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Using entirely nonproprietary and nonsecret sources

of infotﬁation, a

design program for an integrated Stirling cyele cryocooler hes been written on

an  IBM~PC computer.
itemizes
neasucred perforwsnce values.
. optimistic parfermance.
mental measuremants. As

resuits - so far acvailable.

The progrem {s easy to usc end shows
the losses. ' The calculated results heve been compared with some:
In {ts present form the progrem predicte somewhat
The program needs to be calibrated more with experi-

kas been done before,
friction factor cam bring the calculated results in line with the limited

the trends and

vhe
test

adding a multiplier ¢to

The program i{s offered as & good framework on which

to build a truly useful design program for all types of cryocoolers.
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1. Introduction

When I receiveéd a request from a client to

produce a. -cryocooler design program for the
IBM~-PC, which both they and I had available, I
assumed that such a program would be vresdily
availeble from a government agency with an

It would simply
the client's
that access to

interest in this techuology.
be a matter of adapting it to
computer. ¥e found, however,

all these programs is rvestricted, usually,
U. S. coupanles who -already have a contract
‘with a government agency to make cryocoolers.
It {s perfectly legitimete to have such re-
strictions. However, there needs also to be
available e progrew that cen be used in schools
and by companics who do not have en official
need to know.

: Since I had written two design manuals for
Stirling eungines, and gince many of the equa-
tions that were used in these meanuals came from
earlier publications showing how to design
cryocoolers, 1 have undertaken the process of
producing a cryocooler design program snalogous
to my numerous Stirling engine design programs,

literature will be cited.

The previoué
The method of analysgis will be explained in
general., The specific arrengement of a Stir-

Iing cycle cryocooler for which the program was
wiitten is given. A full list of input values
{s presented with typical 4input values, A
sample of the full calculated output is given
and explained. Limited test results are com-

to
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computer program; cryocooler; integral cooler; pecond

pared with
cussed. Application areas

design program are suggested,
siong are drawn about the utility
of design program. '

calculated performance and dis-
for thiz  type of

Finally, conclu-
of this type

2, Literature Review .

A full literature review on cryocooler
analysis is not sttempted. Only those antece-
dent publications that have a bearing on the
computer program described in this paper will
be given. In 1968 the author lead a group of
engineers at the Donald W. Douglas Laborator-
ies, 4{n Richland WA (n develeping & Stirling

engine for an artificial heart. We developed-
our oun design metaod. Graduelly we became
aware of other methods of analysis, We had

simple methods and very complicated and time
consuming methods. Later the author now.at the
Joint Ceanter for Graduate Study, University of
Washington 2aud sponsored by NASA-Leuls, wrote
two design manuals for Stirling engimes [1,2].
Also a long IECEC paper outlined in detail this
design method [3]. As a result of these publi-
cations this method of design has been wused
videly asmong those who had no access to propri-
etary {nformation,

There were a number of prior publicegtions
which were discovered in a  literature search
which had an important bearing in selecting the
equations that weve reccmmended in the design



program which was presented. Crouthamel angd
Shelpuk {&] gove all the design equations for a
VM cycle cooler. 2iamerman and Loagsworth [5]

contributed to our undexrstanding of shuttle
heat loss as did Rics {6}. Leo [7] supplied
the equation for appendix loss. Corring [8]}

supplied the equation for matrix conduction.
Note that many of these publications are in the
cryocooler literature.

Since the design manuals have been written
the author has continued. to ‘evaluate and per-
fect the isothermsl analysés. A 1980 IECEC
paper showed that up to that time the isother-
mal analysis was as good as any other available
{9]. A further extension of this - isothermal
program for large machines was done in wb”ch
the effect of adisbatic hot and cold gas s5,sces
was . included for both heat engines and heat
pumps., This effect is particularly serious for
engines or heat pumps that operate over a small
temperature ratjo.. The 1983 I1ECEC paper showed
that the improved isothermal analysis agreed
with pome engine test data over almost tr~ full
operating range for both power output and effi-
ciency to within plus or minus 10 percent with
absolutely po adjustments [10}. Finally the
isothermal analysis has been extended teo pre-
dict the operation of free-piston machines and
sesrch for an optimum design [11].

3. Methed of Analysis

In the literature of Stirling engine de-
sign, -methods are classified as firgt, second,
and third order. TFirst order methods usge var-
iations of the Beale equation [12] to predict
what the power can be, given the displacement,
speed, pressure and temperatures. This method
has been extended to large cryogenic refrigera-
tors by Walker [13]. It does mot apply to
minieture cryocoolers. The method suggested in
this paper is second order. It will be defiped
.- in more detsil later. Second order methods are

" the simplest methods. that take inte atcount =21l
the dimensions that influence performance.
Thizd order methods use nodal analysis to simu-
late the physical process very closely.  They
are expensive to rum because they use a large
amount of time on the very largest and fastest
computers. They .are useful ror special stu-
dies, but are mnot practical to be used in
search routines to find the best desigo.

'The basic ascumption of the isotitermal,
cucond order analysis is that at each point in

the cycle the pressure throughout the working
gas " volume 1is the same for esch instant in
time, In reality there are pressure differen-

ces ‘between the different parts of the working
gas due to flow friction, In a2 well designed
machine these differences are small in compari-
sion to the pressure changes due to expansion
and compression. Neglecting the pressure dif-
fercnces at this stage greatly simplifies and
speeds the calculation with little loss 4n
sccurecy. ’
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It is also sssumed that an effective gas
temperature can-be identified for each part of
the working gas volume which iolds for the full
cycle. This assumption {5 easy to defend {in
the regenerator vhere gas is in close thermal
contact with the solid. It is not true and
requires corrections {10] for the hot and cold
spaces of large machines, Careful messurewments
of the pressure and total gas volume durinog one
zycle in a Stirling engine for artificial hesrt
pover showed that on this svale the'- igothermal
assumptiin was better tiien the adiabatic as-
subption. The artificiacl heart engine is on
the same order of sisze as the minfature cryo-
coolers. i L. B

Using the two above assumptions, it is a

'simple matter to calculate the pressure during

the c¢ycle usually using the perfect gas iaw.
If the pressure of the working gas is plotted
against the volume of gas in the cold space, a
clogsed curve is produced.
curve is equal to the heat absorbed .by the
working gas in ome cycle. VUWhen multiplied by
the frequency we call this the thermedynazic
heat input. If the pressure of the working ges
is plotted against the total workinmg gazs vol-
ume, & closed curve is slso produced. The area
inside this curve is equal to the work required
to be applied in a perfect machine during one
cycle. When multiplied by the frequeacy, ve
call this the thermodynsmic power {nput.

These basic thermodyuamic values pust be
modified by the many losses that occur im &
real cryocecoler. To the basic thermodynamic
power must be added the flow losses of the
working gas, chiefly in the regenerator catrix.
Alsc the s=al friction, the mechanical £ric-
tion, and the electric motor lesaes rust be
added to obtain an estimate of the pover ve-

quired.

From the basic thermodynamic cooling ef- -
fect must be deducted all the thermsl conduc-
tion and radiation heat lesses. Also the flow
losses in the cold part are converted to heat
which must also te deducted. The matrizx heat:
transfer {s mot perfect, Ther«fore, the gas
returning back to the cold space is at a higher
temperature than when {t left aznd nust be re-
cooled. Fimally, there is a loss iavolvirng the
gap between the displacer and the cold finger
cylinder. Heat is transferred by this shuttle
loss only when the displacer oscillates.

Each one of these losses mentioned above
is calculated by an equaticn. In the second
order method there is &ssuned to be no fnterac-
tion between the various loss mechanisws, In a
miniature cryocooler accurate estimation of
these loss mechanisms 15 especially’ importaat.’
We find that in most cases the mechanfical and
electrical losses are wore important than the
gas flow losses and the thermodynamie power im
determining the clectric pover requirement. Qn
the cooliog side, we find that the thermal

The area inside this .



losses consume most of the thermodynamic cool-
fng effect, Therefore the net cooling effect
i5. subject to relatively large errors because
it 4s the gmall difference between large num-
bers.

In a ministure cryocooler there is so much
heat transfer area for so little volume that
one would be tempted to assume that the heat
transfer is nearly perfect. If tests show that
this 4s s0, calculation of ‘the performance
would be specded and simpliffed. ' We did wnot-.
make this assumption. We calcuiasted a heat
transfer coefficient for the hot space and the
cold space and also decided on a beat transfer
area. By trial snd error we found an effective

" cold gas temperaturc lower than the specified
cold metal temperature such that the heat that
can be trarnsferred besed upon the calculated
area and heat tramsier coefficient is equal to
‘the heat that needs to be tramsferred. At the
same tims by trial and error we found on effec-
tive warm space temperature that is higher than
the specified warm metal temperature such that
the heat that cen be removed from the warm
space {s equasl to the heat that must be re-
moved. When the fractional error in the heat
balance at both ends is less tham the conver-
gence criteria for two trials im & vyow, the
calculation ends and the results are printed
out.

4. Cooler Geometry

Although th:is program can be adaspted to
agy type of Stirling cryocooler, it is particu-
larly set up for an i: legral cryoccoler shoun
. schematically in figure 1. An hermetically

sealed electric motor operates two cranks. One
‘crank operates the displecer ” im the mnormal.
.mannor.  The other crank eperates the displacer
piston in the inverted mamner. The cold finger
containing . the displacer is in the same plane
as the compressor pistou. . The two cranks are
offset 990 degréeé to provide the proper phase
relationship. - The prograam takes fnto account
the slightly pon-sipusicdal naturs of the pis-
ton and displacer motion due to the cramk geo--
metry. 7

Figuze 1. Schematic of Ccoler Geometry
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éisk file.

Table 1. Main wenu for 1£§ut.

. &nd asks for the menu nunber again.

" point.

5. -Input Values

The program stores all the icput dats o @
The user has the option of atarting
with the set of ioput data which mes used last
which is on this disk file, or wusing base case
input data ubhich 15 uritten into the program,
The operator makes this decisfon ta start the
program. Then the main menu is displsyed on
the screen (tadle 1). The operator can start
celculating the next case by keying ina & or

. look at one of seven submenus by keying im 2

thru 8. : )

R 653
1 — Slart ctoptation tent czen,
2 — Prezean @etrol paroTetors,
J ~— Enzier ororatics coditiedn.
& ~ Pigteas fm con2ortiog rods ond OFeaX @m0,
9 — taro $1e9 COLESSN. :
6 — fharsprgtor vrexeRics
1 — Ca1g elos coresises
8 — Hoat coedes C02h &35 €25,
Yayr ctoice i — (foy aueser 229 auiet) —§ no

Progran comtrol parsmeters. Table 2. ghows

the menu for sgll the progrezm comivxsl paraze-
ters. On the left hand side i5 the menu num-
ber.. In the middle is the defimition, Oa the
right hand side is the curremt value. 1IMote

‘that at the bottom of the takle z wermu nusbetr

i6 called for. Tle operator puts in am intepger
between 1 and 8 (No decimal pojont.). If a veal
number with a decimal poirnt, cr &an {nteger
outside of the specified renge is entered.. the
program displays the appropriate errexr wnessage
C If1 1e
entered the program displayvs the mester wmenuy
agein, . ’ i "

Table 2. Submenu for Program Contfol Perazenters

" Progrea control rorEstevss
J1 — fleturn 50 oid &2

2 — Cooversaoce critefid.
3 — Cace nudor deingd by azdretor. —ee 3
& — Grashic o5ticd ~ By Jovebe o - 1
5 — Printing autios — OO0 ASW0Ge e e B
B — Hmser of tiey SIE05 . GOT CyCie.
T — Pressure 4ros oRioh . 1
: B = Catculgte €0GD SIEasSYT2 droo corretation.
1 = Caictoigie frog oressure drea test.

8 — Rehezt 10%s o2tion ]

8 = Latcpiate $700 M3t trexcfer coTrelation
1 = Catcutate fros sressuie 4oae tost
vsiey Breooles anatoar.
9 —~ futtiolier ¢or fricticafacter . 183
oo nuber? ; :

1f 2 is entered, the preogram then asks
that a resl nuaber be entered with = decimal
This coavergence criteria is compared
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with the fractional change from ome trial to
the next of the thermodypamic pover input and
the cthermodynanic heat foput. This criteria
must be a small positive real number, The
program checks to see {f the number {ipput is
between 0.0 and G.1. If ft is, the convergence
criteria is changed to the new value, aand the
‘mepu  is displayed agsin with the new value 4n
place. If the number that is foput 1s not
within the gpecifled range, ab error message 1s
displayed, and the menu is redisployed without
change.

the program agks for an
integez. If this case number {¢ negative, the
program  rejects 4t and asks for another.
Otherwise the casé number cat be set to any
nunber desired. The case number is automatfcal~
ly indexed without operator attention.

If 3 is entered,

If 4 is entered, the grephic option can be
changed. = Some IBM-PC's have the ability to
draw graphs on the screen. Others do not, The
program can be used either way. If the coampu~-
ter does -mot have the ability to do graphics
and the graphics option is set at 1, the compu-
ter " will probably hang up. The program will
have to be restarted. . )

. If 5 is entered, the printing option can
be changed. ™ Sicce some computers are equipped
.with printers aad others are not, the program
can be used efther way. If a printer is called
for but is not commected, the program will
gtop. .

If 6 is entered, the number of time steps
" per cycle can be changed. "~ Hore time soteps
leads to higher sccuracy at the expence of
speed of . computation. Twenty-four has been
found to be a good compromise. A formula has
been developed to compensate for 2 small number
of tice steps {1].
used {no this particular ptogram.

If 7 is entered, the optien on the wey
flow losses are calculated cen be changed. For
the O option, the Ilow loss is deterwmined besed
upon a correlation by Keys and London &3 sim-
pliffed by HMartini {2]. For the 1 option, the
flow resistance test used to qualify the dis-

‘placer for use is emploved instead. OQther
options can be added as needed.

If 8 is entered, the coption on the way the
heat traunsfer coefficient for the regenerator
is calculated can be changed. For the 0 op-
tion, a simpliffed Kaeys asnd London correlation
is used {2]. For the 1 option, the heat trans-
fer coefficient i5 derived from the flouv fric~
tion test using Reynolds analogy. Other op-
tions can be udded as needed.

If 9 ii entered, a multiplier on the fric-
tfon factor can be changed. If.the Kays and

London corelation 4{s& used, this factor s

multiplied by the calculated friction factor to

"natory.

However, 1s has not been-

give the friction factor used to calculate flow
loss, If the pressure drop test dats 15 used,
the conmputed pressure dtop is multiplied by
this factor.

Engipe operating conditions.  Table 3
shows the menu for the engine operating condi-
tions. The menu is shewn twice to illustrate
how 1t {s changed. The inputs are self expla-
The program gdjusts the working gas
inventory for the first 4 cycles to make the
time averaged working gas pressure equal to the
input value. After thst lealage continues to
operate between and crank case and the working
gas. An effort has been made to ask for the
input values in customary ueits. They are then
converted to a consistent set of units in the
program.

Table 3, Submenu for Engine Opetating Conditions

Exgien coerating corditions:

1 - R to main geRd.

2 — Rueres? oOTKiDg 925 Preseurss P5id . ... GRAER )
3 — Hosor ssacdh Iy : 163,08
& — Brtal wexserstyre in cold szooe, K . TA@
G - Getal teererature in tarn EDECe ¢ e 83.03

Meny nozper? &

Vatue? (with éaCies! poipt)ED
Ergine ooeraties conditions?
§ — fotora 10 €2in cony,

2 — RyeTess COTRING 945 SIESSUTEY £3iD - - AEREP

T — Fotor smed T 12a2.83
4 — Rstal tewperatore in cold sodcer K £3.62
S5 — [otal teusorature in wuera csoces Fooaeoeeeooo SLER

Heny nuder?

Pistons ~- comnpecting rods -- crankcase
Table 4 ghows the menu which allows values
connected wvith the mechanical wotion to be
changed. The same orgaonization {5 used as with
previous tsbles. There 4is enough spece to
clearly define cach input value snd give the-
units., At piisent the volume of the crank case
space is not knoun very well and f5 2ot used {n
the calculation. Strictly, b sever, it should
be wused in leakage calculi ' .os and {n kinetic
simulations of the cooler. ' :

Table 4. Submenu to change inmputs reiated to
plstons, conpecting rods and cramnkecase

Pintons and cOMROCLing Fods oRd CYIRy case,
1 — Returs to &3id e2ns. .
2 — Crank engles dewries .

T — Dizzeter of CozPressur Bistons inch — BB
§ — Scat dizseter &b GiGtseers iRCH —— +iBT3
S~ Redius of COEPIESIHI 2iSTON Cranke inch 0
o — Radivs of dislater drive crast inch B8R

7~ Length of COESICSI0r SiSton Comd. 106y inch ____ 46163
8 — Lensth of dicelater drive conn. 103, inth o 1,718

- S~ Volum of Claak €ase sSate, Cu. inches . IS

Heaw nusder? 1



Hara flow passages Table 5 shows the
submenu which allows values connected with the
warm flow possages to be changed. Most of the
entries are self explanatory by referemce to
figure 1. The warm digplacer duct is the hole
thru the sesl and bearing part of the displacer
to allow gas to pass from the connecting tube
to the warm end cf the regenerater matrix, The
number of velocity heads are used to account
for the flow resistances of entrances, exits
and bends ip the gas flow passasges., Standard
handbook values were used {13].
une {5 aun estimate of the dead volume in the
warm space in addition to that in -the piston
end clearance, connvccting tube, and the warnm
displacer duct.

Table 5. Submenu for Warm Flow Passege Values

Harn flon oaoxesess .
{ — Getorn to wain eon.

2 — Dicasier o comecting toba inth 1833
3 — Bigazier of eamm displecer ducts - icch L5328
4 — Effective COSoressor Pielda Closraes ioch o S
S — Loazth of ¢onac3ing tuday IRCh .53
6 ~ Loooth ¢f A SIEP1400¢F CTCh iKh o
T — fombor of valocity hesds in ceaetia W .. 2.5
8 — Hzmar of wlecity hedes in Sighlater 3ct 228

9 — Drad volen? &% aaro ead of digplacels Cb. mth — JE339
Reay pester?

Regenerator properties Table 6
submeau which allows vsiues connected with the
regenerator to be changed. The length of the
regenerator matrix inciudes space for the two
coarse  screens on each end. ' The porosity of
the matrix {5 computed from the total volume of
the fine wmatrix, the weight of the fine
screens, and the density of stainless steel
(7.817 gfcc) : '

Table 6. Sudbmenu for Regenverator Properties

feesnerator erasertics:
1 — Betorn to €3i0 EBU.

2 — loside cicmter of disalacer crliven ieth L3832
I — Dicartor oF reeedtster eatris, inth L1259
&4 — Hire diczotor in rozeavator 43It inch G233

. § — Gausro t3zh Of SCICERS i reR. CSUCiN wiresfin.. SEAED

6 ~ ior of fin2 scroons in rew, £3Uik s
7 — Leputh of FesTRIEtOr EATIN, iSth 2,255
8 — Ueight of fin2 re3TACISICT SCMCHS: SI0PF evwmn 13162
9 — Fusber of CORTRS G4 BETSIRS IR LOTIX -}
10 - Thicimass of e3¢h coares end stregds inch 8143

11 - Test t1ox rate of t2 thro diesi.» Std cc/ain. . TIELES

12 - Pressore dros v St f1c3 rasey D3N 15.62
Feny noxber? § e
Cold flow passages Table 7 shows the

submenu which allows values coonected with the
cold flow passages to be chsnged. In thisg case
there is a single orifice which squirts gas
into the cold space. The correlatiom by Hauser
[16] was used to calculate the heat traasfer
coefficient in_the cold space.

The dead vol~

shows the'

. However

Table ‘7. Submenu for Cold Flow Passages

Cold ¢low pessasest
1 — Extum %o c3ia Oy,

2 — Dleaster of (01d OTitIO itk 8o
3 — Et{ectivy ditolater CIEaTance &8 id & Do, (553
4 — Lonoth of cold afidion iath &R
% — Kyuter of volotity £28S iD €old ST tiCe e

L8
Hray suaor? 1 o

Heat conductfon, seal, end motor proper-

Table 8 shows the submenu which allcws
values cornected with heat conduction, geal,
and motor properties to be changed. All the
foput values fn this list, except for the fmch .-
dimensions are difficult to determirz, TYhe
emmissivities can vary over a wide range depen-
ding upon the exact properties of the surfacas.
the heat loss thru the vacuum iagula-
tion is zmall in oany case, so these errora are
unimportant. The efficiency of the drive sotor
and -the seal and wmechenicel fricition are verxy
important. They must be measured by separate
tests. In this case the efficiency of the
motor  was estimated from the motor specifica-
tions. The seal and mechanfical friction wuas’
detervined by zdjusting it so that the elactric
pover demarnd at the very beginning of a <ool
down test was about right. The aspeed of the
motor during this test wss not recorded aecd hagd
to be estimeted. Ip reslity the senl acd mech-
anicsl friction should depend upon engiue gpoad
and working gas pressure. Hore realistic fric-
tion con be added when - the informatioa s

ties

" avallable.
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Table 8. Submern: for Heat Conduc fon, Seal zud
Motor Values. S :

Het comguctions o0 @3 tsmm vaiesa
1 —~ (zium 0 edilo oot

2 ~ fixegtor Of varurp i2gulatidn 2m0r, i08h e 8
3~ Efticiency of ¢rive estan 3 . AR
4 — Enigsivity of cold tincar 08
3 — EMigTivity OF VilEs inSUlatioD e e JEED
6 — Cochinsd coat lecisodh . inch/zowissi £
7 — Soal axd eachizicsi frictica eatts o]
8 ~— Thiciness of o3ld fieesr ugll, ifch s

9 — Gav betencn cold Hooor 31 &0d disalecors ieth XD

Flewy nosher? |

6. Calculated Outputs

During solutfon two outputs are possibla,
1f the graphic cption is on, a display {s shkown
on the screen like that shown in figuve 2.
This display is very useful to show &t a glance
wvhether the solution is converging amd vhere
some of the problems in design are. The ellip-
ses at the right show the gas pregsure plotted
against the total volume, The first cycle {s on



top. The other 6 cycle are below as the gas
‘presoure is adjusted. The ellipses at. the left
are the cold gas volume plotted egailnst the
working gas pressure, The sine curve at the
top 16 the displacer motion for one cycle. The
sine curve at the bottom is the compressor
‘motfon for one cycle, The nearly horizontal
- line at the top left records the trials of
effective warm spece temperature. Full vertical

scale {s 0-400 K. Hote that wmost of the
adjuatment 18 made after the first cycle. The
nearly horizontal line at the bottom left re-
cords the trials for the effactive cold space
temperature. Note that there was little
change. co .

Figu:e 2, Graphical Display during Solutfon

If the graphic option ig cff, Table 9 1is
displayed on the screen. The numbers im the

. first two columns are the numbers that are
compared with the convergeance criteria which is
shown in the top line of Table 9, . These frac-
tionsl changes for cycle 6 and 7 were all under

. 0.001. Note thet the work {n apnd the heat out
are now only changing in the fourth significant
figure. The last column, the gas Iiaventory,
has unusual units. It is the gas inventory in
gran wmoles
constant, 8.314 J/(gmol#K).

Table 9. Progress to convergence table -~

Commvsance critaria 188 2B ¢cr Bm 8 31

the .

multiplied by the universal gas.

Crcle Chzzer  Chanoe  Gomm Cootins  Exd Tiw Ca .
bn, Pozpr la Eood In In In Pressoie Biee Invent,
Frec. Frat.  Joales. Jovies tPa Meee, SR

t L.EMZ0 (BT LIEEST MMATE 2,680 LEMS .01E3
2 BTHEY LITWE TS LA 2833 LIS 018
3 LJEETeY - LES3OJASEN LEEEE .088 LI SIBmTR
§ B3 BT J5BW . N 2635 1.8313 (012
§ LEEM LT JEER @520 2685 LS5 .e128X
RN vt N 5 R Y A Ly £13 B v . I Y v T B (H IS ciad
7 L0250 LESHAT  JIRSY1 LRERET 2.£%5 1.93M5

N bisieat

Speed of Solution On the IBM-PC equipped
with the 8087 coprocessor, end running Micro-
soft FORTRAN-77, the solution time for the
above same case with 7 lterctions is 6 seconds
without graphics and 20 seconds with graphicso.
This does not include the time for printing out
or displaying the solution. The display of the
output to the screen takes 2.4 seconds addi-
tional. . The priaotout tekes much longer and
depends upon the type of printer that is being
used. Uith some type of spooler, printing can
lag bohind., Meanwhile the operator may f{nves-
tigete new possibilities using the inforsetion
available at the monitor.

Calculated Performance At the end of the
solutfon, the tgble of calculated pexformance
is displayed on the monitor and {5 printed out
as-well, if the print option is on. Table 10
is the calculated performance for the {input
values given in Tables 2 to 8. The first thing
to notice is that gome losses are very fapor-
tant and some are mnegligible. Hovaver,. it is
dangerous to neglect the megligible logses. in
the design calculation, If you do your seorch
for a better design will lead you into en ares
where these negligidble losses are no longer
negligible. ‘

Table 10. Calculated Pe:formgﬁccv
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Digs, foctFla. BT6T  fmntio ieae bonn o AT
Coxn, Veo Pl 52277 Oodoas (om0 e o3850
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On the power requirement side, pote the

necheufcal friction aed the electrical sotor
losses ore the two big omes accounting together
for 74.4 % of the power requirement. The flow
loss thru the regencrator accounts for 5.5 % of
the powsr requirement. All the other f£lou
losses sccount for only 0.2 %, lesving 19.9 12
for the mecesesry thermedynamic powsex.  Obvi-
ously the place to start with improvements 4o
to find pome wey to reduce the mechaniesl gnd
electrical losses, ’

Oa the cooling effect side, it appesrs
that only 26.2 % of the thermodynsmic coolicng
effect survives the gauntlet of losses to be~
come net cooling cffect. In this analysis 4t
is assumed that all the cold orifice flow loso
and half the regencrator flow loas wmust be
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deducted as heat loss from the thercodynamic
cooling effect.

The shuttle heat loges and- the appendix
loss must be corsidered together, because as
one {ncreases the other decreases. Shuttle
hest loss occurs by radfal conduction across
the gop between the cold finger cylinder end
the displacer., Decause of the longitudinal
temperature gradient aslong the cold finger
cylinder and along the . displacer, when the
dicplacer {s ot the warm end of its stroke it
18 colder than the cold finger cylinder all the
wey along, B0 it heats up. Vhen the displacer
.48 at the cold end of its stroke, 4t is wormer
than the cold finger cylinder, so it cools
down. Eech cycle this process moves the heat
that has been transferred ope stroke length
toward the cold end. This important heat loss
cen be minimized by using low conductivity
cylinder walls such as plastic or glass or
ceranic,
icg the gop and increasing the leagth of the
regenerator,

Appendix loss océuts as the gas is paéked
into and unpocked from the appendix gap between

the displacér and the cold finger wall. This "
gop 48 closed off at the warm end with a sli-
ding seal and is open at the cold end to the

cold spece. As the pressure increases cold gas

48 packed into this space. As the pressure
decreases mnot so cold gas flows back into the
cold space. Increassing the thickness of the

gap reduces

shuttle loss but . increases the
appendix loss. ' g

A number of equations have been published

for shuttle heat loas and for apperdix heat
loss. As far as is known ther2 has been mno
experimentel

confirnation published of any of
these equetions. :

. The reheat loss should, for a cryocooler,
be called the recool loss.
sure ' changes and flow, a ldarge amount of heat
must be transferred each cycle in the regenera-
toxr. Ho matter how good the heat transfer, the
gas always re-enters the cold space warmer than
vhen it left. The reheat loss car be made
small at the expensr of making the flow heating
or the heat conduction loss or both tco large.
A careful balancing of dimensions is needed.

The temperature swing loss 1s a correction

to the reheat loss to compensate for the heat
capacity of the regenerstor being less than
infinite. In this case it is

negligible, but
it csn be important. v

The last 4 losses are heat conduction or
rad{ation losses thst go on whether the displa-
cer moves Or not.-- Dy far the largest {s the
cold finger wall since this must be thick and
metal to hold back the pressure and contain the
helium, |
less because this is made. of plastic. The dis-
placer matrix conductlon is even smaller be-~

Both due to pres-

The loss can be minimized by i{ncreas- -

The displacer well conduction i3 much -
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" tion factor by a2 factor of about 3,

"The measurements

cause the metal screens are divided and cake
contact only in a few spots. Vacuum insulation
loss is megligible. ’

Record keeping The operator can continue
to experiment with the computer program to see
how different inputs affect the output. He can
do this without waiting for theé printer onm line
at all, However with a spooler of sone sort,
the printer can keep track of all the inputs
and all the outputs for further study. It way
be running meny ceses behind what the cperator
is considering. After the output of table 10,
the full input values are printed out. These
values are printed out in the same crder as
they are shown in tables 2 to 8.

7. Results and Discussionx

Figure 3 shows how the computed perfor-
mance without any adjustmentof the calculation
proceedure with test results. -The net cooling
effect 4s plotted against the cold finger tem-
perature. Note that {f the flow .resistance
data 1is used for both the flow loss. and the
reheat that the net cooling is too optimistic
by 0.2 to 0.3 watts, If the Kays and London
correlations are used, the met cooling 45
optimistic by 0.12 watts, From the data that
<o far has been obtained, it sppeers that when
the cryocooler motor speed was not measured
that it was runoing at 1600 to 1700 rpm, Fig~
ure 3 shows that the calculated and weasured
performance shows the same trend. -

For the flow rate that results fna 10
psi pressure drop. thru the displeacer, the Keys
and London correlation calculated 18.4 psi.

Also a number of investigators have found that
the flow vesistance calculated. for steady flou .
must be mnmultiplied by a factor to mske _the
measurements eand the predictions for engiues .
agree wore closely, At one time the author used
a factor of 2.9 to make the calculated output
agree with measurements for both' helfun and-
hydrogen [17]. Tew [18] used a factor of & for
hydrogen and 3 for helium to meke his caleula-
tions agree uith test results, A racent test
reported - by Taylor and Aghili [14] showed that
oscillaticg flow in tubes inéreased the f£ric-
Possibly
finding the right rultiplier between reversing
flow and steady flow resistance and the right
way to apply this multiplier could bring the
experimental and test results intc agreement,

Figure 4 shows the first attempt at adjus-

ting the program to fit the current. experimen-
tal data. When the flow resistance test dsta
are used, o mutiplier on the computed pressure

drop of 3.3 to 3.6 is needed to bring the
computed results in line with the measurements,
are consistant in that they
show a trend with very 1little scatter. The
computed rxesults derived from flow- resistance
test data do not show quite the same trend.



the Kays and London flow correlation
is used, the multiplier only has to be 1.25,
Also the trends in the data and the adjusted
calculetion are the same. The correlation

¥hen

shows & transition from pressure drep propor-
tional to flow rate to pressure drop propor-
tional to the square the the flow rate in “a

smooth mauner over a factor of about 10 in flow
rate. Possibly "the pressure drop is not di-
rectly proportional to the flow rate,

These exercises in adjustment have been
successful 1in showing that adjustments can be
nade. Houever, when we have more information,
particularly the motor speed, for each point,
our conclusicns mey be quite different than
they are now. However,
has an important advantage in that it itemizes
the losses and therefore gives guidance about
vhere to make improvements.

8. Application Areas -

) Although . the specific cryoccoler design
program described in this paper 1s for an inte-
gral Stirling cryocooler, The same programing
concept can be applied to split Stirling and
free-piston Stirling machines. A free-piston
engine has been calculated using this type of
enalysis [11]). - The speed for calculating each

case is fast encugh so that once the design
method is calibrated, an optimization seaxch
can be programed to search for the best design

automatically. A thorough optimization search
is already programed [11].

9. Conclusiods

Using only open sources of information,
cryocooler design program has been writet--
which gives reasonable results, It
inputs of cooler dimensions, wmeasured flow
losges, mechanical friction, and electric motor
losges. Since the current error betwueen calcu-

. lated and measured performance is not large,
"and since the calculated performasnce shows the
same trend as the measurcd performance, we
expect that this computer prograw can be adjus-

ted to model a real cryocooler quite exactly.
The program needs to be adapted and customized
for each user since there are so many ways to
"build a cryocooler. Also skill is needed 1in

making the proper adjustments so that the pro-
gram: will be accurate over a wide range of
design options. In {temizing the losses the
program shows clearly where the greatest im-
provements in design can be made.

10. References

[1) Martini, W. R,, Stirling engine design
‘manual, DOE/NASA/3152-78/1
NASA CR-135382 (April 1978)

"[2} Martini, W. R., Stirling engine design
manual, second editior, DOE/NASA/3194-1
NASA CR-168088 (Jan. 1983)

a

requires.

[3]

(4]

{51

(6]

the isothermal method -

{71

(8

(9]

[10) &

(11}

(12}

(13]

(14]

115}

{16]

175

Martin{, H. R., A simple cethod of calculs
ting Stirling engines for engine design
optimization, 1978 IECEC Record 1753-1752.

Crouthamel, M. S., and Shelpuk, B., Regen-
erative gas cycle air conditioning using
golar ‘encrgy, Advanced Technolog
Laboratories ATL-CR-75-10 (Aug. 1975)

Zimmerman, F. J., and Longsworth, R. C., .
Shuttle heat tramnsfer, Advances in Cryogenic
Engiceering, Vol. 16, 342-351, Plenun
Press (1971) - ’

Rios, P. A., An approximate solutiomn to the .
shuttle heat-transfer losses in a recipro-
cating machine, Journal of Engineering for
Power, 177-182, (April 1971)

Leo, B., Designer's handbook for spacebotné
tvo-stage Vullleumier cryocgenic refrigera-
tors, Air Force Flight Dynamics Laboratory,
Report No. AFFDL-TR-70-54, (June 1971)

Gorring, R. L., and Churchill, S. W., Thermal
conductivity of hetrogeneous materials,
Chemical Engineering” Progress, 53-59
(July 1961) .

Martini, W. R., Validation of published: .
Stirling engine design methods using engine
characteristics from the literature, 1980
IECEC Record, 2245-2250 -

partini, W. R., A revised isothermal
analysis program for Stirling engines, 1983
LECEC Record "743-748

Hartiui, W. R., Developmeut ci free-piston
Stirling éngine performance and optimiza~
tion codes besed on Hartini simulation
technique (May 1984) To be published by
NASA-Lewis,

Stirling Engine Newsletter, p. 5 (May 1982)
Martini Engineering '

Walker, G., Design guidelines for large
Stirling cryocoolers, University of
Calgary, Hechanical Engimeering Dept.
(1982)

Taylor, D. R., and Aghili, H., An investi-
gation of ogcillating flow in tubes, 1984
IECEC Record, 2033-2036 (Aug. 1984)

Perry, J. H., {(editor) Chemical engineers®
handbook, Third Edition, Hchsu-Hill
388 (1950)

Hauser, S. G., Experimental measurements
of tramsient heat transfer to gas ingide a
closed space, Masters thesis, University
of Washington (1979)



(17]

(18]

Piguté 3

e.7

P
.

-

£ Canltey, ¥arta
L

0.1

Martini, ¥. R., A simple, non-proprietary
code for Stirling engline design, Presented
at DOE Highway Vehicle Systems Contractors'
Coordination Meeting, 16-20 Oct. 1978.

Tew, R. C., Thieme, L. G., and Miao, D.,
Initial comparison of single cylinder
Stirling engine computer model predictions
with test results., DOE/NASA/1040-78/30
NASA TM-79044, Presented at Intermational
Congress and Exposition SAE, Detroit, MI
Feb.26 ~ Mar. 4, 1979

Cémparison of calculated cooling
effect without adjustments uwith measurements.
——r t Y T T T Y T
Caleulsien asures : ° .
- 1
. z ]
% .
o -
L B
L -

Celé Temperstuce, &
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