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‘J’hc SunpowCr 140K crymxmlcr  is an intc.gral in-line single col~~]~tcsso]/sil~glc  d isp lacer
configuration tha[ features the use, of low friclion  gas Imarinf,s on all ruilning surfmx.  “1’hc dcsiga
is very compac[,  simpk, anti light -wcig,ht.  “1 ‘his lypc of cryocoolcr  was origi nail y i ntct](icd  for usc
in the c.lcdronics  industry. ‘1’hc original machine providcxi 35 watts of coo]inf, at ?23 K at a
hcatsink  tcmpcxiturc of 45°C with 6S watts of input ]mvcr. ‘1’hc 140Kc{Jolcl,cll  altictcli7c.(ltly”
.lI>l<, isa mociificd vcmim  of tlmori~i]lal  cool  crand achicvcs4  to 8 W’ti[[sofcooli]]govc]tl]c
te.ll]])cta[~lrc>.]:ai~p,c  l?.OK to 140K v~i[l]lc.ss  tl~fit~7()  \\~a[ts () fit]j~~l[ ]~()\\'cr.

‘1’hc SuDjmwcr  140K cryocoolcr  was charactcrizd  by J]>]. in a number of jmfmmancr.  arms
imluding  [Ilcrmal, vitmtion,  rcsonancc, lih41,  and off-s[a[c paras i t ic .  “1’hc  rcsu]ts of thcm
l[]c.:islllclllcl][s  arc Imscnkd;  where possible, [hc wicasurclncnls  arc colnparcd wi[]l calculated
pcrrorm allcc (xlrv(x.

‘1’hc Sunpowcr  140K cryocxmlcr wascharac[crimxi  hy JJ’I. in a number of pcrfmnancc  areas
includil]g  thermal, vibration, rcsonawc,  lih41,  an(l off-state t)arasitics  [1]. ‘J’hc rcsu]ts of these
performance nwasmunmts arc summarized in this paper and comparisons arc made to calculated
l)clfol”lll:[llccct  llvcsl)lovi(ic(l”  t)y Sunpowcr. “I’l]is cryocx)olcris” acotli~):tcl,l  ig,l}t-1~’ci~,llt,  in-line
c()()lcl' lllalll{ili71cs  asitlgle. c()llllJl<css()  l:ii](i (iisplaccrc ‘1 ‘k compressor is cirivcm  al a frm]ucncy of
60 IIz hy a linear l)crl]~at~cl~t-~]~  :i[:t~c.t motor, w]]ilc the. (iisplaccr is imssivc]y  (irivcm by tim
COmpl’cssor  JM’CSSUrC  wave. ‘1’l]c(iisl]lacctl)islo]]  iscc]llcrc(i  []sitlg at[]ccllat]ical spriilgan(i(hc
cc)t~l]]r~:ssolr)islo]]” isccntmxi  usinga lllagl~c.lics])]ii]g. IIclium gasisuse.(i  astl]cw~()]killgfl~li(i
an(i cooling is achicwxi  acxxmiing  [0 the Stirlin~,  cycle. IM 10 lhc free pis[o]] (icsigu, gas hcaring,s
arc uscxi  10 provi(ic  c(mtacl  - frcx m olion. Sunimvcr  crcatcxi  the 140K cryocxmlcr by mo(iifyii~g  a
Sunpmvcr  h4inicdcr,  capab]c of lifting .-3S wa[ts at 220 K with a 4 SC’(;  heat rejection tcmpcraturc,
that was originally (icvclopc(i for dcclronic  coolinp,. “1’hc  lno(iifications  were limi[cxi  10
optimi~,ation  of the rcgcncrator [0 achicx  lmvcr tcmpcraturcs, incrcmin~ the col(ifingcr IcII[!,[ll  to
rcxiucc  con(iuclioll  losses, an(i rmoval of [hc ori~il)al  lw.at rcjcdiol]  fins inlm(ic(i  for convcxlivc
cooling. A schematic of ti)c. rcsul[ing prototype cooler is shown in I ;if,. 1.

‘1’hc Sunpowcr  cmlcrs  have no buil[-  in ii]s[ll]i]lcll(atiotl for monitorit)g  compressor or (iisplaccr
s[rokc, cxccpt during  cic\~e.lo])]])ct]  t/tc.stit)g at Suhimwcr. ‘1’ticwcforc.,  cl)alac[c]izja[io]] of the cwolcr
was pcrfmncxi  using cmistant input voltag,r.. III gclicral, thermal an(i vilwation Iw.rformancc were
mc.asumci  with 5.3, 8.(), and 1 O.-/ Vrms inpul 10 100it at the setlsitivity  of tim pcrforlnancm  to the
(irivc vo]tagc. ‘J’hc rcsonanm  mcasurcmcnts were con(iuckxi  while pmvcring,  Ihc cooler with a
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cIIII’cI)I-II)(J(ic amplifier mi 1 }h41 mcasarcnm[s  were
10.0 Vrms input.

IDICI?lK)RMANCI; ANA I,YSIS
l]] gcncrai, a combination of oscillatory flow mmids,

ma(ic whik lim cooler was oimratc(i  at

non-stca(iy  heal lransfcr,  an(i cmpiricai
rcsill(sarcuscxi  toprcdict  ti~cl~clforl~~at~ic[)fa  ]Jarliclllalc(Jolclt. Occasionally, fine lunini  of tim
imformancc  may bc facili[a[c(i  by computer simulation of ti~c flow con(iitions  an(i lwat transfer
wi[ilin tim COOIN. 110WCWO, tim usc of Ihcsc simulation techniques is cxccdingly  slow, cvcm m
stll)cl’c(~il]lll]lcrs,  an(i tiwy (io not lcn(i [imnsclvcx  easily to (icsign op[imi74ation.  ‘1’his  is i~atlially
(iuc [0 tim fad timt lhcsc simulations arc csscmtiaiiy  cotnp]cx  numerical cxiwrimcn[s  ti~a[ arc (iifficult
to inlcrprcl  whca trying 10 gain a ckar idlysical wl(icrs(an(iing of tiic cmlirc (iynamic  syskm.

]kspitc  tile fact tilat  tbc flow an(i heat transfer piwmJncna  within the COOIN arc cxtrcJncly  coJnplcx,
ti]c I-csimnsc  of the cn[irc cooler systcm is rcmarkab]y  linear. It] its simijics[ form, the cooler may
bc dcscribd  as a tuncxi Jncchanical  oscillator whcJc tbc rcsoJIJJIIccs  of the ciisplaccr all(i  lhc
comimxsor  arc set to obtain tk oplimum  pi)asc angles for both tl~cllllo(iyilatllic  an(i electrical
imrformamm 'l`llcl`cforc,  litlcari7,ati()t}  ()ftllc govcr]lit]g c<]llatioJls  12,3,4]t:cstllLsi  tlatllitlitllall  oss
of accuracy an(i aliows  a simplcphysical  itllc.rl)rctation of ti]citl[cractitlg  tllcrlllo(iyllatllics  an(i
mechanical dynamics. ‘I’hissimplicityi  scsscn[ial  in ctl}latlcitlg  tl~ctltl(ictstatl( iillp,of  lcsl (iata
(iurit)g tim (icvclopmcnt  phase of tiw coder an(i quickiy lca(is to cotlvcrgcncc  in the (icsign
oiMinlizatioJl  process.

in the followin~, prcscmtalion of li]c rcfri~,cration pcrformancc,  {iala,  tile lincarimci JH(xicl  (icscribcxi
iJ) [?, 3, 4] iS u.sc(i to pmiict  the imrforiliaJlcc al tim Jncasurcd  cotlcii[ioJls  so that a comparison
l)ctW'cctll  llccalcllla[cCiJ  csllllsaJ l(itllccx I~clitllc.[ltalJcs[  lltscaJll  )ctllacic.  ‘I’i~clitlcaJJ  ll[)dclJljakcs
usc of the pilysical  chat’aclcristics  of tbc ] 40K cook]” btlt is JIM tuncxi  to Jnatch an y of the. Iiwt”mal
performance points.

An Outlitm of the usc of tiw Jnodd is dcscribc(i  km, for a mom (ictai]mi  trcatmcmt  of the mmic]
specifics, Jcfcr [0 the rcfcrcnccs. ‘1’bc mo(ic]  is .sct up 10 usc the co]citip lcmpcraturc  “l’C, the
hcatsink tctupcralurc ‘It,, aJld tim piston stroke XP as its fun(iamcntal  itlpuls;  bowcvcr,  Iilc stroke
il)fOrl)lati  Oll WaS JIOt availab]c  fl’OJll thC JllCaSLllC.JllCJ)tS (illC’/ t(t thC laCk Of Stt”(k  iJN[t’UJllCJlta[  iOJ).
‘J’hc fundalilcntal  rcsulls  of the III()(Ic1 arc tile lilkxl hcwl 1, and the input power to the
Illcr[ll(l(iyl}alllic  cycle l’CYCle. II) micr 10 pcJform time calculatioJls,  i( was thcrcfoJc Ju3ccssary  to
(ickvmiJlc  tim pislon  s[rokc that yicldc(i  (k nlcas~Jrd input  power at each of the opcratin~
cotl(ii(ions. “1’hc cxpcJimctlts  were coJlductcci  at coJlstaJlt iJlput  voltage wltik tbc input cNJrcJ)t
ll))O(,,l. aJl(i lhc inpu[ power 1’1,)0[(,1 10 tile Jllotor were. mcasurcxi. ‘1’hc AC resistance of tim tnotoJ” coil
was (). 168 ohms. A pcrmatwJ~t  Jnasnct  is uscxi  to cmtcr tk compressor pistoJ~ an(i to pJwvidc
a(i(]itiollal  sl)t”it~~ f~r~~, which ka(is  to al) a(iditiol~a]  Powc.r ][)ss ]>lllar Joss. ‘] ‘tlCJ’CfOl”C,  Ihc POWCJ’  to
lhc cycle is cxprcsscd as:

Pcyc~c  = 1’,,,,),(,* - (I,,,,),,),  )wcoj, - I’,,,@)ss

‘1 ‘hc power 10s( (iuc to the prcscJlcc of the tnagmt was Jmasurcci at SuJlpmvcr by driving this cmlcr
motor with atlot}mr motor. “1 “hc input pmvcr 10 lbc wcli charac(cri  zc(i ciriviJlg  Jnot or was taken as
tlm Jnaxnctic  10ss ami was attrib~Jk(i  primariiy [0 tbc prcscncc of tim lxmnaJmJ~[ mafgwt. A plot of
this po-wcr 10ss is showJ) itl 1 ‘ig. 3 a; a fatlc[;oa tim ~)is(on  slrokc.
bCfoJC  lk :IINOLIJ)( Of tll[igtWliC  ]OSS 1’lllagIoSS ~al~ t)~ ~~t~rl~~i IMXi.
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‘1’hc mocicl  was supp]icd  with lhc nmasumi  Kmpcra[ums ‘l’C and ‘l’t, along with a piston slrokc [hat
was cstimakd  from (k measured input power. ‘1’hc mo(icl  yiclcicd  a cycle input power l’CYCIC and a
hca( lift 1. for those opcra[ing conditions. “1’his  ncw cycle power l’CYC]C plus the magnetic 10ss

3, was compared to the measured input]Jl,@~SS$  d~[~rt]litd fronl tk d~~s~n str(k llsin~ ]ii~. .
power (P,,,otor - (1 ~llotor)?I~Cc)il).  If a diffcrmw was foun(i,  (I1C stroke was modificcl.  “]’his  ncw
stroke along  with ‘l’C and ‘I’t) was run through the model again @ produce a nmv cycle power PCYC]C.
‘J’his pmccss  was rcpcatcd  until the cickmnincd  l) CYCIC  + l>niag]oss was q~lal 10 IhC n~casllrcd inptlt
power, meaning that the correct stroke for [hc measured input power had km foun(i. “1’hc final
hca[ lift 1. and s[rokc X ~ were [k rcsu]ts of the linearized model that were dctcrmincd for the
mmsurcd inpu[ power and the measured Kmpcra[urcs  I’C and’1 ‘t,.

‘1’hc Sunpowcr 140K cooler has cxccllcnt  thcmal  efficiency and pmvidcs  nearly 7 watts of cooling
at 140 K with ~ust OVCI 4(J wa[(s of inpu[ pmvcr.  ‘1’hc cmlcr rcfrigcra(cs  - 1(K) gm of COppCr  from
ambient tcmpcraturc  to 134 K in 30 Jninuks  al a drive vol[agc  of 8.() Vrms wilh no apparent
anomalies. I’hc cook is cxlrcmcly compacl anti  light weight for a cooler of its thermal capacity.
Although the efficiency of the drive motor is gmxi (75 to 80%,) thcm may bc room for fur[hcr
improvcmcn[, as the power factor is ICSS than ().9 at cryogenic operating con(iitioJls.

As mentioned above, the 14(IK cooler resulted from the inodification  of a h4inicoolcr  that was not
dmigncd to a[lain such low tcmpcraturcs. ‘1’hc motor in the 140K cooler is identical to the onc used
in the Minicoolcr; however, it must bc opcmtcd at higher powers than i( was designed for in order
to achicvc  these lower tcnlpcraturcs. in a(idi[ioJ~,  duc to the incrcascd internal volume and
rcdcsigncd rcgcncrator,  the resonant frequency of lhc piston is lower at room tcmpcraturc Ihan it
was in the original Minicmlcr. “J’his non-optimal rcsonancc  ICSU1l.S in a significant reduction in the
power factor as [hc coldtip  tcmpcra[urc  dccrcascs. “I”hc ] 40K coo]cr was not tuJmd in the way that
a completely ncw design would normally bc tuned.

‘J’cst Apparafus ‘J’hc refrigeration performance mcasurcmcnls  were conducted in the JI)I.
tl]cl~~~al-vactllll~~  tcs( facilily  that is used to simulate conditions in space an(i to provide a highly
s[ab]c thermal lcsl environment; the higli level of environmental stabili(y allows accurate rcpcatab]c
mcasurcmcnts  to illutninatc  subtle and impor(ant  pcrfmmancc  scnsi(ivitics. “J’hc cooler was
at [ached to a copper fiangc, thcmal 1 y isolated from the vacuum housing, [o allow accura[c control
of the hcatsink tcmpcraturc  using a fluid-loop heat cxchangcr. ‘1’hc cold tip was outfitted wi(h a
cryo-diode to measure the col(i[ip tcmpcraturc and a metal film resistor was usc(i to apply a
hca[loaci.  ‘J”hc cold tip was wrapped in scvcrai layers of aluminixcd  Kapton  Ml,1 to rcducc any
parasitic radiation heat load to negligible ]cvcls an(i lhc vacuum was maintained IJC1OW 1()-5 torr to
avoi(i gaseous con(iuction  cffccls.

‘1’hc cooler was driven using a low (iistor[ion au(iio amplifier with a sinusoicial voltage waveform.
‘J”hc power to the cooler was monitorc(i  using a hi~h-quality  true-RhflS power meter. }Iccausc,
(iri vc-cabl  c ohmic 10SSCS arc read by the power meters, cable ohmic IOSSCS  were also separate] y
measured and were subtractc(i  out in the final power (i at a that arc rcpor(cd in the figures.

Motor IH’ikicmc.y I;ig. 2. siIows the mcasum(i motor efficiency as a function of the input power
at various (irivc vollagcs an(i hcatsink  tcmpcraturcs;  each data set was obtainc(i  by increasing the
coldtip heat load wilh the no-load point having the lowest motor efficiency in each data set, Note
tha( the motor efficiency falls off at the iliglmr  input pmvcr levels that arc rcquirc(i  to reach the
IOWCS1 Icmpcralurcs. A( higher input pmvcr, the input pmvcr incrcasc(i  as the hca[ loa(i was
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incrcascd; while at lower input powers, the inpu( power remained nearly constan(  or dccrcascd  as
the heat load was incrcascd.  It is clear from this plot that this cooler prefers to operate at higher
coldtip tcmpcraturcs  whcm the motor efficiency is grcalcr;  il is also clear that there is room for
i mprovcd  low tcmpcraturc performance by u[i]i zing a motor with higher efficiency at higher input
powers. If this motor had an efficiency of 90%, the power lost in the coil would dccrcasc by a
factor of two; the rccovcrcd power could  bc convcrtcd  to useful cooling work. 1 ~or cxatnplc,  a
motor that is 80% cfficicnt requires 70 watts of input power to do 56 watts of work, whereas a
motor with an efficiency of 90% would require only 62 watts of input power to do the same
an~oun(  of work. in addition, by tuning the cooler so tha[ the piston and displacer achicvc larger
stmkcs  for a given input power, more gain in liftc(i heat wou](i  bc achicvcd  for a given input
power.

Thermal l’crformancc “lhc performance of the 140K cooler was calculated at each of the
cxpcrimcntal test points using the linear model; for the sake of brevity only the rcsul ts obtainccl  at
20°C hcatsink  tcmpcraturc  will bc discussed. l;ig. 4 maps the thermal pcrfomancc  of the
Sunpowcr  140K cooler with rcspczt to five kcy parameters: input power, cold tip load, specific
power, cold tip tcmpcraturc  and compressor input voltage. Both the measured results and the
calculated results arc prcscntcd  on the same plot for comparison. Recall that it was not possible to
measure the compressor stroke, since there is no available stroke-length instrumentation. }/or this
plot the hcatsink tcmpcraturc  is fixed at 20°C. I’hrcc horizontal cons[ant-vo]tagc load lines arc
prcscntcd covering compressor input voltages from 5.3 Vrms to 10.7 Vrms. Notice that the input
power is strongly dcpcndcnt  on the compressor input voltage and is only weakly dctcrmincd  by the
coldtip  load and coldtip  tcmpcraturc;  the calculated rcsu]ts rcfkxt  the same basic phenomena. “J’his
is typical of small Stirling-cyc]c  cryomolcrs. ‘1’hc prcdictcd power and the mcaswcd power arc the
same, since this was onc of the inputs to the model, Notice also that the isotherm lines (Iincs of
constant coldtip  tcmpraturc) arc ICSS stmply sloped than the constant spcxific  power lines; thus the
refrigerator efficiency is greater at })ighcr  input voltage. ‘1’hc isotherms dctcrmincd from the
calculated performance data compam very WC1l with the isotherms dctcrmincd  from the mcasurccl
pcrforniancc  data bctwcm  the 5.3 and 8.0 Vrms curves. Bctwccn the 8.0 and 10.7 Vrms curves,
the isotherms from the calculated data arc somewhat more optinlistic than the isotherms from the
measured pcrformancc;  this is duc to prcdictcd  loads being larger than actual loads for a given
cokitip  tcmpcraturco

Anothc.r  view of the comparisoJ~ of this data to the calculated performance is shown in llig. 5
where the cold tip hcatload  (I .ift) is plottc(i against the coldtip  tcmpcraturc.  Notice once again, that
the calculated results match the measured ones very WC]] for the 5.3 and 8.0 Vrms data; whereas
the calculated results arc higbcr  than the measured ones for the 10.7 Vrms data. At a drive voltage
of 10,7 Vrms, the input power to the COOICI  is quite high and the efficiency of the motor has
degraded, it is impressive that the linearized model dots so WC1l clcspitc these cxtrcmcs.  Note, that
unlike load curves from most cryocoolcrs, these load curves show little sign of bending over in a
concave down type of shape. “1’hcsc data appear to bc following a concave upward path; in fact,
least-squares quadratic curve fits yield positive coefficients on the squared term. ‘1’his phenomenon
is discussed below in the 1.oad Curve Concavity subsection.

%Carnot CO]}. ‘1’hcsc calculated performance data can also bc used to dctcrminc [hc %Carnot
COI), as shown ]n I;ig. 6. ‘1’hc calculated performance curves fit the lowest drive voltage data
fairly WC]] and ovcrprcdict  the 8.0 and 10.7 Vrms performance. Note, that the %Carnot (XX’
incrcascs  stccp]y  from the no-load tcmpcraturc  to approach values around 20%) at co]dtip
tcmpcraturcs  above 150 K. ‘1’his is cxccllcnt  performance. “1’hc %Carnot  (X)}’ is seen to incrcasc
with drive lCVCI, reflecting the specific power improvement at higher drive voltages as noted in
l~ig. 4.
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‘J’hc (hcrmal pcrfmmancc dcscribcd above is sensitive to a numhcr  of other factors such as hcatsink
tcmpcraturc, drive frequency, and cold-finger conduction. This data is provided in detail in [ 1], a
sbor( summary of these scnsilivitics  is provided here. increasing the hcatsink  tcmpcraturc  from
()”C to 20°C causes the isotherms pictured in Fig. 4 (o shift to the left by 10 K. As a rcsu]t,
(iccrcasing  the }~catsink  tcmpcraturc  dczrcascs  (1]c input power required to rcfrigcratc a particular
coldtip  load at a particular colcttip tctnpcraturc. Variation of the cooler drive frequency
demonstrated that the 60 1 lz, design frequency provided the best thermal performance.
Mcasurcmcnts  of the cold-finger conduction shmvcd that it incrcascs  with decreasing coldtip
tcmpcraturc  to -1.6 wa(ts a[ 100 K. ‘1’his is a high parasitic loss when comparcct  to a typical 80K
cryocoolcr  with 200 to 500 n}W of parasitic loss. Some performance benefits could bc derived
from a smaller diameter and longer coldfingcr.

1 .oad Curve Concavity. ‘lhc load curves for the 140K cooler demonstrate an unusual upward
concavity (SCC Fig. 5). ‘l’his behavior can bc attributed to idealized performance where it is
assumed that the heat transfer bctwccn the gas and the outside surface of the coldtip is pcrfccl.
LJndcr these conditions it is rcla{ivc]y easy to show [3] that the lift and the cycle power arc
proportional as follows:

I.ift oc cxl, XP X~ sin @

l]CYCIC  ~ CG* XP X~ sin $
where X ~ and & rcprcscnt (1]c piston and displacer strokes, ~, and CX.l. rcprcscnt the pressure and

thcrnlal  coupling bctwccn  the piston and displacer, and @ rcp~cscnts  the phase angle bctwc~n  t}~c
displacer and piston. IIy combining Ihc.sc  two expressions, the lift can bc cxprcsscd  as:

1 km an isothermal cycle, the ratio q~cx.,.  can bc cxprcsscd  in terms of tcmpcraturcs and area ratios
[3] to yicl(i:

;(+)
0“: “if’ = “o --; (’‘+))* “c’’”,

where AR and A rcprcscnt  the displacer r~d arc; and the (Iisp]accr area, and’1 “t, and ‘l’C rcprcxcnt  the
hcatsink  and coldtip  tcmpcraturcs  rcspcctivc]y.  Now, since:

i(l-wl
the lift can bc cxprcsscd  in a ‘1’aylor series:

where higher micr terms rapid] y bccomc insignificant,’cv&  for 3; approaching ‘] ’h. If A ~/A == 0.S
the “1’aylor  series approximation is good up to a coldtip  tcmpcraturc of about 210 K at a hcatsink
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tcmpcraturc of 300 K. l~or this cooler, the ratio A1{/A is ICSS than 0.1.

II is easily sccn from the final lift expression that the 1.ift incrcascs with increasing cold tip
tcmpcraturcr I’C if the cycle power is held cons[ant.  In tllcll~castlrcll~cl~ts  discussed above and
plotted in Fig. 4 the input power was ncar]y constant  over each load curve, however, the power
factor was not constanf, and the heat transfer in the colci[ip  is certainly not infinite. All these
factors will modify the load curve. In this particular ca.sc, the motor efficiency improves at warmer
tcmpcraturcs which actually incrcascs  the order of the curve. liulhcrmorc,  w}~cn the lift is plotted
agains!  the coldtip tcmpcraturc for a cons(ant  input vol[agc, .scc I;ig. 5, the rnomr efficiency and its
nvxhanical tuning arc such that the piston amplitudes arc generally higher for warmer tcmpcraturcs
which again incrcascs the lift.

“1’here is only onc factor that acts to rcducc  the order of the curve and that is finite heat transfer. As
the lift incrcascs wit}) warmer tcmpcraturcs,  the coldtip  hca[ cxchangcr  bccomcs ovcrwhcltncd by
the high heat flux and the tcJnpcra(urc differential bctwccn  the cold gas and the outside wall of the
coldtip incrca.scs.  Since the cycle operates bctwccn the gas tcmpcraturcs, the lift will eventually
asymptote as the heat load is incrca,scd. I’his problcm  is much more scvcrc  in smaller cryocoolcrs
where often JIO formal heat cxchangcr exists at the coldtip. ‘1’hc 140K cooler, however, dots have
a forma] coldtip  heat cxchangcr  that is designed to transfer at least 35 watts with a small
tcm pcraturc  differential. Thcrcforc,  this machine exhibits lift behavior that is closer to that
cxpcctcd  from ideal theory rather than the typical asymptotic curve that is generally seen.

VIBRATION
Mcasurcmcnts  of Ihc cooler vibration were conducted in the JP1. cryocoolcr  vibration
characterization facility using a special-purpose six-dcgrcc-of-freedom dynamometer. This
dynarnomctcr  has a frequency range from 10 to 500 Ilz, and a force sensitivity from 0.005 N
(0.001 lb) to 445 N (100 lbs) full scale. During operation, the gcncratcd  forces (Ux, I’y, and Fz),
and moment (Mz) about the cooler’s ~, axis, arc simultancous]y  rccordcd in real time using a
spectrum analyzer. Fig. 7 shows that the measured forces and moment incrcasc with increasing
drive voltage as cxpcctcd. The magnitude of the 1+ fundamental incrcascs from 17 lbs to 38 lbs
when the drive voltage is incrcascd  from 5.3 Vrms to 10.7 Vrms. The future addition of an active
countcrbal  anccr needs to bc considered for applications requiring low vibration lCVCIS.

q’his cryocoolcr  has no instrumentation to provide information about the compressor or displacer
stroke. 1 lowcvcr, an estimate of the piston stroke can bc made from the measured force ICVCIS at a
particular drive voltage to scc whether they arc comparable to the strokes dctcrmincd  by the
linearized model (SCC discussion above). “1’hc stroke is calculated according to the following
cwuation:

x. = —LP
m (2nf)2

where Fz, rcprcscnts the fundamcnta]  force component dctcrmincd  from dynamometer
mcasurcmcnts,  m rcprcscnts  the moving mass of the piston, and f rcprcscnts  the fundamental
frc~ucncy.  It is assumed that the displacer’s contribution to this peak force is negligible duc to its
small mass. In this case, the mass of the piston is 255 gm and the drive frequency is 60 Hz,. I’hc
comparison bet wccn the calculated strokes and the strokes dctcrmincd  from the fundamental force
harmonic is shown in Fig. 8. Note that the calculated compressor stroke is sensitive to the
hcatsink  tcmpcraturc;  the higher the hcatsink  tcmpcraturc, the lower the piston stroke. The
dynamometer mcasurcmcnt  rccordcd at 10.7 Vrms is at thermal equilibrium but the dynamometer
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~~)cas~lrctl~cnts  at8.0Vrl~~s  at~d5.3Vrl~ls  arc I)o[at tl~crt~~alqtlilibritlrl~.  Thchcatsink  tcmpct-atut-c
of the cooler while mounted on the dynamctmctcr was higher than 20°C. Despite the fact that the
hca(sink  tcmpcraturc  was higher in these mcasurcmcnts  than in the thermal Pcrformancc calculated
from the model, it appears that the calcu]atcd stroke lcJ~gths arc ccrtain]y  rcasonahlc  when
compared to thcxc fcw known data points.

Coldtip vibratory displacement amplitudes were obtained by measuring the coldtip accclcraticm
using a three-axis accclcromctcr and then dividing each acceleration harmonic by the square of its
harmonic frequency in radians/see, i.e. the displacement (x) at frequency (f) is computed as:

a
x  == -—--–

(27cf)2
where (a) rcprcscnts  the measured accc]cration  at the samcfrcqucncy.  Coldtip displacements in the
x, y, and Y, directions for the cold tip of the Sunpowcr  140K cooler arc shown in Pig 9. I’hc z-axis
M dircctcd  toward the coldtip  along the axis of (1]c cooler. Note, that the axial displacements arc
larger than the lateral ones for the fundamental and second harmonic. Also, the x displacements
arc smaller than the y displacements at all harmonics. At the fundamental frequency the x
displacements arc an order of magnitude smaller than the y displacements. There is no obvious
asymmetry within the cooler that would indicate a reason for such a diffcrcncc.

The compressor and displacer rcsoJ~ant characteristics arc measured by driving the compressor
with a constant amplitude sinusoidal current that is swept through a range of frcqucn.tics
surrounding the nominal cooler drive frcqucJ~cy. ConstaJlt amplitude siJlusoida]  current
corresponds approximately to constant amplitude sinusoidal force applied to the pcrmancJ~t-n~agnct
Jnotor. Bccausc the Sunpowcr cooler lacks the instruJncJ~tation  required to Jncasurc piston or
displacer amplitude and phase, the test lcchniquc iJlvo]vcd  runniJ~g  the cooler OJI the force
dynamometer and measuring the cooler’s force transmissibility. The cooler’s rcsonancc
parameters arc dclcrmincd  by least-squares fitting to the Jncasurcd  transmissibility [5]. To provide
data for both atnbicnt launch cnvironn~cJ~ts  and opcratioJ~al  cJ~vironnlcnts,  n~casurcJncJlts  were
made at both ambient and cryogcJ~ic  tcmpcraturcs. I’his is important bccausc the stiffJ~css  of the
worki  Jlg gas drops with coldtip tcmpcraturc and the cooler’s rcsoJ~ancc characteristics chaJlgc
according] y.

Ilig. 10 presents the force transmissibility (l~z) measured al ambient tcmpcraturc  for a range of
drive ctJrrcJlts.  Note that the natural rcsoJ~aJ~cc  of the pistoJ~  oJ~]y occurs for drive currents of 2.4
amps and greater; this is bccausc  the gas bcariJ~g systcm for the piston dots not bccomc  operational
uJ~til  after static friction forces arc ovcrcoJnc  and the piston develops a finite stroke. This type of
seal Jnay offer some advantageous resistance to launch excitation. Note that the rcsoJ~ancc  is vcJy
C1OSC to 60 IIz. Despite the prcscJ~cc of the passive displacer, no double peaks were found iJ~ the
ambient tcJnpcraturc  data. Curve fits were computed for the 2.8-an~p  and the 3. O-an~p data; the
rcslJlting  paraJnctcr  values arc prcscntcd  in Table 1. The cffcctivc  spring stiffness and critical
daJnping  coefficient were thcJ~ calculated from these parameters usiJ~g  the moving mass provided
by Sunpowcr.

At cryogcJ~ic  coldtip tcmpcraturcs,  the rcsonancc curves, shown in Fig,. 11, took oJ~ a distinctly
different shape. The rcsoJ~ancc  froJn the displacer has bccoJnc apparent, creating a double peaked
rcsonancc.  The dual peaks arc fouJld near 54 11?, and 65 Hz,. In general, the rcsoJ~ant frequency of
a cryocoolcr  compressor dccrcascs at cryogcJ~ic tcmpcraturcs;  thcrcforc,  it appears that the
compressor has rcachcd a resonant frc~ucncy of 54 Hz,. The peak at 65 I IZ caJl thcrcforc  bc
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attributed to the displacer rcsonancc.  Notice that the generated force levels arc lower than those
obtained for the ambient coldtip  tcmpcraturcs; this implies a significant increase in damping at
cryogenic temperatures as is usual for Stirling cryocoolcrs.  As at ambient tcmpcraturc,  currents
above 2.4 Amps were required to achieve normal piston motion.

Table 1. Summary of drive resonance parameters for Sunpowcr 140K cooler.

coI. DTll’ TILMJ’I;RATLJRR
iml,)icnl QH-Qg~s

COMPRESSOR”
Natural Frequency, Hz 59 54
Damping Ratio, C/CC

0.05 *
Moving Mass, kg 0.255 0.255
Spring Stiffness, N/mm 35.0 29.4
Critical Damp. Cocf.(CC), N-s/m 189 173

DISPI.ACER
Natural Frequency, Hz, 59 65
Damping Ratio, C/CC

* *

Moving Mass, kg 0.033 0.033
Spring Stiffness, N/mm 4.5 5.5
Critical Damp. Cocf.(CC), N-s/m 24.S 26.9

* = Not available

];M]

The EM] measurements were made with the cooler placed in a steel RF-shielded room and
grounded to a copper-laminated table. During the testing the drive electronics were placed in an
adjacent area outside the shielded room with connecting cabling fed through a bulkhead in the wall.
The cabling is sheathed in aluminum foil and grounded to the copper table top to minimize any
contributing radiation. The cooler was operated at 10.0 Vrms to create maximum-level emissions,
The AC magnetic field emissions were measured at a 7-cm distance from the cooler, corresponding
to MIL-SI”D 461 C:R13  01, and at a 1 -m distance, corresponding to a modified MIL-STD
461 C:RE 04 test method (.SCC Fig. 12). The electric field was measured at a distance of 1 m from
the cooler axis. Ambient background measurements were also made for comparison.

q

DXN ___ -.

—.— AC Magnetic field antenna
I

1 m

1 m _L ~ -;

IzlF

[7 I
7cnl : I

E-field antenna

‘-~”-c Y’-”””” ““”

n

Top View Side View

Figure 12 Mcasurcmcnt  locations for electric field and AC-magnetic fields.
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Thcrcsu]Lsfronl  thc7-cn~ ll~casurci~lcllt  location  alvsl~owl~in  I~ig.  13. ‘Ilcmcasurcmcntsarc
prcscntcd inunits ofdB-pT,  i.e., dccibcls  rclativctol  picoTcsla. Thcrcfcrcncc  lincrcprmcntsthc
allowable ICVCI spccificd  in 1<1301. Note, tha[ the firs( two harmonics of the cooler drive frequency
cxcccd the specification limit. This performance is typical for space cryocoolcrs of similar input
power. Note that the EMI was measured while powering the cooler with linear-amplifier
laboratory power supplies; thcrcforc,  the mcasurcmcnts  do not contain high-frequency IZMI that is
typical of a high-cftlcicncy  PWM-type power convcrtcr  that would normally bc used in a spacecraft
application. At a distance of 1 m, the AC magnetic field was about 10 d13 greater than the
background, and the ckctric  field was ncarl  y indistinguishable from the background lCVCIS.

q’hc DC magnetic field was measured in three planes (x, y, and Y,) at a distance of approximately
1 m. For these mcasurcmcnts  the cooler was disconnected from the drive chxtronics  and was
mounted inside a set of DC coils that gcncratc  a magnetic field to cancel the earth’s magnetic field
inside the test volume. The magnitude of the DC magnetic field was found to bc 55 nT at a
distance of 1 m.

CONCI.US1ONS
q’hc results prcscntcd  above summarize the measured performance of the Sunpowcr 140K
cryocoolcr.  Comparison of the thermal performance data with the calculated results yielded very
good agrccmcnt,  In general, the 140K cooler exhibited remarkable overall pcrformancc; this is
even more impressive considering it resulted from a modification of an existing cooler rather than a
formal ground-up design process. The characterization accentuated the cooler’s shortcomings
particularly in the area motor efficiency and parasitic heat load. A ncw higher powered linear
motor from Sunpowcr, rated at 91% cfficicncy,  has been built into a ground-up designed
cryocoolcr  that is capable of achieving lower tcmpcraturcs. In addition, a smaller diameter and
longer coldfingcr  has been utilized on the ncw cooler to rcducc the parasitic heat load. A
performance curve for this cooler, calculated from the linear theory using the physical
characteristics of that machine, is shown in Fig. 14. The calculated lift is 4 watts at 77K.
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HEATLOAD, watts
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