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PRELIMINARY RESULTS FRUM A FOUR-WORKING SPACE, DUUBLE-ACTING
PISTUN, STIRLING ENGINE CONTRULS MODEL*
by Carl J. Danieie ana Carl F. Lorenzo

hational Aeronautics and Space Auministration
Lewis Kesearch (enter
Clevelana, Ohio 44135

SUMMARY

A four-working space, double-acting piston, Stirling engine simulation
is being ueveloped for controls stuaies. Tne development methou is to con-
struct two simulations, one for detailed fluia behavior, and a second model
with simple fluid penaviour but containing the four working space aspects
ana engine inertias, validate these models separately, then upgrade the four
working space mouel by incorporating tne detailed fluid pehaviour moael for
all four working spaces.

The single working space (SWS) moael contains the aetaileu fluic aynam-
ics. It nas seven control volumes in which continuity, energy, ana pressure
loss effects are simulated. Comparison of the SwS model with experinental
data shows reasonable agreement in net power versus speed characteristics
for various mean pressure levels in the workinyg space.

The four workinyg space (FwS) moael was built to opserve tne benaviour
of the whole engine. The drive dynamics ana vehicle inertia effects are
simulatea. To reuuce calculation time, only three volumes are used in each
working space and the gas temperatures are fixeu (no energy equation).
Comparison of the FwS moagel predictea puwer with experimental cata shows
reasonable agreement. Since all four working spaces are simulated, tne
unique capabilities of the moael are exercisea to 100k at working riuiu Sup-
ply transients, short circuit transients, anu piston ring leakage effects.
The FwS model has peen upgradea by using the detailea SWS moael fur each of
the four working spaces. Currently the aetaileu FWS mouel is being reworkea
to reauce the amount of calculation time per cycle,

NUMENCLATURE
A area, mé
Cp specific heat at constant pressure, J/(kg-K)
Cy specific nheat at constant volume, J/(kg—K)
F force, N
f() function of
6 gear ratio i
h neat transfer coefficient, J/(sec-mé-K)
I inertia, N-m-sec¢
J mecnanical equivalent of neat, 1.0 (N-m)/u

*Work funded by the U.S. Department of Energy unaer Interagency Ayreement
EC-77-A-31-1040.
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resistance, (N-sec)/kg
piston stroke, m
pressure, N/m2
heat flow rate, J/sec
gas constant, (N-m)/(kg=K)
connecting rod length, m ,
fluid resistance, (N-sec)/(kyg-mé)
temperature, K
time, sec
torque, N-m
volume, m
1 vehicle velocity, km/nr
mass, kg
mass flow rate, kg/sec
ratio of specific heats
cnhange in
angular position, rad

DD« EE §<‘qn—|ﬂr§nxovpx

Subscripts:

auxiliaries
cooler
arag
engine
mechanical friction
heater wall
position in working space, inaex
n into
N3 working space
piston ring leakage
mesh
aead volume
ut out of
piston
rod
r rolling resistance
stored
SHT short circuit
SHTMAX short circuit maxinun
SHTMIN short circuit minimum
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sup supply
volume gas volume
w wheel

INTRODUCTIUN

A four-working space, couble-acting piston, Stirling engine simulation
is being ceveloped at NASA Lewis Research Center for controls stuaies. The
development methoa is to construct two simulations wnich together torm a
complete moagel. The moadels are: a single working space mouel, with ge-
tailed fluid venaviour, and a secona moael, with simple fluid behaviour but
containing the four working space aspects ana the enyine mechanical iner-
tias. The approach is to then combine them into a single uetailea controis
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model. The single-working space (SwS) model was developea to determine the
number of control volumes (lumps) and egquation types neeuea to agequately
represent the thermouynamics of the engine. The SWS model has been written
to approximate a detailea performance mouel (Kef. 1) gevelopea by Tew. The
SwS mogel aiffers from the performance model in that the SWS moael has fewer
control volumes, includes integrated flow pressure drop effects ana uses
average values of neat transfer coefficients ana flow resistances aetermined
from the performance moagel results. Also the SwS mogel does not contain
shuttle or conuuction losses since these only influence efficiency but ao
not impact control behaviour.

A secong model was constructea to study the penaviour of the total en-
gine system. Tne moael consists of four working spacas (FwS) between four
pistons. To reduce the calculation time on the aigital computer, only tnree
control volumes are usea in each working space and gas temperatures are
fixed within each volume (no energy equation). The drive aynamics are also
incluged and tne FWS model can be run oy either forcing tne piston motion or
2s an engine.

Included in this paper are the results obtained from potn wodels con-
pared with some experimental gata. Also, since ail four working spaces are
simulated, the unique capapility of the FWS mocel is exercisea to stuay var-
jous phenoniena not easily duplicated by a sinyle working space mogel. To
demonstrate this capability, working fluia supply transients, short circuit
(oraking) effects, and piston ring leakaye pertormance are presentea.

Finally, the capabilities of both mooels nave veen combined into a sin-
gle getailed controis simulation whicn will eventually be usea with a ge-
tailed engine control system simulation to explore various controls concepts.

SINGLE wURKINw SPACE (SwS) MUUEL

A sinyle working space mouel of a Stirliny engine was developed to
getermine an agequate representation for the fluia dynamics and thermo-
dynamics of the enyine. Seven control volunes were selected one each for the
expansion space ang heater, three for the regenerator to yive a reasonable
temperature distripution, and one each for the cooler ana compression

spaces. A schematic of tne moael is snown in Fig. 1

SWS Mocel Equations

Tne equations useu to mouel tne fluig dynamics and thermoaynamics are
simj lifications to the complex partial aifferential flow equations. Mass
flos is assumed to occur aue to pressure differential petween yas nioges.
From Fig. 1, some representative equations are, for mass flow:

W. = 1
T Ri,44

(P-i-P1+l) 1.1’20 . 06 (l)

The cnange in storeu mass in a volune is:

i = l'z s * e ’
TN T ()
. i-1 i . .
i wo = W7 = U,U




The energy equation used to calculate the change in temperature in a volume
is complex due to the oscillatory nature of the Stirling cycle. The form of
the equation (Ref. 2) is;

. imly2...?
v g . LQ 4 IWork ’ * :
“51Ti s (T - T) -Gy T e BB (3)
v v "0 - w7 = 0.0

where the heat flows to ana from the gas are modeled as:

Q = nA(aT) (4)

The primed variables are interrace volume temperatures and are aetermined by
upwind differencing (Ref. 1). Tne method assumes that the gas temperatures

have the same temperature profile as the regenerator matrix temperature. A

representative equation is:

Too=T ) waym -7\ O )
050 T o1 _("‘3 "‘5)+‘("‘3 )
i? i " 7.0 30w,
i
>2<1¢5
T =T wat(T =T
ico T =T _("‘3 '“5)+‘("'3 ) > (5)
i i i+l 4.0 4.0 w,
i+l J
]
] i'l.b
W’<0 T‘lT1+1 <
The regenerators are modeled as thermal lags:
T & (T, =T i=3,4,5 (o)
my cpm"sm ( i mi)

Pressure is calculated using the ideal gas law based on volume tempera-
tures. Variaole volumes are calculated using the odrive geometry to calcu-
late piston position as a function of crank angle. These equations are
described later,

Equations of the forms of (2), (3), ana (6) for the seven volumes re-
sult in a 17th order moael. The integration technique usea is a backward
difference method which utilizes a multivariable Newton-Rhapson iteration
(Ref. 3). This tecnnique was chosen because of the large difference in time
constants which results when flow resistance is considered.

Comparison of the SkS model with the Tew performance mouel shows agree-
ment of pressures within 2 percent and temperatures within 8 percent over a
cycle at steady state. This is consicdered adequate for controls analysis
where performance detail is not so important.




FUUR WURKING SPACE (FwS) MUDEL

The second model generated was a four working space moaei. Since the
purpose of the mouel was to investigate the four working space aspects of
the whole engine, the fluid aynamic mogel of each working space was Simpli-
fiea, Only three control volumes are used in each working space. Une vol-
ume for the heater (and expansion) space, one volume for tne regenerator,
and one volume for the cooler (ana compression) space. All volumes are as-
sumed isothermal-with the expansion ana compression space yas temperatures
being the average steaay state temperatures from the SWS model. The re-
generator gas and mesh temperatures are assunea to be the same. While the
moael is quite simple it will pe shown that it gives a fairly gooa represen-
tation of the engine. Tnhe model also has the arive dynamics inciucea as
well as a simple moael for vehicle load effects. A schematic of tne moael
is shown in Fig. 2.

FwS Moael Fquations

Tne fluid aynamic equations used in tne FwS moael are simplifieu from
tne SWS model. From Fig. ¢, the pistons are numberea in the oraer in wnicn
they reach top stroke as is ingicatea by the arrows in the piston neads.
Double subscriptea variables inaicate; first subscript, a volume position
within a working space; secong subscript, the working space. Soie represen-
tative equations are:

) J=1,4 w
W9 = Payg m Pien g /M4, geint, g

i = 1’2
W ST 1=1,4 Y ()
51'4-1.3 15J 171, i =13
WU.J = WB'J- = V.V J
ang
J = 1,4
Pi,g ™ Ys, “Ti.a/"m (¥)
»J i=1,3
Variable volumes are calculateg as a function of piston position:
I )
ST T P (3- %A (o)

Piston position is a function of crank angle:

Xy = (%) cos o5 ¢ '/Rf -(%)2 sinfg, - Y K¢ -(%)‘ fel,2.. .4 (1)




Torque is calculatea as a function of uwifferential forces on the pistons
which are summea througn the drive geonetry:

(-%) cos 01

Vi - (3) swte,

Also includgea in the FWS moaei are simplifiea venicle load effects ana en-
gine power losses due to mechanical friction ana auxiliaries. Figure 3
shows a schematic of now these losses are calculated. Torques from the tour
pistons are summed to form indicated torque. Torque due to engine friction
(J5) is subtracted to form brake torque. This is then availavie for aux-
iliaries (J3) and also for venicle loaa effects such as rolling resistance
(J-r) and drag (95). The venicle inertia is brought into the torque
equation through the year ratio to give an effective engine inertia. The
summation of torques i1s integrated to give enyine speea ana integrated ayain
to give crank angle, 6, which in turn is useu to gyenerate piston position
(Eq. (11)). Tne torque equations for tne losses are linear and nonlinear
functions of @ with the torque equation:

(12)

T '(%)[Pl,lAp - Py = Adsin g ] |1+

legfe =71 * 5 * T3+ T - H) - £6) - g8 - L b))

CUMPAKISOUN UF FwS AND SWd MOUELS WITH EXPERIMENTAL DATA

Both the SwS ana Fwd mouels were run at various engine speeas from 1lulu
to 400U rpym and three aifferent mean pressure levels ranging from 5 to
15 MPa. Power was calculatea for each cycle until steady state was
reached. Power calculations were maue by integrating the area of tne
pressure-volunie curves in the expansion and compression spaces; anu then
adaing the results at tnhe end ot the cycle. The power output preuicted by
the SWS model was multipliea by four to give gross enyine power. The Fwd
model sums up the predicted power (ingicatea) from alil four working spaces.
From these values, mechanical ana auxiliary power losses are subtracteg to
get net power. The results are shown in Fig. 4. Both modeis sShow reason-
able agreement over the whole irap with tne SWS moael showing sliyhtly petter
agreement than the FWS model at tne higher mean pressures ana speeds,
although neither model preuicteu the fall in power at 4UUU rpm and L5 Mba.

UNIQUE CAPAolLITIES UF THt FWS mULEL

The purpose of the mouels discussea in this report is for controls
studies. Tne FwS model is simplifiea butl can be used to stuuy overall en-
gine performance in response to various control schemes ang inputs. Also
since all four workiny spaces are Simulatea, the FWS niouel can pe useu to
study phenomena not easily duplicateu by a single working space mouel. Soue
applications of these will now be shown,
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working Fluia Supply Transient

The mean pressure control system for Stirling engines moaulates engine
power by chanyging tne amount of working fluid in the cycle. In oraer to
increase engine speed, working fluia is supplied to the engine. From
Fig. 2, fluid is supplied through the piston roas; when the pistons are near
bottom (min) stroke. The fluia 1s supplieu to the compression space tnrough
a timing slot n tne piston rod. A bDlock aiagram of tne supply system is
shown in Fig. 5. Tne cneck valves are open as long as the supply pressure
is greater tnan the corresponuing compression space pressure. The tining
slot area varies as & function of piston position. Flow is modeled as a
1inear function of pressure drop:

A
i
w5up1 -ri (Psup - Pa’i) i = 1’2 ¢ * 4 (14)

A typical supply transient is snhown in Fig. 6. Tne starting engine
speed is 2000 rpm. After the simulation settled out, working fluid is
added. This is shown as a function of crank angle in the top grapn. Note
that tne amount of worxing fluia added vecreases with each cycle since the
working space pressure level continues to rise. Unly the Supply for the
second working space is shown. Supplies for tne otner working spaces are
similar but pnase shiftea by 9U with some overlap. Note the increase in
torque amplitude when 1njection beyins. This 1S due to the timing effect of
the injections. Also, as fluia is adaea, the compression space pressure
rises, The mean pressure Shown is an average value for tne sinusioual COu-
pression space pressure. The pressure rise is 3 MPa in U.24 seconas.

The torque wave shape snows four cycles for every engine cycle betore
the supply transient starts, Tnis occurs aue to the summation of the tor-
ques from all four pistons. Wnen the working fluid is aaged to the cycle,
the torque starts to rise. Tnere is no transient torque drop seen in the
engine. This is probably aue to the absence of tne eneryy equation for the
incoming fluid in the compression space. The aduition of cola working fluia
to the compression space in tne actual engine has a quencning etfect on the
temperature c2using pressure to drop which results in a transient grop in
torque. Note that the torque continues to shuw tne effect of tne four work-
ing spaces during the supply transient by the changes in wave shape during
tne rise and fall of the torque wave shape. These chanyes occur wnen the
working fluid is addeu to the various working spaces. Tne rather slow Speed
response can be attrivutea to the assumed vehicle weight causing the effec-
tive inertia to be quite large. For the figure shown, engine speea in-
creased 30 rpm in U.24 seconus (B cycles) which resultea in a venicle speea
change from 31.86 to 32.5 km/nr.

Piston Ring Leakage

The next effect studied is piston ring leakage. Tnis allows working
fluid to pass from one working space to an agjacent one. This analysis
would pe aifficult to duplicate on a single working space mogel since the
flow can reaistribute through all four working spaces. It is assumec in
this analysis tnat all four piston rings nave the same leaxage area. The
leakage terms are designated as wy in Fig. ¢. The leakage flow is
mooeled using an orifice equation:

iy
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J = 1.2 ¢« & 0 4

W, = 0.90 A g-?-,—‘-'-i_—-r—:‘a-‘;- WELELLE R (13)
J'k I'J 3.“ ’ ' q’f J-4|K.1

The_results are snown in Fig. 7. Tne nominal leakage area chosen was
0.002 cm which corresponds to a 9ap of about U.ULU25 cm. The resultant
effective leakage flow resistance at 15 MPa mean pressure and 4UOU rym 1s
about 30 times greater than the flow resistance in tne workiny spaces. Tnis
results in a maxinum flow rate 13u times larger in the working spaces tnan
througn the leakage area. The maximum flow rate ratio arops witn speea to
30 to 10UV rpym ana 15 MPa; and witn leakage area increase, to 34 at iLU0 rpn
and 0.008 cm leakage area. Tne simulation was run at four cifferent engine
speeas from 1UU0 to 4UU0 rpm and six aifferent leak.ge areas from 0 to
0.01 ¢cmé, The indicated power was taken when Steaady state was reached and
then the mechanical ana auxiiiary power losses were subtracted from it as
was done in Fig. 4. Note that the A = 0 case is the same as plotted on
Fig. 4. As tne leakaye flow area increased, the resultant net power of tne
engine dropped. For a leakage area of U.UU4 cm¢, a power reuuction of 12
percent at 40U0 rpm ana almost 34 percent at 1000 rpm is shown. This analy-
sis shows the value of a four working space mouel to uetermine power losses
that can occur adue to faulty piston rings in a dtirling enyine. Tne effects
of & failure of a single ring can also oe easily investigateu with a four
working space mouael of this type.

short Circuit Analysis

Rapia engine braking of the dtirling engine is accomplishea by snort
circuiting of the working spaces. Tne analysis of a snort circuit control
moge is most effectively done with a four working space engine nwuel, Fig-
ure & shows 2 schematic of the short circuit system. Tne compression space
of each working space is cunnected to two aifferent plenums one containing
high pressure (Pgytmax) and one containing a low pressure (PSHTMIN -

Check valves allow tiow to the hignh pressure plenum when the corresponaing
compression space pressure is greater than Pyytmax. A secona set of

cneck valves let flow to tne compression space when the corresponuing Com-
pression space pressure is lower than Pgyywin. Thus working fluiag is
removed from the compression space when the pressure is at a maximum thereoy
lowering the pressure; and aaged to the compression space when the pressure
is at a mininum thereby increasing tne pressure. The system tnhus cecreases
the pressure swing in the working spaces ana thus lowers tne power output of
the engine. A valve connects the two plenums and determines the amount of
engine oraking that is acconplished. With the valve snut, the plenum pres-
sures reach their respective maximun and minimum values. with the valve
open, pressure in the nigh pressure plenum falls ang pressure in the low
pressure plenum rises. Note that tne system requires working fluia to be
shuttled to and from two different plenuns ana four working spaces. Tnis
would very aifficult to simulate using only a single working space mogel.

Figure Y shows the net steady state power as a function of speeu ana
valve opening ratio. Note tne larye arop in power as the valve is open for
any constant speed. For example, if the valve is nalf open, the power arops
from 34.5 to 1.25 ki at 4uuu rpm. [f the valve is open sufficiently, the
power goes negative which indicates the engine is absorping power from the




loaa. 'he aata for these curves was obtainea by forcing piston position as
a function of time (arive dynamics not active) ana lettiny the simulation
settle out. At the nignest valve openings (U.5 to 1.U) the power starts to
increase as speea arops. '

The torque curves corresnondin? to the power curves in Fig. ¥ are snhown
in Fig. 1u. Note tnat tne torque also arops significantly with valve open-
ing at constant speea. At 4UUO rpm, it arops from 86 to O N-m at u.5 area
ratio. As speed cecreases, torque continues to arop off for tne nigner
valve area settings. Figures Y ana 10 inaicate that snort circuiting is a
very erfective means of supplying enyine braking torque.

SUMMAKY

Presented in tnis report are preliminary results from a simplifiea four
working space Stirling engine simulation., The mogel was constructed to sim=
ulate overall enyine behaviour, rather tnan precise performance, for con-
trols stugies. Wnile the model is quite simple it exnhibits reasonavle re-
sults wnen comparea to steaay-state engine test results, ana gives botn
steady-state and transient results which are representative of Stirling en-
gine venaviour. Also presentea is a single working space mogel whicn has a
detailed mogel of the fluid dynamic ana thermodynamic aspects of a single
working spsce. This moael also shows reasonable results when compareag to
experimental data. Currently, the FWS mogel nas peen upgradea by incorpo-
rating tne cetailea fluia penaviour model for all tour working spaces. Tnis
getailea model will pe a reference modgel for Stiriing engine controls stuu-
1€s. Tne simplified moueis will pe norially used when tney yiela valiu re-
sults. But, in some cases, such as short circuiting, a cetailea four work-
ing space wwael is requireu. Results from tne uetaiiea mouel shoula compare
even more favorably with the Stirling engine benaviour since the neat trans-
fer cnaracteristics of tie aifferent pnenomena simulatea can be incorporatec
into the model. For example, the quenching eftect of the colo supply fluig
on the compression space temperature can be incliudea. Tnis roulag result in
a petter preaiction of the torque waveshape guring a supply transient.
Future efforts will incluue conceptual controls stuaies such as variaple
stroke control ana detailed mooeling of the current mean pressure control.
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