLNE
S34 TEALYCLTIISTRBALCYCLINZLPEYC
$33 INCYCHLIIZTNCYL IV IED VY
TGEXPASTBALYC LD
TeCnpazYgACYC I )
DO 667 YIZ1,.6
JJUzlles
THAREILNZ0.0
867 TNAXE JJIZSO0D.
IF CUIP.GToDAND L JNELINOCYC-10) 60 TO 608
IF CJLToUNOCYC-10) WRITE (6,42063) TINEPSIOLGIKoPP3,T6ACET,
LYGAELSN o PELPCPRINJPROUT WL,V LD
IF LJIP.EQ.O0 NRITE (06,0030 T6,188,TR
668 CoONTINUE
TFEULTLNSTRT  LO0Rs  JeGV.NOENDY 60 TO 617§
C CONVERBENCE SCNENE FOR RIGENURATOR NITAL TEMPERATURES.
D0 610 J1:8,9
$70 DIRCJIISFACTITSOTNCITIOF ACT ZOSUNNUNL JT ) 7SUNRDENLUID
THESIZTRESI =15, 0DTNES 100,00 THIDIC S, 0TRITIO2,6DTRIBICDTINININZS,
THEBIZTNEOI =10, 00TNES 1B, 8DTINILICLC0THITION ,0DTHIBIC2,80THEN) I/,
TRETIZTHETI =L ODTRIBICZ, 00TRIDICI L GOTHETIOZ,0DTHIBIODTINLION
TRERISTALAI =12, 0DTHIS)I R, CDTRIBICE . COTHITIAG ,oDTNIB) e ,DTRIDII/Y,
THLOIZTRLIOI=(OTNISIe2,00TNLOI* I DTN TR SDTNIBIeS,0DTRIONIN/S,
60 10 7%
878 CONTINUE
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ORIGINAL PAGE 18
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DO 673 131,9%

573 IRIIIZ0LD

AVBUSPzPISUN/FLOATEINOLIVPCH

CALL CYCL C(YINE UTOTAL,STRONV,AVGNSP)
00 532 1:1.13

IfF 11.804130 60 10 539

16CYCHIV=0.0

535 TGACYCLINZ0.0
$32 TNCYCIL12).0

PRSUNZO0LD

toLTPe:)

JsJel

TFUJNELENOCYC~1)) 6O YO 080
1PLOYZ0

1YERZ0

SAVEVITINE

TIngsh,.

$80 I *JeLELNOCYCY 60 YO 125
130 CoNTINUE

§6 710
1300 CCuTINUE

sioe

END

Subroutine HEATEX

C THIS SUBROUTINE CALCULATES MNEATY TRANSFER AND UPDATES TEWNPERATURES aND
C PRESSURE

e N a K KaKal

SUBROUTINE NEATX (TINE,TH4TEAo TRA,REYNOD QR4 X RODY s JCYCLE ,DIAND,
IXININQRODYHXoV,SEGS b ¢NUGAS RNCFAC \REALGS,CONDLIOWNOCYC)
CONMON OTINEFLI2DuGLLSDDELPLLYN (P ,PELPC
CONMON 2CVC/7 QEXP,ONEATR,QREGENyQCOOLR,QCOMP,ENFRTYNJENFHTIR,
LENFCTIR,ENFRTC \uRKP NRREXP,
ZURNCAP  MRRLER G WRRLENM  URKLP JURRNGSUNNUNEIS) SUNDENT IS ) ,ENTN,
JNDISP L UPLIST  WTIPISTLQERPN,QEXPP ONEATN QNEAT. ,
4ACO00LN,QCOOLP {QCOMPN,QCONPP,QREGN ,AREGP JNDISPP UDISPN WPISTP,
SUPISTIN,QCNOR]IQCNORO,QCNDCL,QCNDO ¢ QCNDCNy QSHTL o TGEXPALTECMPA
CONMON ZDELTAP/AD, AP, HALLS)
DINENSION COEFX¢a0),DPXIGODD
DINENSION TGALLS), THALL3) ,TGAOELS),THADILDY, X(2)
DINENSION CPRLL YY), QUESI,TRIREL3),T6802),0NM123).ACS8 1)),
JANTOL3) oCONDEL3N,VISLIIN REVNOILSY, QRIS)
DINENSION VII3) MGOLOOIDI XL EI3) ,FAVEELIZD,ONSTYILI)FRICTILZ)
DAYA DN/ZL.037,300.2100,5%00.,003800,3¢2.003943.087/,
1 ACS73.2504300.05501,:590,4380,300.05120,3.250/,
1 AHTZ3.34288.72%,. 092245982456 ,302,.208,0.07,
]
]

CPN/8030.0,50.011, 4010.0/7,
XL/0e0,2¢3.0042.098,5¢0.178,300.!87,0.0/,
1 10EX/1/

INIIIINYDORAULIC DIAMEVER,INo; ACSUIIZFLONM AREA, INZ27 AHVIMEAT TRANSFER,IN2:
CPRLLIZHETAL MEAY CAPACITY, BTU/LDN-DEG,R; XLITIZLENGYNS FOR CALC 'LATING
PRESSURE DROP,IN

CPyCV ARE IN BTU/LBN-DEG.R:GAS CONSTANT, R, IS

IN IN=(BF/7ILBN-DLS R}

8:,023%0
CPz3.080
GAYMAZ] . 3%
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:9497,
IF C(HRGAS.NE.Q) GO 10 S
82.01613
CPs).239
0632,
GANMASE LEHT
$ CONTINUE
CVzCP/GANNA
00 13 1=1,13
IF IMNGAS.EQ.4) GO T0 &
C CONDUCTIVITY, CONDIT) NAS UNITS BTU/ZIN-SEC-DEG.R
C VISCOSITY,VISEI) HAS UNITS LBM/IN-SEC
CONDIIIZ2,4B1E-90TLAI]D ] 263E-6
VIStIIZR.603E~-100TGALTIN*2.619€E~7
60 10 @
6 COMDIIIZ)D62E~90TGA(LID ) 115E-6
VISUIISL.050E~-90T6A1])85,9197 -7
8 THAOLINZTNAL]D)
30 YGA04I)ZTGACT)
POLD=P
C CALCULATE PRESSURELBFZIN2
SUmNTz), )
SUnNV=0.0
DO 18 121,13
SUNNTZSUNUT«NGITIOTGAL])

18 SUNVZSUNVevt]D)
PZROSUNNT/(SUNV~-DOROyS(1,~SIG3)SREALGS)
FGAMMAZIP/POLD)ISS(IGAMMNA=] . )/GANNA)

D0 23 Jz1,13
TGAD(JI=TGADLJIOFGANMA
20 TMINEUISTGAOLS)
C CALCULATE MASSES, wGEI), IN EACN GAS LUMP, ,LBNW

Su%il.D
D0 200 1:=1,13

200 SUMSSUNCPOVIIIZIRSITHIX(]ID o8P WALGS)H)
00 220 11,13

220 MGOLOCTICNGIT)Y
00 290 11,13

280 JGUIIZUOL 2. ~STE3IPRVIT I/ LROSUNGITHMIX LTI BOPOREALGS))
IF (MDEX.EQ.,2) GO TO 243 f
DO 242 1:1,13

282 NGOLDITIZNGLL)Y .

CALCULATE FLOW RATES, F(I) BNM/SEC, BETUEEN GAS Lu“’i!

2683 WpEXz2
FOLIZIMNGOLOCLII~NGILY)/DTINE
30 300 132,12

300 FUZIZINGOLOUED~WGLI)/DTINEFI]~-))
00 2% 11,12
LFIFII) el To0e) GO 7D 22
T6411=TGAO(])
IFC1.6T00 oANDe IeLT74109 TGEIISTGAOCITII~ITMALS)-THAIO))/: ¢+
IFCIIODTINESITMAISI-THALO) I /8. 70G0LDIL]Y
GO 10 2%

~2 Y6U1)=TEADIL )2

TFUTo6Te3 oANDs 1olTo9) THUXICTGAQETI*DO(THMAIS)I-TNAID))/B,*
YFATIGDTINECITNAIS)I-THALD) ) 78./7MGOLDIL ¢ 1)
24 CONTINUE
C CALCULATE AVERAGE FLOM RATES FO? CACH GAS LUNP,
FAVGIL1IZFLL)
Do 30 I1=2,12
30 FAVGIIIZUFULI-1)¢F(1))/2,
FAVGILI3)IZFI13)
C REVISE GAS TENPERATURES TO ACCOUNT FOR MIYING.
IF GFU10eLT 00 TMINELIISC(NGOLDILIOTHINILI=FLL1DODTINES
176¢3)) 706140
00 100 122,12
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OF POOR QUALITY]

TAIXAIITAREOLOCLIOTNINETICIFLTI-1)TGLT-1)-FL]DOTGILNNe
JOVINENZUSLDD

IF (FL120.37.0.00 THINEISIZINEGOLDILISIGOININILINOFLI2Ve
1DVINESTGI12))/46113)

CoNYINUE

CALCULATE QEVNOLOS NO So REVNOCID: WEAY TRANSFER AREAS, AMTILY;

L1
wat

T TRANSFER COCFFICIENTS, HALI) BEVUEEN GAS ¢ RETAL LunPs,
1) WAS YNITS BYU/SEC-DES.R
REVNOCII=DNILIGABSIFIRIIZIVISILNIGACSIINNC,IIII
ARTLLIZ3. 1000600 TAN0SEXIRD-XININDOLGLD
AL DZCONDELD/ZDNERNOLL . BT1E-30DHITICARSIFILID/ZEVISLY DS
* 10D elS.heaNTLD)

TO W : EXPANSION SPACE PROCESS ADIABATIC SEV A 1 =0.0

wati: JJ)

QUENCHING IN EXP. SPACE~-RADIATION .70 EFFECTIVEL--HCONV=S/3600/7146 N]

.2
.3

acc
(AD
SPA

121

RLEMISXALI=RININC . D)

KLERZIZVEIIZDZAP+.O)

FOAZD?

IFCABSEITNIXARI-THALLDD.LEL1.D) 5O TO &2
IRAD=0.1730F0ASILITRINCLII/Z100. V008 -1 THALLED /7100, 0008)
NRADZQRAD/ETNINILI-THALLDD 730D 7000,

60 70 &3

HRADSD.D

CoONTINUE

PRzCPeVISII J/7CONDIIY

ACONV=0.023¢ REVNOEI1)000,80PRE00.88CONDIII/DNL]D
TFIREVNOCTID6122100.0.ANDREYNDLIILLT 100000 HCONVZNCONVO (1.0 DNT
I PR YAINRERILI 9]

GRAETZ-QEVYNOLLIIOPRODHET IIRLLEDD
IFIREYNOCTILEL2)1D3.)AND.GRACTZ.6T0100e) HCONVZL.060GRAETZS0].33]3e
1CONDITIS/ZONO T

TFAREYNOCIIGLEC21D) oD ANDGRAETZLE1D0.) NCONVZS5.D7362).7104,
EFI1.EQ.13) GO TO0 &
OUNT FOR MEAT TRANSFER TO INSULATED PORTION OF MEATER TUBES
JACENT TO EXPANSION SPACED ALONG WITH HEAT TRANSFER V0 ExPAnNSION
CE wALL

i1z3.32)

REYNOLZONIZIGABSEFELDD/8,0/71VISI100ACSI2))+.000)
ANTLIZIN,95500L)

MCINVIZ0.0230REYNOLP200.80PReT.NOCONDINI/DNE2)Y
NALZCRRADSNCONVIDOANT]

MACIDZINRADONCONVIGANTEIL D *HA)

00 a) 1:2,12
REVYNOCIIZONTIIGABSIFRI=10oF I3 D) /2./708.71VISITISACSITINI 0001
IF (L lVeS.0RL1.67,.9) HALIIZCONDEIIDI/ZDNITNOI).872E 30
IONITICABSEIFLT=TDeF 1103 /72. 078/
QUIVISLIIGACSUITINIO1S.IGANT(I] Veh.

IF 11.6€05.ANDLTI.LE.DD) HACTIIZCONDIEI/ZDNEILD)O(D.060T7)0
JONCTIIGABSEIFLTI-10eF L1072, 07847
2EVISIIVOACSEINDo3. TIGANTL] YoB,

40 ConTiNuE

HALNDZDGD

DO 81 155,9

HALTDISRUHCFACONALT)
REVNOEISIZDNELIZIGABSIFEI20I/AVISILIIIOACSLISI D001
ANTUL3)206.28320DIANDOCRODY X -RO0Y ) 5.5
HACL3IZCONDELIN/DNEL3IL).BTLE-30DHIL3ICABSLFIL12)0)/
1GVISCI3IeACSIL3NIe1S. 10ANTIIYY

C 10 MAKE COMPRESSION SPACE PROCESS ADIABATIC SEY MA 13 =3.0

c

(1]

watlsIz 0.2

1=13

IFIf«€0.13) 6O Y0 &2
HALL S)SHCONVEANTL]S)



CRLCOLAYE RATES OF NEAY TRANSFER RETWCEN GAS AND METAL AND REVISE
3AS YENPERAVURES V0 ACCOUNT FOR WEAY TRANSFER 10 OR FRO® WItAL,
00 120 N2),1)
HANCZ-DVINESHAINS 2LuBINIOCP)
FCIR:Z ). ~LRPINANC)Y
DYIGAZLTNAGINI-TNIRINIDNGFCYR
NI -DI1GANB ININCP/OTINE
WFCTIRZFCIRONB AN
WOVYGADVGAGNGIN)
SUNNURIND SSURNUNIND ¢uDTEA
SUSDENINYZSUNDENINDIcuFC TR
120 VYRAINDZINERINDeDIGA
EF SJCYCLE LT UNOCYC-50) GO 3O o6
CALCULATE OENSITY FRICTION FACTORS, AND DEILTA PRESSUNRES
FOR CACNH Lune,
00 130 11,13
A30 ONSINCTNCPZANOITGALT ) eBOPORTALESY)
00 180 122,12
IF AREVYNOIIN LV L2180 AND el VoS0 T, 6T7.90 FRICTIZIZNOL/RTYNOMDY
IF AREYNOLE I GE1%00ccNDo el TS 0R1.GT.9) FRICYLINZN. 0N/
19EYNOL 100002
18 0 aBEeSeAN0L oLl e®) FRICYUIINIZILOOOERNP(-0.0)90000VYNOILI 0,30
100 DELPLIIZFRICVAIIGFAVEETIIGABSIFAVRILIIONLIT N/
J032.20000200DNSTYLINCACSLT 100200, 000, )
PRESSURE CROP CALCULAVYIONS
00 181 121,00
180 DPRILDCGARNA
ACSERP=VLID /74003, 101002,7% /8.
ACSCON=YEI3IZAPO3 101002, 7%/0.
J:1
(FeFataLEL0.00 922
=0
FOLzFeN)
CI2FLND
FOuzFtm)
FIOFIN)
Fa2:F0ID
CALL XDELPIJLACSIRP, ACSI0 2D 0N BLI022,0ONSTVEI20,¥EIS1D20,F01
Ro2.COEFNLOLIDPNLIDLN I

CALL XOEL® (3 ACSID2V,ACSI020,040220RLIO2D ,0NSTVIN2Y,VISLO2),FOL
NeZoCOEFNIO2Y,OPRID2Y DY
CALL XOELP IR ACS1020,AC80020,0M0020,RL€02),0NSTVI03Y,VISAOMY,FO2
ReZ2oCOLFRIDNI, 0PN, 0

OPFRIC:0.0
RL2ALE2D
00 182 122,12
TR0 RLA2IZHL20) I
EFULLT.3.0R1.5T.9) NTYYPEZ)D
TPl oSANDTeLT ) NIYPIZ))
CALL WOULPIRTVYPE JACS IR ACSUIN ONTI) o XLETD)ONSTYITI VISt FAVGI]
Re2oCOEFRATO2IOPRETIO2V, 001021
e2rzme
JELPLIIZDPRLY e Y
OPFRIC-DPFRICDELPUIT)
102 CONVINUE

tFreFind 6Y.0.,0) GO VO &)
CALL ROELPE) ACSEO0)40022000,DOM100) RLI0ON) ,ONSTYLOND,V]S006),F00
Ro2,COTFNLASI,OPNELS),19)
80 10 82

ot Covtinue
Catt NOTLP 11, .02.00D,ACSI30),0N0100,000000,0NSY70Y0Y,VISEI0N,FOO
ReZoCOEFRITOI,OPYLIRY, 0D

82 CovTinuE



vy o1 DACYR ‘S

55

CALL XDELPIS,ACSE12032003300,000020oRLINZ)(ONSTVIIZI VISUL2Y,F 12
WeZ COTFRLITI OPNUNTILATY

322

TFEFEI2000E03.0) 951

CALL ADELPEJLACSUA2E,AESCON, DHULZD KLERZIONSTYALZD VISII2),FI2
. 2,C0EFRI18),0PX118),18)

DPSUNZ0.0

00 o3 131,17

OPSUNZDPSUNCDPXIT) INAL PAGE B

o3 CoNtinyE ORIG

DELPLLIZOPFRIC OF POOR QU

DELPLLIIZDPSUR

QELPIC21-0ELP IO )e0OPR (ORI OPXLO2Y
JELPLOSIZDELPLO3DDPRIOT)
CELPEDNI ZOELPION D o0PRILS)
DELPLIOIZOCLPILIONDPR LIS
DELPEI2IZOELP 2N DPRLLITICDPRILN)
VT8 COoNTINUE
C CALCULATE HEAYT CONDUCTION CCALL NEAT CONDUCTION SUBROULTINED
TF LNCONDNE3) CALL CNDCY CTMA,QCREG ,OCYL ,0CONDD,QCAN,QSHTTL,
IRTTYRY)
wConNd 33
88 COwVINUE
C REVEISE REGENMERATIR WNEVAL VEWPERAVURES.
00 PV J=8,9
STT TRALIICENALIN+QUYIODT INE 20 PR LY
C CONVERT OtJI®S TO FY-LDBF ¢ SUN UP FOR CACH CONPONENT.
Qtotr:g.0
AnzI.0
INEAT:EN,Q
ANt INz2.0
ONtTP20,.)
MEGE=0.0
AREP:0.0
ORENZ0.)
AC00L 0.0
QCOLP20.0
QCOLN=0e)
aCINz0.0
00 179 Uz,
QADDZQIISDTINES TV, S
EF ¢J 6000 QEXZQEX-0QADD
1F 6T e2.0M0JeLE V) QNEAYZONEATQADD
BF 00e60e2e8NDJoll o AND.QADDLT 000 ONETNZANETNSGADD
1F (0B e cANDILT oV AND . 0ADD 6340400 ONETP . INETPQADD
1F 1Je6EaS.0%DdelE9) OREGEZQREGE *QADO
1F tJ.6EeSuNDaJelEeS.AND.0ADD6T.3:20 QRGEPZQUGP 000D
IF (JeGle%alNDodelEe9.AND.QADD LT 0.2 QRGN-QPGNCADD
1F (1.GE10.,ANDJLE12) QCOOLZQCOOL *QADD
IF (JeGFeld oD ool Eo22.AND.QADDLTLI0) QCOLNZQCOLNQADD
IF (JeGlal0AND Ll 12.4N0.Q0800.6%.0.00 OCOLPZQLOLPe0ADD
1F tJ.EQ.13) QCOR=QCONeQADD
179 2101:2Q7074QA00
00 19% J=1,%
RS QREJIZQREJIOQEIICDTINE/CPMIN
JENPZQERPOQER
IF CQEX oLV.J.00 QEXPNZQENPNOOLX
IF 1QEX o67,0.,00 QERPP=QENPPQEN
QHEATRZQMNEATR eQNEAY
INEATNCONEATNOQHETN
QMEATP-QNEATP e QNE TP
QREGENCOATHIN *QREGE
QREGNZQRLGN QRGN
QREGP-QAREGP oQRBP
QCO00LR=0C00LR*0CO0L



C30LP2QCO0LPQLOLP
QCOOLNIQRCOOL N eOCOLN
QCONPQCONP QL ON
IF CQCON.6Y.0.00 QCONPPIQCONPReQCON
IF C0CONAL YY) QCONPRZACONPNeQLON
JCADRTZACNORTcGCRTS QVIngerrr. S
QCNDROIACHORO +QCRTS OVINEOTYIY,. Y
BCHOCLIOCNOCL *QC VL OO INEO Y IYLY
2CNDD 2QTNOD QL ONDOSDY INEO P P, )
QCVDCNZOTNDCN2QTANSDYINE ST Y, S
GSUTLIQINTTLOOTIREO TN, Je0 NI

330 ContnuE
ENFRINTUPRTN-ANINLLFIRIOCP I 00800 oDt
CNFNIREENTNIRCANARLIF LR IOC P, DIV TRINIODY NG
CNPCURSENFCIR-ANINL AP LODOCP, 00002009000V INL
CNFRICIENFRICOARARLAFLONOCP, I I0 080 200D NG
W TR
tnd

Subroutine CYCL

C THIS SUBROUTING T3 CALLED JUST ONCL PER CvCLE~-unth TNE CvCLt 1% ComPLENE,
C IY COLCULATES=-~NET NEAT TN AND OuY, NEU wORR PER CVCLE, INOICAVED POWIAS
C AND CFPICIENCY, CVC. wEAT AND wORR QUANTITIES ARE STORED FOR CALCULATION
C OF AVCRASES OVER & CVCLES. AT TER STONING, INTTGRAYEO NEAY AND wORa
C JUANTITILS ARE RESEY YO 26RO IN PREPAMAYICN FOR NlAY CVCLC.
SUBROUTINE CVCL CVIRE LUTOT AL, STRORY,AVCGULP)
DIetnsSION vARLI0GY,STORC DL, 000
COWMON DITNE, P el N340, DELP 0130 ,P, P, PC
DATA 2N, ,STORE,OLOTIN/ 0], % 0e],/
PIRY SN R A ¥4 1)
CONNOY 2CVC/7 QUUPLQuEATR,QREEEN,ICO0L R, QCONP (ENFRTH  ENFNTE,
LENFCIR ENFRYC ,uBnP wlNLXP,
JURACAP UARLER URRLC R, URAL P (RN SURNUNL] 3D JSURDENEL S I NTN,
YeOR4P uPTIS T ulPINT ,OCuPN,QURPP QUL ATy ONCAYP,
SRCIOLN L OCO0LP ,QCONPN,OCSKF P QREGNQRIGP  MOISPP  ND1SP R WPIN TP,
SUPTIINLQCNDR] (OCNDRO,OCNDCL ,QCNDD ,QCNDCN, QSNTL LTELRPA,TECHPA
CONMON  27VAvCYC/IBCYCCI2)  TQALYCIL I INCYCLL D)
COownoNn 7uNDENZJIP,NOCYC
faulvaLteCl tvali 0,00
JiJe}
dite}
JIPRIIIP|e}
TFAOLOVIN.BY IR OLDYINZD,
DELVEINZVINE -0 DY In
oLorINIInNg
QIN:-QURP-QNTATRQCNORT *ICNOCL *QCNOD*QCNOCNQINTL ~uaRL 172,
LN -Qf AP -QuEATY
QOUTZQCOOLRQCONP QL RDRO*GCNOCL *QCRDO * QCNDCN*QINTL
YRA TV WART NP euRRC AP
URAL Y ZuRALEReyRRLER
WEARARTUANTOY oL Y
[SARN A TIR L AN 31
CrrPiuanP/0lN
QUIFFLENFRIN/ZENFHIR
QEFr:INICIRZEINIQYC
PulNPIyuRANZ (83 .00CLTLINRY



PURRYSPURNP S, TAST
FREQS1.720EL 71N
ENIPHESTRORVOFREQOS] .
C SYORE VARIABLES FCR CaLCU' ATION OF QVERAGES OVER S CVCLES.
STOREIK,10=01N
STORECN , 2020007
STOREIN (3 URREXP
STIREIR LN ) SURRCNP
STOREIR (SIZURKTOT
STOREIR ,6)2EFFTOT
STOREIK 2 0=REFF)
STOREIN ,OI=REFF2
STORESN (9 I=QRESEN
STIRELIR 1)) =PURNP
STOREIN 11 0=FREQ
STIRELR, 120 zulNLY
STOREIN ASIENTH
STORE(K Q0P ZUTOTAL
STIREINR L 1S I=ENIPH
STORE(KR (360 =AVENSP
STOREIR LA 7DZUDISP
STOREIN 100 2UPLIST

STOREIN ,19)=UTPIST ORIGINAL PAGE IS

STOREIR (20D SURNLP R QU
STOREIR ,21920£ 4PN E‘K)
STOREIN, 22) Z0EXPP OF
STOREIN ,230=0NEATH
STOREEIR ,20) =QNEATP
STIREIN,25)0GCO0LN
STOREIR ,26)=0CO0LP
STOREIR,27020COMN
STOREKR ,28)2QCONPP
STORECtR (29)=QRECH
STORELINR , 302 =0QREGP
STORECNR, 310 2M0ISPP
STORE(K ,32)=u01ISPN
STOREIK, I3)=uPISTP
STOREIR ,30)ZuPISTN
STORE(N, 353 =QCNDR]
STIREIK ,36220CNORD
STOREIXR,37)=0CNOCL
STORE K ,30)20CN0D
STOREIN, 39)2QCNDCHN
STOREIR ,0D)IZTGEXPA
STORE(K,81)=TGCHPA
STIREIK ,02)=QSHTL
STOREIN,03)=01ING
STIREIXK 00D ZURUBAS
00 93 L22,13
IFI1.EQ0.13) GO V0 91
NLend
STOREIR NIZTHCYCIL)
91 NzLenD
STOREIR,MIZTHACYCIL)
nLe?y
90 STOREIR ,MIZTHCYC L)
100 CONTINUE
IF LSIP.6T.0.ANDJIP1.NE.NOCYCD 50 TO 301}
IF (JIP.6T.00 WRITE ¢6,202)
202 FORRAT ¢°* LASY CYCLE®S
YRITE 16,2000 QIN,QOUT,WRKEXP ,MRACHP ,NRRTOT EFFTOT ,REFFI,REFF2,
SOREGEN yPWRHP (FREQ ,NRNLT , ENTH,UTOTAL,
SENIPR LAVEUSP, UOISPoUPIST QW TPIST URRLP,
SQEXPNLQEXPP,QHEATNQHEATP ; OCOOLN,OCOOLP,QCONPN ,GCONPP,
OQREGN JOREGP ,WODISPP,WDLISPN,UPISTP,UPISTN,QCNDR] ,0CNDRO,
*QCNDCL ,OCNOD, OCNOCN, TGEXPA ,TGCHPA,QSHTIL ,QINB ,WRKBAS



220 PORMAY (/7° QINZ PO AN "QOUTZ FB.I 1R *URRENPZ® (PO 300N,
TPNRNCUPT® PR I 10, CHRNTOTZ O, FR.3,00,
t't"iOl:'.'O.!.Il.'ltffl:'.'l.l.ll.'.ttft:'.tl.!.lll

,.
a8

QREGENZ® FB.3,° PURNP:,FO.3,* FREQ=*,FB.3,
FLIISEAINI TS 1Y * ENTHIYFB.3,° UTOTAL:S,

SF12.3/° ENIPRZO,FR0.3,° AVENSP2*,FO.8,

SDISP* FB.3,* UPLISTZC, FO.3,° WVPILT:,F0.),* HRRLPZ*F0.37,
QENPNZS ,FB.3,° QERPPZ,F0,3,° ONEATNZ®,FB.3,"° QREATPZ ,FO. 3,
QCOOLN:*(FB.3," QCOOLP=* F0.3,* QCONPNZ*FB. 30" OCONPPZ® FB.3/,
QREGNI®\FO. 3, QREGP:*,FO.3,° WDISPPZ  FB.3," WDIVPNZS PR3,
UPLSTPZ FB.3,° UPISTNZ® F0.3,° QCNDRIZ®,FT.3,* OCNORO* F Tal3s/
QCNDCL:*,FB.3," QCNDO:*,FO.3,° QCROCNS® FB8.3,° TEERPAZ® FO,. 3,
TECRPAZ*F8. 3, QSHIL=,FB.37,° OIND T*,F8.3," URRBAS SO FP. 3

S0y Contlnut
00 300 1:),008

330 vaRe1023,.)
170J.5Q.5) 60 1D 800
RETVAN

400 «3D

DO 43D NK=) 00

STDRES L MNIZSTORE S MR Y/S,

00 o380 In:2,S
880 STOREC NI RUIZSTORESAL uN)eSTORELIN AND /S,
579 contTiNuE

IF CJTP .6V 0. 400, JIPL . NE.HOCYCE S0 TO o601

YRISTE €6,630)

WRITE 16,2000 ISTORELLID RN D RRZ], 00

1F CJIIP.GT.0) MRITE to,200)
2n8 FORMAY t° AVERAGE TENPERATURES OVER LAST CVCLE®?

WRETE10,220) TGCYC,TRALYC J¥NCYC
200 FORMAY 1% TECYCZ 0N 12F8.0/,° TGACYC=*,13F8.0/7,° TNCVCS*,13F8.0

(73
$00 FORMAY (1ND,"AVERAGE VALUES OF LAST § CVYCLES™)
$31 QELYURN

(1]]

Subroutine CNDCT

SUBROUTEINE CNDCY (TMa,0CRES ,OCYL ,QCONDD.OCAN,OSHTTL ,AUGAS )
DIeEwslOoN TRAL Y)Y, IrvLES) TCANIS D,

1

ACANI ), oCant2)

COnNON /CYC/ Oll’.ONKI!Q.OGKGIN.OCOOtﬂ.OCORP.tlrﬂvn.(lluln,
LENFCTIRLENTFRVC JURRPLURRERP,
Rlllcnb.ulll(I.Uﬂlltﬂ.ﬁﬁlt'.Uﬁﬂu.&“ﬂl“ﬂ(lll.SUNDINCI!D.tn'n,
!Uols'.n’lSV.u"lsl.0(lPﬂ.Oll'P.Qﬂtl'n.oullVP.
QOCOO&'.OCOOL’.OCORPN.OConPP.OO(G0.0"lOP.UDISP’.UDIS‘N.&DISV'o
SUPISIN,OCNOR] ,QCNDRO,0CNICL o QCNOD , QCNOCN, QSHTYL,IBLXPA,TECHPA

DATA TRO TR, TRZTCYLZ1T70D o)l 7200508, ,170804,22854,978,4/,

'l:i.:"’l'.'l\’oll'llo’.'|053.loS‘.lo”.lol?.oO.lO@l.

'l'..o..l..l‘.ll?.'o..".n.”"0..'5905.00000.70'.
ACONDD ,0CONDDZ7D.83875:2.7187,
TCANZIN00.,32004,1100.7,
ICll.DCllllolSQ,I.lN.J.S:U.?SI.
CLEAR,DISPD,SIRONE 74040424 7%40.23/

C ACONDR,ACYL ,ACONDD ,ACAN-~-AREA § IN IN2
€ DCONDR,DCYL ,DCONDD,DCAN-~=DISTANCE IN IN
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C TCYL VCAN-~~ TERPERATURES IN DESREES R

C CLEAR--CLEARANCE BETWEEN DISPLACER AND CYLINOER, 1IN,
C DISPO-~-DISPLACER DIARETER, 1IN

C SYROGE---DISPLACEN STIRONE, IN.

C CALCULATE MEAT COMDUCTLD THROUSH CYLINOLR,BTU/SEC
TCANBISETCVL AL NCYLININIV2,.
TCAVG2TETCYLA2beNCYLEIINN/2,
THCND1=21. 0038 70TCAVEL ¢4, 7930/13800.0120
JF 19CAVE2.687,2D03.0 THCADIZ(JUNGTOTCAVEL5,93217¢3600.0124)
THCND2I( . 003070TCAVER 0. 793)/703000,.012,)
IF ATCAVE2.67 0100040 THCND2: 4 ID00TOTCAVE205.9320/7¢3000.0124)
QCYLAITH.203¢TNCNDIGRIZOIRI-RZIGITCYLATI=-TCYLEZID/ENLIGALOG L IRY-
IRIZVOIRZORTIZIIZCIRIORIZIGINZ-RIZNIDY
JCYLITO2030THCNDZORIZO(RA-RIISLICYLAI2I-SCYLUINIIZENLAGALOG LI IRG-
FRIZVIGINIRTZIIZVEAGRIZIGINI-RIZII DY
CYLII0CVL R QCYL2Y /2.
€ CALCULATE HEAT CONDUCTED THROUSBH DISPLACER,BTU/SEC
TBAVESLTECRPACTECHPAYN /2,
THCONDZ(.003870T6AVE6. 7930713600, 012,.)
IF (TGAVE .GV 1000.0 THEOND 21300 TOTEANE*S. 9320713600 .012.)
GCONDOTACONDDOTHEONDS (TEERPA-TEENPA) 7DCONDD
C CALCULATE NEAY CONDUCIED THRROUSH CXATERNAL CANLBTU/SEC
ACANZ0.0
00 300 1:21,2
TCAYEZCTCANLE DoTCANLE 2NN/,
THCOND L0038 T TCAVE 07930743000, 012.)
IF (TCAVE.6T.1060.0 THCOND L. 0D P0TCANE*S.9320/713000,012,)
300 QCANZQCANCACANTIIIOTNCONDSI YCANEL) ~TCAREITI 1) D/ LOCANITYSZ )
€ CALCULATE WEAT CONDUCTION YHROUGH REGENERATOR,BTU/SEC
TRAVGIZITIROTIRLNZ2.
TRAVE2ILIQ)¢IR2V42.
THCND I, 0238 70TRAVEL *0 . 7930783630012,
IF (TRAVE1.61.1060.) THCND IS (0006 TOTRAVEL*3.93207¢30600.012.0
THCND2 2. 003870 TRAVE2+0.7930/130)0,.012,)
IF CIRAVE2.6T.2060.) TNCND2Z4.0000TOTRAVG205.9320713000.0124)
OCRINT I IN20(R0002-RI104210TNCNDY S1TRO-TRII/INLY
SCROUTZA. 2830 THCND2ORIJGIRL-ROISITRO~TRIN INL2GALOGIIIR]I-R]1De
LUROCRIVIIZIERISRINIGIRO-ATI DIV
JCRISZLOCRINCSQCROUT IV 2,08,
C CALCULATE SMUTTLE HEAY TRANSFER, BTU/SEC
THCNDE=2.081E-0000TCYLANDOICYRINID/2 000 0t -08
IF tRuGas.EQ.0) THCNDEZ1.9820~090¢ TCVLERVATCYLAINNZ2,¢0,0180 -0
QSHTTLITHCNDGO3. 1010001 SPOSSTRORE SO TCYLIRI-TCYLESI N/ (B, 00CLEARS
AL 3oL »
RETURN
END

Subroutine XDELP

SUBROULTINE XOCLP AR (AREAIN JAREADT ,DNR JRLGYN , ROR ¥ TSN oFLONIN,PELN,
XCOLF,0P,4)

JOENIIFICATION OF TYPE OF LOSSES

RYYPEZ) CONTRACYION--RTIVPEZY CXPANSION--RTIVYPEZY QD-TUAN =~RIVPE:N |
RTYPEZS OUMER TURN --nTYPE:@ FRICTION-TUBE-=RTYPEZTY FRICTION-REGE NE
RIYPEZ8 FRICTIONCNONENTUN FOR TUBL ~~1SOTHERNAL

NTYPEZO FRICTIONCGHOMENTUN FOR REGENERATOR--TSOTNERMAL

AAOON



DINENSION COLFXINDL DPXIADS
DATA SRAV/II2.2/7, 73170.0009488/
[ILLT R L

IF CARSEFLONEN)AE.D.D) RETURN
PRZI.

POUT0,

OPNOR:D.

ayvPE:n

AINZAREAINZNNG,

ADUTZARTADY 22NN,

DEEONRZAD,

RLEIXLATHZ212.
ROZRONGLAG. 01 2,
v1sCzelsnel2,
FLOWZARSALFLOUINDZEB.D
PIvzPRIN

RONEANTRO

TFLAIN-ADUTY  30,30,3)
ANINZAIN

ATAN/AOUY

30 10 32

anlNzanyt

ASADUTZALN

32 toNmINME

1
12

2

23
22

[}

TP ALYD.001) AZD.D
VEL=FLOW/ARIN/RO
VELNDZROOVELG02/(2.006R00 )
REZROOVELSDE/IVISC

80 1O (3020308500740, 7,6070,AVYPL

toNTINUE

RIvPES) CONTRACTIION
LFCRT~-3000.00 12,123,110
COEF:==d,4040¢),5
30 10 100
COEFz-D.0sA0) D
60 Y0 100

CONIINUE
RTVYPE=2 CXPANSION
IFIRE-3000.00 21,21,22
COEFzi1.0-2.00A00.0)300002)00-1.D)
§0 19 100
COEF:1(1.0-2.00200A°0.99060A00200(-2,0?
80 10 100

convinuE
CoErFz0.22
80 10 102

ConTINUE
COEF=3.000.22
30 10 102

coNTINUE
COLt¥ 2011
80 '3 t02

continut
AIYPEZ6 FRICTION-TUBE

TFIRE.LT.1500.) COEF-10.0/7RLEIRLE/IDE/.0F)
IFIRE.6E.1500.,) COLFZI.J06/RE®0 201 XLE/1IDE/.00?

60 10 102

T covrinue

RYYPEZY FRICTYION-REGENERATOR



120
102

3
C

s

82

mm

61

COEFz0.900ERP(-0.01900REN*0.00
COEF=COEFOURLG/IDE/N. DY)

80 10 102

COEF=)od-A002(0CF

OPCOEFOVELNDOPST

1Fe RIVYPE.L V400 6O V0 10:
STYPE8 FRICVIONSNONENTURN ~«Tubt RIVOESY SANE FOR REGENERAYO
RIYPEs 1) --tUBL NONLFRIC, RIVPEZL)~~FOR REGFRATOR a0l

TFLRTYPELOEL10) GANRALZGARNA
ARAISVELZ7SQRT LEANNASY INOLING,O/R0S8AAY)
CHAZZR0/SQART LA O/NNA LG0T -CANNASCOLY)
FRA21Z1.0

TFCABSUIRNAZ-XNAL I/ZRNAL el 22 &0 YO 82
ERADZ1LXNALTSXNARICD,.S

FRA1SULGANNA =L D0ORNAIGO2 42 I /L LGANNA=] T )0XNAL02+2,0}
TEARIVPELLTL10) FHA2121.0

TFERIVPELLY D) GAMRALZ) .0

RAAZZRo0/SARY (L o0/ UNALOO2-CANNACCOEF cGANNACIGANNA) L ,01/2,07GANMAY
1OALOGLIXNAL/ZRNAD I SOQOFNA2E M)
TFLAGSINAAZ-RNADE67.0.000) B0 "0 )
TRI1I/IFNRAD)

VRZXNAZ/RNALIGSQARTIL.0/FRA2Y)
PRIANAL/ZRNAZOSQARTCLI.O/FNA2Y)

POUTZPROPIN

0PPIN-POUY

CoNTINUE

IFLFLOUINGLELO.O) OP (Lo ) 0DP

COEFntNIZCOEr

pPRtNIzDP

Hiiah ORIGINAL PAGE 18
OF POOR QUALITY
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Printed Output of Sample Run

SIY0LNS

H «83003000¢ «0)
BEALES +13333303t 22
FIogee = «10003000¢ +3s
wagut = *530
11905 T )
coter = «19003000¢ -33
"’ H «70003083¢ «03
(4 ) H «8233309032+))
ongsa = «30003000¢ +32
(L33 B «40003060¢ 00
faLvy «19333303¢t 32
w0eve H 38
wtey = ey
notwo = (1¢]
"ugay = "
" L] =+ 8603000L 000, «10600000L «06 « 186300308 00, «10400000C ¢ U,

10503003036,  L149AJO03EeIN,  L1330D3I0C028, L 1074DITBE 0N,
« 775020001 +03, «30000000L =03, «30000830E 403,  .5000G000C 0}
®a 5 «19002000% ¢3%, «20600000L 08, . 10600030€+8%, .10000000C+00,

«10303003¢C 38, NGAABE I8, «132028)0€ 00, « 10740230¢ 08,
«T7383000¢ *03, +$4000000€ 03, «9320020£+03 ¢ «50000000E 03,
«58223003¢€+3

™ H 1700300038, 19300000008,  .193000I0(+00,  .16230000 0,

165823030« 30, = 10980203C <38, 333833236420, 137402207 <06,
«77500003¢ +03, +320600000L+03, «50008000£+03,  .30000000L 03,

«$8003000¢ +53
RWCFaC = «10003000E * 31
J1e T 3}
sEND
LAST CveLe
Cllz 330,985 QOUTS 170,050 uRRERPZ 308.077 URACHP-141.296 URRTOT: Mee.l8) EFRVOT: «036 REFF): 997 RLFE2: DAL

onealn: 137 PURAPZ 15,107 FREQZ  $3.32) ¢RRLTX 17,513 €NTN:  <1.03) UTOTALT  1760.493
380,000 AVBNSPS  700.20D NOISP: =10.219 UPIST: 1S0.000 WIPILT: 150,000 wAnLP: [YX 3 ]

=53.320 aPP: 42,978 OUTATNI-339.904 ONEATPT 30,887 OCOOLNS -000 oton 197.29% gConPn: ~+032 GCONPP: 2+300
“531.287 GRTEP: §31.390 NDISPPE  0.710 WOISPNC =18.929 WPISTP: 331.31% UPISINZ=307.110 OCRORE: 0.483 QCNDRO: 8.003
[ 3 %] 187 0CW00: 1538 0CNOCH2 1201 TOERPAZ1IT20.129 TACHPAS 536,009 QSHTL: 8,962
OINS = 319.2067 UANBAS = 141.89¢
AGEDAGE WALULS OF RAST § CYELES
OINC 379,937 QOUTS 179.292 UARCEP: 330,000 WRNCWPI-|80.029 uBRTOT: 103,810 EFFTOT: o830 RTFFL: 997 REFe2: 99y
RELENT 10 PuRAPS 13,078 FOEO:  $0.000 wOnL Tz 17,081 ENYNT  -1,569 UTOTALT 177%.080
ENIP%Z  J585.,000 AVBUSPZ  707.907 WOISP: ~10.203 wWPLST: 130,022 wiPISYZ 136,027 wReLPS Sa02?
QERONZ ~$2.89% JEAPPS 02,921 ONEATRZ-339.348 QWEATP:  30.893 OCOOLNZ +230 QCOOLP: 136,709 QCOWPN: -«03%3 gCOnPP: 2.208
OREBNS ~879.003 QRCEP: §20.303 WOISPP: 8% 4013PN: -18.080 wily S09.970 uP1SIN:-399,900 QCNDRL: R.4p) OCNORD: P.0§8

6LNOCL: 0,187 ocnpD: 3533 0CNDIN: 2
0N < 310.350 wondas = 191,300

AVEQAGE TENPLRATURTS OVER LAST CvoLe

vecve: 170e. 124 L ¥} 1835, 1580, 1390, 1209, 1022. etr, 8%t. (3123 s38. [ 1LY
184CYCe 1120, 1780 1783, 1025. 1892, 13)2. 1118, 929, Tes, o33 [ 242 8324 036,
tugvl: 1160, 1930. 1930. 1629, 1892, 1303, 1118, 029, Tas, S0, S, Sa0. sap.

31 TBEXPAZLIP2N.220 tGCme 635,650 QSwTL: ., 002
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DEFINITIONS OF NAMELIST INPUT VARIABLES®

COEFF

FACT1, FACT2

FIPCYC
IPRINT
ITMPS
JIP

MWGAS

NOCYC
NOEND

NSTRT

OMEGA

P3
REALGS

leakage coefficient for flow between buffer and
compression spaces

convergence constants used in regenerator meta!
temperature convergence scheme

number of iterations per cycle
number of iterations between printouts (if JIP=0)

1, printout gas and metal control volume temper-
ature at every iteration
0, do not do the above

>0, short-form printout
=0, long-form printout

4, use helium working gas
#4, use hydrogen working gas

number of engine cycles to be run

number of cycle at which convergence scheme is
turned off

nunmber of cycle at which regenerator metal temper-
ature convergence scheme is turned on

drive speed, Hz

initial pressure, Ibf :'in.z (N,/mz) (approximately
equal to mean pressure for GPU)

initial buffer space pressure, Ibf/in, (N/m?)

1, use real -gas equation of state
0, use ideal -gas equation of state

1Although both U.S. customary and SI units are given here, U.S,
customary units are used in the program,



RHCFAC
TG

TGA

™

T3

AVGWSP
EFFTOT
ENTH

EN3IPM

FREQ
PWRHP
QCNDCL
QCNDCN

QCNDD
QCNDRI

QCNDRO

QCOMPN

QCOMPP

64

regenerator heat-transfer coefficient multiplication factor
12 control volume interface gas temperatures, °R ( K)

13 control volume gas temperatures, °R ( K)

13 metal boundary temperatures, °R ( K)

buffer space temperature (assumed constant), °R ( K)

Definitions of Output Variables

mean working -space pressure, lbf/in.2 (N/mz)
efficiency, WRKTOT/QIN

net enthalpy flow from working space to buffer space over
one cycle, ft-Ibf (J)

rate of displacement of working -space gas, in. 3/min
(cms/mln)

rotational frequency of crankshaft, Hz
indicated power - WRKTOT /cycle period, hp (W)
heat conduction through cylinder, ft-Ibf/cycle (J/cycle)

heat conduction through insulation container, ft-1bf/cycle
(J/cycle)

heat conduction through displacer, ft-1bf/cycle (J/cycle)

heat conduction through regenerator casing, ft-Ibf/cycle
(J/cycle)

heat conduction through regenerator casing, ft-Ibf/cycle
(J/cycle)

heat from compression-space wall to gas, ft-1bf/cycle
(J/cycle)

heat from gas to compression-space wall, ft-lbf/cycle
(J/cycle)



QCOOLN
QCOOLP
QEXPN

QEXPP

QHEATN
QHEATP

QREGEN

QREGN
QREGP
QSHTL
REFF1
REFF2
TG

TGA
TGACYC
TGCMPA
TGCYC
TGEXPA
™
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heat from cooler to ggs, ft-lbf/cycle (J/cycle)
heat from gas to cooler, ft-lIbf/cycle (J/cycle)

heat from metal wall to gas in expansion space, ft-lbf/cycle
(I/cycle)

heat from gas to metal wall in expansion space, ft-lbf/cycle
(J/cycle)

heat from heater to gas, ft-lbf/cycle (J/cycle)
heat from gas to heater, ft-lbf/cycle (J/cycle)

heat into gas in expansion space and heater tubes over one
cycle, ft-Ibf (J)

heat out of gas in cooler tubes and compression space over
one cycle, ft-lbf (J)

net heat flow from gas to regenerator metal over one cycle,
ft-1bf (J)

heat from regenerator metal to gas, ft-1bf/cycle (J/cycle)
heat from gas to regeneratur metal, ft-1bf/cycle (J/cvcle)
shuttle heat loss, ft-l1bf/cycle (J/cycle)

a measure of regmerator effectiveness

another measure of regenerator effectiveness

gas temperature at interface of two adjacent control volumes,
0
R ( K)

working bulk gas temperature of a control volume, °R ( F)
cycle-time average temperature of TGA, °Rr ( K)

as TGACYC in compression space

cycle-time average temperature of TG, %R ( K)

as TGCYC in expansion space

metal temperature of a metal control volume, °R ( K)



TMCYC
UTOTAL
WL.SP

WDISPN
@WDISPP
WPISTP
WPIST
WPISTN
WRKCMP

WRKEXP

wrdlp

WRKLT
WRKTOT

66

cycle-time a\ erage temperature of TM, °R ( K)
internal energy content of working-space gas, ft-1bf (J)

net work done on displacer viston by working-space gas,
ft-1bf (J)

work done on gas by displacer, ft-Ibf/cycle (J/cycle)

work done on displacer by gas, ft-l1bf/cycle (J/cycle)

work done on piston by gas, ft-Ibf/cycle (J/cycte)

work done on powsr piston by working-space gas, ft-1bf (J)
work done on gas by piston, ft-lbf/cycle (J/cycle)

work done by the zas in compression space over one cycle,
ft-1bf (J)

work done by the gcs in expansion space over one cycle,
ft-1bf (J)

power -piston work lost due to pressure drop fromn regen-
erator to compress*on space, ft-lbf/cycle (J/cycle)

rk lost due to pressure drop over one cycle, ft-1bf (J)

net work done by gas in working space over one A&VCIG,
WRKEXP + WRKCMP, ft-Ibf (J)
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TABLE I, - CHARACTERISTICS OF STIRLING ENGINE

GROUND-POWER-UNIT SIMULATION RUN

Workingfluid , . . .. ... ... .. e e e e e e e e Hydroge?@
Frequency, HZ . . . . . ¢ v v vt v oot v it ee e oo an 50
Average working -space pressure, N/m? (psi). . . 5.50x10° (800)
Heater temperature (average gas temperature for

control volume 2, fig. 2, KCR) . . . . ... .... 976 (1760)
Cooler temperature (cooler metal-wall temperature), |

Qi 3 YOO 300 (540)
Leakage flow coefficient (used ineq. 27)) ... .. ... 0. 00011

TABLE II. - PERFORMANCE PRFDICTIONS FOR STIRLING ENGINE

GROUND-POWER -UNIT SIMULATION RUN

1
Indicated power, kW (hp) . . . . .. . .. ... ... .... 11.0 (14. 8)
Indicated cfficiency . . . . . . . . . . L i i e e e e e e .49
Indicated work per cycle, J(ft-1bf) . . . ... ... ... 220.4 (162, 5)
Work loss per cycle, due to pressure drop, J (ft-1bf). . . . . 11.7 (8.6)
Conduction heat loss per cycle, J (ft-1bf) , . ., . ... ... 20.9 (15.4)
| Shuttle heat loss per cycle, J (ft-1bf) . . . .......... 8.3 (6.1)




Expansion space ~.

" Cylinder ~- __ - Heater
Displacer piston—- ~ Regenerator
.~ Cooler
Compression space
Power piston —-~"}" ! : *Interconnecting duct
t 9
Buffer space—-_§ | !
b
|
Connecting rods - . :
| ¢! « Synchronizing gears
Crankshaft~ 1 __J! ! \
!

Figure 1. - Schematic of a single-cylinder Stirling engine
with rhombic drive,
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Inputs: Frequency of operation

Pressure level (of initial volume)
Initial temperatures

19. Revise

regenerator metal

to speed up
convergence

No Yes
18. Revise
regenerator
metal
temperatures ?

| |
L Time = Time + A(Time)

w N

10
1L

13
14

16.
1.

Update pressure level, P = f (volumes, temperatures, masses)

Update temperatur~s in each gas control volume for effect of change
in pressure level

Update mass distribution
Update flow rates

Update temperatures in each gas control volume for effect of flow
between control volumes

Update heat-transfer coefficients between metal and gas control
volumes

Update temperatures in each gas control volume for effect of heat
transfer (batween gas and metal)

Update regenerator metal temperatures for effect of heat transfer
(between gas and metal)

Calculate pressure drops (necessary over only one cycle)

Calculate conduction and shuttle losses (just once during last cycle)
Sum up heat transfers between gas and metal for each component
Update leakage flow between working and buffer spaces

Update expansion-, compression-, and buffer-space volumes

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

No 15. Is cycle complete?

Yes

Calculate indicated power and efficiency
Have specified number of cycles been completed?
Yes

Call Calcomp to plot engine variables if requested

Figure 3 - Outline of calculation procedure.
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Figure 6. - Generalized control volume,



Temperature

w[-1>0 ————

WI At

WI>0

I-1 I

(a) Sample regenerator control volume,

-
]
|
|
I
|
|
I
|
|

I-1 I
Regenerator node

(b} Control-volume temperature profile.

Figure 7. - Sample regenerator control volume and temperature profile.
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_.— Expansion space

.~ Displacer

"|. — Compression space

. — Power piston
|- — Buffer space
_ — Power-piston yoke

}_— Projection of
rod length on
y=axis, Ly

Rod length, L -

I
I
Eccentricity, e 4 | J
[ _— Position of power-
L ~ \ piston yoke, yo
|
|

| s
bl
Y

Position of
displacer

yoke, y;

|

- Displacer yoke

Crank angle -,

A

!

l

I

l

|

|
_ o
AN -
Crank radius~" |

Figure 10. - Schematic showing geometric relations between piston
positions and crankshaft angle.



Metal boundary

temperature
inputs,
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Heater
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Figure 11. - Assumed metal houndary temperat.f*- - for sample run,
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Pressure, Ib/in?

1200—

Pressure, Nim?

80

15

\J

30

"\ _ —Expansion
V. space
Compression space — - - ..,
1 | l | | | ] 1
0 .04 .08 .02 .06 .00 .04 .08 .0R

Time, sec

Figure 14 - Expansion- and compression-space pressures as functions of time,
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Expansion-spece pressure, 1binZ
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¢ wre 19. - Expansion-space pressure-volume diagram.



Compression-space pressure, Iblin2
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Figure 20. - Compression-space pressure-volume diagram.
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Figure 21. - Total-working-space pressure-volume diagram (neglects prassure drop).



Expansion-space temperature, %R
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Indicated power, hp
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Figure 24 - Indicated power as a function of engine frequency for
several average working-space pressures,



Indicated efficiency, percent

Average working-
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Figure © - Indicated efficiency as a function of erzine
frenie «cy@or several average working-space pressures.
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Fightg.e 26. - Indicated power as a function of engine frequency for hydrogen and
ium.
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