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Ahstr th ec

          It has beefl recognized that in order te understtmed ghe refrigeratioge

rnechamisrn of a pulse tube refrigerator the iit-situ measuregnent of the therifgao-fiuid

dyitamic state ofthe interRor gas such as the velocity,the tegnperatwre zmd the pressure

is strictly necessary as wefil as the measurement ofthewafi tegiraperatgre as obtatned im

the previous researches. We fxRade a in-situ'RtsrkeasuremeRt of the velocity ag?d the

temperature of gas inside a pugse tube simugtagieoassiy with a hoC wEre agaeg'yftorrfteter as

                                                                  .
weN as the measurement of the pressure in the st3te where the pressure giifRd the

temperature dyftamicalgy vary in the ragiges ofthe pressure frogyk O.a MPa to g.5 MPa

and of the temperature frorra 220 K to 320 K for hegium gzigs. As a result, it becomrxes

first possib}e to drewv a realistic P-V diagram on the basis ofthe meas urerrgeitt data ofthe

gas vegocity in addition te the pressure and terg'aperat"re variatEons giiieasured ira the radial

agid, fioitghudinaR dlirectioits. The disc"ssion is focusedl en tE'pe dlififk¥)rence amoitg tft?e

refrigeration pefformance of each type of a pugse tube refrigerator, that are a basic, 2REi

ordice artdadoubge inlet types. It is first experamentalgy ceRfirmried that theP-V work

is mostly produced owing to the viscous effect wt the basic type. In the case ef the

orifice and double iAget types the P-V work is im garger than that of the basgc type by

the fguid dyitarrkic effect of the orifice vaEve-reservoir corrxbgnatgon. This is the

explanation why the refirigoratien perforrEi2agace is gfnproved in tg'ke orifice arkd doubie inget

types as comp ared with ghe basic type. Moreover, the dePendeftce ofthe performtmce

on the driving frequency and the vaave opening are discussed.
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Nept imtrodiecSkgwae

         Tgxe iteed for cryogenic coolgng in sateggRte applicataoits gkas broLgght aboR.xt

astrong requirerrkent for high reEiability refrigorators [1], [2]. Figure 1-g shews tke

temperature rar}ge afkdthe mission duration for anugxftber efcurrent cryogenic coolmg

techniques. A space cryegonic cooliitg system should be reAiabee without Egrky

maintenance durigag a whole mission for 3'N-S years. The refrigeratgon power iri agik

eaxh observation mission, for exampie, requires ahout several W in 70'v lOO K rarage.

In this temperature range a radiator gs avaigabge, but the refi'igoration power is gRifrggted

te a srgxal1 vaiue and the coeRed elemewts hardly reach begow 80 K. Moreever, its

refugoration power strongly depends oit the attitude 2asid the geomrietrical configuratioit

ofasatellite. rlro reach below 80 K, a stered cryogen, such as lliquEd heiieem, has been

utigized. The total ameunt of cryogen is ggmited by the gaunchiitg capability of a

rocket, agad thus the agfe tgrne of a missien cooged by stored cryogen Rs lirreited itot so

gong. From aview poim efgong term inission, cfiosed-cycge cryogenic cooging systegxa,

that is a smalg refrggerator, is the iri3ost adequate for space cryogenics in the

temperature rarRge at least above 70 K.
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         A simpte approach to hggher regigigbigity in the appgicatieit of a smalli

refrigorator is to elgrrRir}ate sorne movingpexrts gn a xrkechaniceRg refrigerator. A StErRSfikg

refugerator which has been frequently used for cooging infrared sensors kas twe

mechzgnicalgy moving paxs, pgstons in the coifxgpression 2md expag}sion spaces. gn

g963, Ggffbrd arid Longsworth invented a refriger2ator based en a Stirging refrigerator in

wSkich adispgacer was replaceci with ahoglow twbe [3]. ifhey nEgggRed tgaEs new type

refirigorator a PuEse tube (PT) refrigerator. "Irftxe techRogogy as ged to a srxxagl

refrigerator which has the peteittial for llower cost, higher regiability aitd less vibrataon

at the celd end, but with apenaity ofgow efficiency. However, ghe efficiency is nbtw

significantly igg?proved to be competitive withthat efStwggfig refrigeraters. It seegns

that PT refrigerators are itew at the begnning to replace Stirgang refrigerators Effa

paxgcuRar gn space applications.

g.2 DeveNggemaegeg $ff a Pgegse Seeloe ffefuigeifrkS*ec. ･

         Several variations of P'Er refrigerators have beeft deveEoped for kkggher

performemce. Ascherrftatic ofthree types ofPT refrigerators Rs showit in figure 1-2.

The type (a) is novv caEled abasic PT refrigerator whicfta is agk originaR PT reflr'igerater

firsg develioped by Giffbrd agxd LeRgsworth [4], [5]. Types (b) and (c) are itamed 2ptR

orifice and a doubie ihlet PT refrigerators accordigag to the streect"ral configurataopt

ewo"nd the hot eptd. The orifice type is characterized by a reservoar coitnccged to a

pugse tube vga ag3 orifice valve. In the doubge inget type, 'a pipe as added te the orifice
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type betweeit a het end ag3d agR entreggice of the regoncrateif. Tabge 1-a shews the

cft?ronofiegy of PT refrigorators. The ggTRprovegTaewt <¥)f gxxwtEExieegix attafiptgig¥)fie

gegxxperature 2alre pEotted ag2kgmst tirifNe ige figure 1-n3. Ggffiorcg agxd LeRgsworth reache¥(li a

tegyxperature of 124 K with asggkgte-stage design, 79 K wgtk a deubEe st2xge rErodeE eggad

30K by operating frogrR 6S K at a hot eptd [6]. gt is see$ frorgx figure k-3 that afeer

the grkgtial developmewt phase ofbasic PT refrigefaters no igRnovatioits were atteg"peed

for twenty ye2gg's owing to gow perform2kgice. Howevef, simce Mikeegtw et ai. [7i

devegopecg 2xgk orifice PT refrggorator Rpt 1983, reffrkarkabge (gevegc>pmrRenS has X)een doRe.

Radebaugh et al. [8] vvere abge to achieve alow texTkperature of 60 K with a grExedified

versioR ofMikulgfR's work gn g987. Zhu et Egg. [9] achieved 49 K ifefrigeration wEth a

dogbite Eitget E"gr refrXgerater. "Irkxecasrrent lewest recoifcg of3.6 K was estabRgshed by

Matab2gra axRd Gae wgth a thfee-･stage refrggerator [10], [al], [12]. Now ggRany

laboratories around the wcrgd axe invegved ifi the investggation ofPT ptefrggerators.

        Tke refrigeratieft pembrifyxgasxce of a PT refrigeratoif, gE3estgy focused on the

attainabge aewest tegiifgperateere, hewe been kirgproved by cut giggkd try Evxethod [13], [14],

[15]. It is, however, necess2ary to rxRake cgear the refrigoratioge gnechgNrREsxn further to

improve the refrigeratgon pembrmgee:Rce. Severai rese2grchers have attexTxpted to exp fiatw

the PT refirigeration rriechaggism ifi terms of the sumbce heat peegnping rtrNechagRRsgyft

[g6],EW], the eRthalpy fiow gyuedeg [18],[i9] er the therrrge-acoagstic theery [20],[21],

[22]. Tbough the preseRt enthalpy ffew rgaodeg tixNd the therrrfte-aco*stgc theory fafiffty

wegll agree with the experirrkentat xesugts qualEtativegy, qeeantitatave ageegxtent is father

   di
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peer. One efthe rnajor reason for the quewxtitative dgscrepaixcy Es that the thermo-

fiwtd dyRamic gas xx:gotion is ige fa£t far frofg"k sgxxaig ampgitede vargatgeit whgch is

Ertherentlly assugxied iit the theeries.

         '
g.3 W$rkfieeg geecgeecfipRe $ff tc Pewgse trewbe geeffecggegeag$er.

         The refrigerakeR rxkechax3isxxt of the SSirggng refrggnifater is emp llamed on the

basis ofthe thermodynamEc cycge shown in figure 1-4. The cycRe gs coffygposed of

fogr therrnodyRasnie processes, 1-2; isotheg'rg"gai cogyRpressEoit, 2.3; fisocboric

precess, 3.4; isethermal expaifision a¥(igd 4-1; isechoric process. The workimg ghs

rejects heat Qh at the het eRd dnring isothrexx'Ral cognpressgon process, girkd there its

tegnperature decreases frorrR Th to T, by the heat exeharBge between the working gns

aritd the regonerator materiais durigeg asechorgc process. After tkat the werkimg gas

ahsofbs heat Q, at the coEci end durigeg isoghrrxxal expgiggRsiege ptocess, EggicR gast its

temperature increases frorrk T, to Th dgrifgg gsocborgc process. ffe skoag.d be noted

that the centrog ofthe reRative rrxeverrxertt eftwo pgstoms EgR the cerE'Rpression giggRd the

empaEisgoge spaces generates a suitegbAe phase dgffk¥)reRce En the os'ciEgaeggeg rrReeions

between the pressure Egg?d the v6aume. As a result, P-V work Es prodwced, arRd

accorciingly refrigeratioge Es previded. In PCE' reflr'ggerators, wftkat g¥)reduces tkge pkaase

differeRce? It is coitsidered tkat,the vEscous deiay ige the oscigaating boeegedegry gayer

fiew gonerates the pkase difference irR the basic PT refir'igorator. in fact, the

refrigoratioR power is rather smalg becausethe phase detay igm adissipatgve process is

   de
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xKxade use o£ ()R the other hagid, in tke erifice agad the doubge igefiet PT refirggerators,

the corrRbigeatien of afit erifice agRd a reservoig, er ofthe doubie igeget vaive egre positiveRy

utgfitzed to generatethe phase diffi:¥)rence. It shoutd be noted that theway to gegeerate

the phase diffiereRce in the orifice arxd the demblle inget PT refrggeragors is xriere

efficient th2wt that oftke basic PT refugerater.

         In order to uaderstEgnd the refrigeratien ifxieckagiisggM ige a PT refrigerator,

let's consider a corrxpression Exrad asabseqeeent expansioR processes deeriRg a steaKSy

eperation. Whert a rapid compressgon process ecceers, the gas eEeififNent erignaigy

occupyingthe tube at llow pressure gs corrkpressed isentropicalgy whige being disptaeled

towEgrds the cgosed eRd (het eitd) ef the tube. The texTxperature fesggted fregn

isewtropic cerripression is comsEderabEy higiaer tharft the averagsc gas teryRperature. The

degree Df dgsplacerrgent agi(E c()gxxpressien experienced by a gas eiex"ritent wifig depextcE on

the mitgal Xocatlon of tke egefi?ent at the iow pressgfe. The texTxperatwre becegxaes

higher as the initiai gecation is cgoseto the cgc>secg end. A gas egeg"E'Reng fiewfigeg Rnto a

pugse tube from a regeneratorjust aficer the ogeset ef cofixpifessiosu proeess emperiences

consiCgerabge tegnperature rise whgEe agi egerriewt which enters the tmbe wheR the

pressure gs cRose to eq"igibriuifrR state undergo ggttfie teg"g"xiperature rise. Accordligegty, at

the end ofcc>rxzpressgen precess a signfic2xrftt temperature gradient deveEeps gn the gas

ofapgise tube. In the high presseere period, the tegxaperatuffe ofthe gas eAerxpent near

the walfi faEgs as a resugt of heat transfer to the sasrroasgedings. in tke exparRsgoge

process the gas tefraperature drops figrther. If the expgiEiisioR process Esentrepgcgitggy

   .e
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proceeds, the gEks tegnperature dfops beiow that at the eRset of the compfession

process, that is to say,belQw ambient one. At this stage thetemperature becemes

lower towardS the cold end. Some heat is absorbed iit the coad end section as a

refitigeration action. CoitseqE.gently a refrigeration is accemplished, in which heat is

absorbed in the celd end sectioit, displaced towards the hot efid side dgxrirtg

compression process, axed is e><hausted at higher temperattgre as a result of gas

                            '
compressioit ifi the hot end section.

R.4 Obs"ecegves $ff Slae geffesegeS ffeseaff¢im.

         It is recognized in order to underst2gnd the refrigeratien mechanism both

qualitatively Emd quantitatively the in-situ measurement of the therrgxo･-ffuid dynamic

state of the interior gas such as the velocity, the temperattxre and the pressxire is

strictly Recessaiy as weli as the measurexxxeRt efthe wali temperatkgre as obtained iR

theprevio,us researrches. This is thus thevery objective ofthe present-study. We

direedy measure the velocity, the temp erature avad the pressure of iRterior g;es inside a ,

pugse tube. The discussion is focused on the diference among the reftrigeration

performance of each type of PT reiltigeratef. Moreover, the difference of the

pembrTnance on thgdrtving frequency and valve openings are disckxssed.

fl.S Sc*pe of ekgs ekesfis.

         Iit the folgowing chapter 2, the expertmeRtal appag'atus, in which the

   ･"
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velocity, the texnperature ag"gd the pressure vag'iatiens are measured gn the PT

refrigerator, wigg be expiairked. A method of catgbratgen of ahot wgre Eggieg"g'pog"rxeter iit

the state where the pressure aggd the ternperateere dyneggTRgcaigy vag'y iit the raE?ges Gf

the pressure froifrit O.1 MPato l.S MPa egggd of the tes7zperaxure frog`g'g 220 K to 320 K

for hegiuxgx gas is discgssed. The experirrgennt procedares for the experig7xent ef a

start-up behavior Ekrid the steady state experimept ate agse descrEbed.

         im chapter 3, astart-up behewigr ofa PT refir'igerator is ggevestggated by

rrReasasrimg the transient temperature variation. The pognt of this experag'rgent is -to

iifxvestignte whetlxer the wak terrkperatasre distributgoft alongthe ptgise tasbe Es esseRtiag

or not for the refrigeratgext. Tgrke resuAts cagrR be summEitfized as fogg()ws. Ifi fig'st

several cycfies, the rerriarkabge temperature difflitrenee betweege the coad end and the hoa

end egppears in gas, so that the g2ks temperature difference is produced by onAy She gas

Knetion, tiErad dees not reRy en the walg tergxperatufe distributgon atongthe pagEse tube

essentially te a fuptdamentaA refugeration rrkechagaisrxx.

         In chegpter 4, the refrigefation rrgechekrRism for the basgc type is iitvestigated

oit the basis of the thermodyptamics discussgon. The reason why the P-V work is

predueed is gnvestigated from the radial distributions oftkevegocity. It gs confwmed

that the phase differeRce betweeft the presstgre arRd the displacemeRt of the gas

elemeRt is generated ncar the walg owigigto the vgscoees effkict. rVfforeover, the effecc

    ss
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 ofthe dfivgng frequency for the performance is agso discussed.

          in chapter 5, the refrigeratien mechgiwtfism for the orifice type is discussed.

It is found that the phase dRfference betweeit the pressure gignd the dgspgacerrient Eit the

orRfice type approaches 90 degree corrapared to the basgc type. Moreover, the

ampgitude of the dispEacement variation becognes 12grger thagi the basic type.

Therefore, P-V work egre quite larger thagi that ofthe basic type. In additgoit, tke

effect ofthe orgfice vagve openings for the perform2tgRce are also dgscljssed.

         In chapter 6, the refrigeration i2aechafgisrra for the doubge inEet type is

discussed by tal<ing acceunt into the diffk}reitce from the orifice type. k is fognd that

P･mV work in the dogbge inRet type becomes smaager thagra that of the orifice type

because ofthe decrease ofthe ampgitude efthe dispgacemewt variation corrRpared te

the erifice type, though the performance ofthe do"bge gnfiet type is ignproved.

         Iit chapter 7, the refir'igeration mechaxaism for a PT rcfugerator wilR be

organized.
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(kmpetew 2

Exgeewfimoent

2.fl ExgeewhgyRegeeaR ngegeaifthtrwas.

         The schexkiatic efthe experimental appEkratass is skown gn figure 2-1. It is

designed primag'igy for the darect rifkeasurement oftke veEecity, the tegyftperature arRd the

     i
presstxre of working gas at several points aRong tke puEse twbe refrigerator.

Accordingly, the pullse tube eknd the regenerator are only wrapped with polyeeretharxe

tftaermaHnsulator instead ofinstalKngthegn iR avacuurg'x chamber for tkaerEx'xag isoRatEen

             '                                                              'frofn tke atrrgospkeric environrnent at the rooffg3 tegnperatgre. A commerciaiEy

gigvEgigable hegiurrk corrkpressor unEt designed for a Giffbrd-M acgTgairken refrEgerator ¥(SRD-

208, SurrRitemo Heewy Industries¥) agid a roteEry vagve Etire erifgpAoyed to generate

prescrRbed pressure vafiatien irx the pugse tube ungt. II"he frequency ofthe g¥)resseere

variation cag} be v2tried frorrft O to 20 Hz. The pressure ratEo betweeft the high Egggd

gow pressures ctma be charkged from a to 3.4 by adjusting the opeftgag ofthe bypass

valve connectiitgthe high pressure ext te tke low presseere gnlet ofthe compressor.

                                                         .
The regenerator Rs composegdi of astaiitless steeE ho"sing arkcg abakeggte twbe, 35 rk'kgyk Srg

dgameter by 160 rnm llong , packed with 865 discs of 100 rrkesk stainless steeE screen.
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 The p"Rse tube is made efstainRess steel, E5.6 rnrri in inner diameter, g.7 rrRgx'R fin vvaig

 thickxiess aggcg 288 mm Aong Two short pieces of copper t"be witftx a gengtkx of 26

 mm arkd 33 mrn are soldered to the stainless steel tube at both eitds as heat exchag?gers.

 One at the hot end is kept at the rooit? temperature with a forced fiow of coolmg

water. The heat rejectgon r'ate frogTk it, denoted as the hegigS-out, is evaluated frorn the

temperature rise ofcoelling water agidtke rnass flow rate. The ether functions as the

cogd head. Two capillary tubes ealre cennected to the hot eitd eftke pulse tube, onc

leadingte the reservoir hewing avogume of603-cn?3 thretggh the orifice vagve, V, , 2iggptd

the other returning to the entrance ofthe regenerator through the double iitlet vagve, Vd.

A particugar type of pugse tube refrigerator carg be segected by opeaing V. fbr the

orifice type, V, aitd Vd forthe doubge gniet type. A nug'nber ofbraiich tmbes are also

wellded te the refrigerater at the cofid eftd, the gptiddle peEitt agRd tke hot end as

feedthreughs for hot wire probes ag]d thermecotgpges as showfi fin figure 2-a .

         The gas pressure is rneasesred wfith a strain gauge-type pressure trag}sducer

at the entragice ofthe regenerator and in the reservoir, gikfkdthe gas temperature by ar}

                                         '                 '
E-type (Chromel/Constaritag"R) sheathed tkermoceupge of 150 gegn iit diagirketer. The

thermeelectrEcpewer ofthermocouples, amp#ified by SOO times with an ampEifier, gs

acquired with a personall comp uter wgth the aid ofa l6 bit-DMA A/D coitverter boagd

¥(ADXG-16, Cariopus¥). The thermoelectric pewer is corwerted to texnperature on

the basis of the JISthermocoupRes table (JIS C g602). The noritina# response tirxges

ofthe pressure trERnsdgcef and the tkerneoceup}e are aboyt O.25 rrasec (4 KHz) Eyrgd S
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 rrRsec (2eO Hz), respectivegy. However, a practicai response tig'g'ae of the

thermoceuple is found to be 15 msec (70 Hz) En the working gas. T-type

¥(Copper/Constag'RtarR¥) thermocouples are also soRdered en tke owter surface of the

pugsetube at seven poiRts to rneasare the wagl temperEgture. These dataare acquired

with a muati-eharxitel digitag recorder arid then are tregresferred and stored with a

personag comr}puter via GP-IB.

         The probe for velocity ,rrxeasurerxaeitt is cofg3posed ef a set of ket wire

egement of 25 ptgit diameter of ptatRn"rrR wire and gm E-etype sheathed therrgfeoceupRe ef

150 B.gm in diameter, attached te one end ofa4 mm diameter staingess steeE tube ¥(see

Figure 2-2¥). By the use ofthis probe Rt becogrges possible to measgre the vegocity agid

temperatwre variations simultag}eeusly at the same pesgtion. Owing to the

simultaneous rneasureg'gaent, the veEocity ofworking gas, efwhich teg'nperateere varies in

awide range, carR be rneasured with ahet wire. The cerrection ef the terg'gperature 2gffid

pressure effects to the hot wire output is rtrxade with the aRd of arR in-house software on

apersonaE computer. The probe is tightened by Swage Locks vvith Tefion rangs for

the sake ofeasy traversing.

         '
2.2 ¢aiibffaefi$rk *ff a ko*e xwfiere rkmeeme*ewgegeff.

                  .
         As mentioned above, iit the present study Rt gs strictly necessayry to

caiabrate the hot wire aftefnomeger under the condition where the tewtperateere zmed the

pressurev2iary in wide ragiges simiNultaneouslly. Moreever, we sheugd consider the fact
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 ehat the working gas is helium, giot air. Figure 2-2 shows the schegi'Eatgc 2errarkgerrkeftt

 for the cagibration systern. irhe hot wire agiernemeter Rs operated gn the consCant

 current grftode wEth a heating ratiD of 1.4 with respect to the rnearg gas tefykperatgre.

The heatingratio ef a.4 means that the temperature difference, AT, between the sewface

ofthe hot wire T. gmed the werking {ivas Tf eqwags g03 K as descrEbed fi'ogn equataon ¥(2-

1¥).

       ･ii'(t=g+a:AT (2-g)
        c
                   '
Here, Rh agxd R, are ellectric resisttmce at Tf ag}d the gi?eag? gas tegirkperatgre,

respectivegy, afkd ct is aternperature coefficient. Thepressure ofworkinggas ffow is

controlged by a pressure regugator, ared the temperature gs done by heating or cooging

the gas iine gn the heat exchaiagor kept at a prescribed terRaperature. [grhe reEatien

between the output vogtage of the hot wire 2wtemometer V ag'kd the velocity U is

expressed on the basis ofKiitg's gaw as foNows,

                                      '
       y2 =(A +BVZ7')AT (2-2)
           '
Substituting the regatioit in the case ofzero velocity, Vo 2=AAT, igeto (2-2) one gets

                        '
       y2 -- si3Z B

         vr -xVZ7=cVE7, (2-3)

where, Vo is the eutp.ut ofthe hot wEre argenrkogneter when U==O. It Es seege frogira

equation (2-3), U casa be obtaiited provided that C arid Vo ggre egxtpgricgiggay givege. For

this purpose, the temperature 2md pressure dependencies .ofC 2grRd Vo are gRvestignted

           '
in ghe rarxges of 220K '- 320 K afgd O.g MPa 'N･ i.5 MPeg coveringthe whofle

                               l4



present experRmental condition.

         Figure 2-3 shows the eypic2gg exampRe efthe ten'kperatgre depeRdency ofV

at O.i MPa. Since the heatingratie is kept at a constarRt value g.4, at gikfky xnearR gas

temperatures as mentioited above, V becomes agrx'kest gndependewt of the gas

temperature, aradthus aSi the data are found te foRgew asgngle curve. A ewmber of

data ex2amples ofthe pressure dependency ofV measured at 300 K are sh.owit in figure

2-4. 'rftie output sEgnall is gargur in the case of higher pressgre at tftxe same veaocity.

It can be concluded that C is almost independent ef the tegnperature, but strongly

depends on the pressure. It is seen frorn equation (2-3) that the censtarMt C' Es

derived from the sgope ofthe dat,a in aUO'5 vs. (V2No2-1) diagrasn as given gn figure 2-

5. The non-#zero x- intercept ofthe datacorreaatioR lline in figure 2-5 estirrkated to be

tubeut O.5 twsec, indgcates the gower bound of the gneasurement of the vegocgty

ignposed by the effect ofnaturall coftvection. Therefore, Ege the practical cagibratgon,

equatien (2-3) rrkay be rewritteit in terms of y-twtercept, D, instead ofthe x-intercept,

as foaxows.

       v2 - s!if

              =c(p)VZ7+D (2-4)         iE!C2

Neglecting heat conductioft argd radaatien, the energy balaitce areund the hot wEre

ekernent becomes

       l2AP" =7zdhAT (2-5 )'

where I denotes the eaectric current, p, is the coefficiefit ofelectric resistagace, A is the
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eross sectieital area ofthe hot wire element, d is the diameter arRd h Ss tke heat trExgasfer

coefficiept between the hot wire eaement surface aaNd gas fiow. ElirgainatiRgh frogTa

equation (2-5) vvith the aid,of the definition oftke Nussek iturrRber, Nu :hd/Kf, enc

gets

             l2R ' -       Nee =" ntKfrtT, (2"6)

where g gs the leitgh ofthe hot wire egement, Kf is the thermag cond"ctgvity ofthe fiugd,

and R,=p,g/A, gs the eEectric resgstance.

         On the other hgigptd, agi empirical equation of heat tragisfer for foreed

convection around circeellar vvire is given by Coggiits xiErRd Wigaiams [23] as

                 '
       Nop (･Iill-)=O.24+O.56ReO･4S . ' (2-7)

Here T. gs the ffRean terrgperature ofthe fiuid asid the hot wire eEegnent, arkd Re denotes

the Reyitolds number. Equation (2-7) gs vakd iit therarkge ofReyitogds nug'rRber frorgN

O.02 to 44. CoRnbining equations (2-6) 2wtd (2-7) to egimgnate Nu, bne finds

       v, . (;iii.)O i7 (o 24 + o s6( fauTd )0 451nt Kf R, AT ･ (2-s)

                                           '
It is seen from equation (2･-8) that V2 is prepomioRal to PO'45 gf other parameters are

kept coitstEmt. Censidering the reaation V2 oc PO'`5 agkd equation (2-4), C(p) Rs

found to be proportSon2gg to PO'45. Figure 2-6 shovvs these regatgoits for a Rurnber of

experimental data In practice, C(p) may be approxtmategy expressed as a function

ofPO'5 as showit arR figure 2-7. The dependency ofD is agso shown in figure 2-7. D
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rg]ay be approxirnated as acoRstant value in the preseptt expergg'E?entag pressure rarkge.

Vo2 is found to be alrriost independent of the pressure as seen firogTk figure 2-6. The

only temperature dependency gs takeit Rnto account for Vo2. The regation of Vo2 to

the terrRperature may be regarded te be ginear as shown agi figure 2-8. Therefore, the

final cerreRation formala for the veaocity is obtained i]rorg3 equataost (2-9) as fog}ovvs.

       u. (( y2ii{]l: 71],()7>)-D)/(] (p)12 (2wg)

The errer of the veiecity girReasurement as estirRated frorrg tke pget of the referen£e

vegocity, U, arkd the estimated velocity, U,,., as shown in figure 2-9, begng withage

about ± 30%.

2.3 Exgeetrfiwtemetag geer*¢ediewffe.

         Two kind ef experimeRts are carried out. One gs the experagTxent to

investigme the start-up behayier, Egg?d the other te gnvestagnte the therrrge-physical

pheRomena iga a steady state. The experisfnental procedwre for the start-up

experiment is as foIAows; After repeated evacuation agkd gas repgacetweitt of the

whoge system, heigu!xx gas is chargod at the prescrlbed pressure geveg. Coelmgwater

is circulated through tke heat exchanger at the hot end. The corrgpressor vitEt Rs

starged before iRtroducinghggh pressure gz}s iftto the pasgse tube. After confirmrRiptgthe

temperature difference as smaaaer thaga g K aleng the PT refrageratos, the pressure gas

is introd"ced by opeRing tke stop vagve. The pressure ratio gigfad the grneagi gas

pressure are adjusted to be about g.4, agid about ･1.4 MPa, respectiveRy. The data Egg'e
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acquired until a steady state is reached.

         For the ste3dy state experirneitt, after both the wagkernperature at the

cold eitd gmed the keat-eut reach steady valeees, data acqugsitioft Es staned.

Experifnents are carried out in the rar}ge of the driving frequency betweeR 1 arkd g8 Hz

and the pressure ratio between 1,8 arftd 3.4 for thc basic, the orgfice, ag'Rd the double

iRget PT refrigefaters.

18



                         ¥(kthgeteew 3

                         '
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         Staspt-mage bekanwtow opff geasMsee eeebe

                      ewefrfigewa to ws

         The start-up behavior of a pulse tube refi'ggerator is igkvestigated by

wteasuring the gas pressure and ternperature variations staned from a quiescent

isotftxermal state. The purpese ofthis experigrRent Es : first to disceess vvhetgier the

presence of the waig temperature distribution in the gongitudixtal darection whick is

coitsidered to be one of the Recessary conditioms for refi'igeration action in the

thermoacoustictheory E21] is essential for the generation ofrefrigerataoit power, and

second to grasp varions relaxation tixykes in key cegiapencftts agid as a wExoEe ofa pugse

gube which ewe wsefull in the engineering appticatiens. Stwce St was foeend that the

start-up behavior is quaktativegy algx]ost same for three types ofPT refugt¥)rators, tke

ty p ic gigg resuk of a bas Ec PT refriger at or op erat ed at a frequen cy of 5 Hz is p res ent ed

and discussed here.

         Irhe prepagatioR speed ofsound of k3eligni gas Rs s() fast c()gnpared with

                -
tixxxe varaations of thermo-fiuiddynamic quafRtities ixt a PT refrigerator that the

pressure variation may be considered to be in phase at allg positgoits throeegh the puEse

tube [24]. The time variation of the pressure at the ewtrEiknce efthe pugse tube is
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 preseitted as a typical exampie in figure 3-i which shows the stan-up behewior of the

 pressure vEgrgatgon after openingthe both stop vagves at the extt ofthe cognpressor.

 The origiR of the abscissa t=O gs takept as the gnstgasfgce vvhen the stop vaSves Egre

 opened. The angplitude ofthepressesre variation reaches asteady statewithin a6 %

of devSation from a steady value in as smalg as 3 sec (i5 cyclies), theugh overshoot

appears in the very iptitgal stage ofthe start-up process.

          Fggure 3-2 shovvs the stan-up behewior of the gas terrkperateere aS the coad

arRd the hot eRds, which are simutt2arReousgy gxkegigsured togetheg with the pressepre

variation showft gR figure 3-i. It shougd be noted that the llarge tegnperateere

difference betweeR at the cogd and the hot ends appeafs within a few cyclesjesst after

the stgwt-up. Moreover, the meafR gas temperature at the colld end signgficgikntgy

decreases from the gevel before the stax even in the second cycge, wkich Endicates the

quite fast beginRing ofrefrRgeration. In figure 3-m3, severaA gnitgag vtig'iatgons ag'e shown.

In additioit to tke experimental resugt, the predictioit- by assurg?ing adgabatgc

compression and expaxtsion, expressed by the rekuion (3-I), gs atso presented as a

reference value.

       T.,, [zb(zs;.)(7ML)i' '(3-b

                        '

where Po as}d To denote the pressure and tefinperature gevegs before start-ep, gmed y gs

the ratio ef specific keats. It is cRe2grgy seen that a gargo tegnperateere difference

betweeit the coid end 2gnd the hot eRd appears ongy after two cy cEes frogxR the stan-esp.

                                                                    '
  '
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 These resuEts in¥(Sicatethat the gas temperature Eft aPT refrEgerator reaaixes for rapEcgly

 as compared with an over alR rellaxatioit tifite ofapulse tube.

          Figure 3-4 aixd 3-5 shew the meagi gEms Eyrgd wagg temperatwres durRng the

period frem the start-up till the tirr}e when the keat otRt reaches a steady gevefi, that is

2kbout 8ee sec. It gs seen frem figure 3-4 that the gas temperatasre st2grts te ckEafRge

irmxediategy after the stan-ep except gnside the regofterator gmd the tesugperature

dgfference between at th･e celd and hot ends increases rap Ediy te reach over about 65 %

ofthe steady state value as shown in figure 3-4･･(b). It gs consRdered that the chgasxge

ofthe meat} gns temperature is caused magngy by therrxko-fiesiddygeamic process jtist

aker the start-esp, arkd after this period the temperature decrease is goverited by the

heat capacities oftubewagi arEd regenerator. The beginnErRgof gas eegnperature drop

in the regenerator delays as compared with the gas ･tegnperature at the cogd eEgad hot

ends by a quar}tity decided by the heat capacity of the ryeaterRaR of regenerator.

Although both the waEkegnperature and the heat out greatgy ch2ggige agong with the gas

tefffiperatgre in the eag'ly stage as seen from figure 3-5, tkeir ve!riations are gyiore grgrduai

thEgn that ofthe gas tegnperature. As for the ch2ptiage of the wallkemperatwre, it gs

estgmated that tigr}es te reach 80 % levells of steady vaiues are abeljt 320 sec for the

hot end and 540 sec for the cold end. The heat out reackes 90 % of the steady state

         '
valge after aboug 41e sec, vvhich is corrxparable with the estigT?ated tgit'Re requfired for

rrgakingthe temperature gradieitt over the wholle regenerater, agxd then the constant

operating conditioit ofthe PT refkrigerator is reached.
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          The results cark be surnfnarized as folgows:

     . In the first several cycles remarka-bge temperature chgeexge appears gn the

gas inside a pulsetube asad the temperature difference betweeit tke celid ai?d kot eitds

feaches more tharg 6S % of a steady temperature dgfference. After that, the gas

texnperature charkges graduaily with the Xaps of time. ･ The wagg tesskperature

distrgbution does not sggnificantly affect the refrigeratioge process an the ixtitiag stage.

         The begnning of temperature drop ef the pulse tube walli arkd the

regonerator degaryr as ,cempared with those ofthe gas terrkperature at the cold tRgid hot

ends by qugigntities determined by the heat capaeity of ggxaterials of the waill gaxRd

regenerater. The heat out reaches a steady vague after the teiTgperature gradienC fullfiy

devegops over the whole regenerator, and thert a steady eperatiitg state of a PT

refrigerater is reached.
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  4.fi Attafirkalole xigxyaRg ife]ggggeeffthtrasgee.

         It gs knowit that there are typicag three types of PT refrggerators, that ig to

say, they are abasic, Eggri orgfice Eand a doubAe imIet gypes as gnentioRed iit chapter 1.

Figure 4-1 shows the resuEts of tke ]owest atgaiitabge refrigerator temperature for the

three types recerded gR eur experiinent at the pressure ratio of l.4, the gygeara pressure

ofl.4 MPaand at the optifrgurki frequency. It has been irgaproved fregi? 280K by the

basic type over 170 K by the orifice type down to l60 K by the dowhEe fifgget type.

Thoggh the performagkce of the basac type is the worst ameng three types, the

investigatRon ofthe basgc type is of'ggnportaxkce in order to gitderstag3d the fugedarrxegetal

refrigeration ggiecheenisgn. Here, the reasen how the phase ¥(SEfiicrertce being a key foff

refrigeration cara be produced in the basic type is censidered oit the basEs ef the gas

veEocity agxd terrxperatgre measuremrftent results in ghe radial directioR iit the putse tube.

The gSriving frecguency ¥(liepeitdence eftke performEgnce gs aAso investggated.

        Figure 4--2 shows the results of the steady state values ofthe attainabEe
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terraperature at the cogd end giRfRd the keat-out as a function of drEving freqeeency at

v2erxous pressure ratRos. It is seeR that the attainab}e temriperature arxd the heat-out

vary dependiitgon the drivRng frequency, ar}d there exists tma optirrReerrk working region

efthe frequency, around 2 Hz, at which the lowest teE'tr'Rperature gs reached. It is

qwtte naturai that the lowest attainabge temperature and the keat-out 2ere Rrnproved

with the igicrease of the pressure ratio. Ift figure 4-3 the heat-out is pgotted as a

function ofpressure ratio for a itumber of drgving freq"encges. It is seen that the

heat-out is roughIy proportionag to the pressure ratio. The reason for the

proportionaaity is considered as follows. The arca encir£lled in aP-V daagrEgfgi desfiiag

acycfie whgch is equai to the ewaigabge work gs proportRonake the pressure ratio eRrftd

thus so is the heat-out. It is agse q"gte cgear tw figure 4-2 that the heat-o"t is irk

proportgo* to tke driving frequency at fiower frequencies (:S3 Hz). SEnce Et Es

uitderstood that the pressesre ratio is not Eggi essential pgierrameter to investignte the

refrigeration mechanism, in what foagows, we pay gnore"attentEon to the driving

frequency as gme essentiaE pafarrReter rather thait to the pressure ratio.

         The driving frequegecy dependence ef the attaaitabge kewtperatgre at the

cegd end at the pressure ratio of i.4 gs shown in figtgre 4-4. gt can be consgdered that

there are three regiens ef the driving frequency, which are the working regien g, 2 affkd

3 as indicated in figure 4-4. The region 2 is the optanrRurrx freqeeegecy region, 2ggad She

regioits g afkd 3 ag'e the frequency regioits where tke attatnable tefg'aperature decreases

arftd increases, respectgvely, as the increase ofthe frequency.
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4.2 Meas as re wna ewte gff Ske efi ggR e-va ffR at fi* ees * ff gke gtas weg$¢gby ark di gke

getwpeffagee ptee

         Figures 4-S-a and 4-5-b show the resuXt of the visesaAization stasdy by

Shgraishi et al. [25] for the vvorking region 2. Figtgre 4-5-a shows the pressure

variation during one cyclle, where the nurnbers from (fi) to (8) cerrespend to ghose wt

figure 4-5-b which is observed with the aid of a sffnoked-wgre flow visuaiizatgen

technique. The timirxgs ofa srnoke emissieit for visualaatRon are igidgcated by tc for

the compression ag3d by te for the expgiwtsien processes, respeccgvegy. fft is a wefil

kgkowR fact that the direction offfow carR not be decgded frorn the het wire sRgrgai itself

with a single probe. Th"s the direction efthe ve}ocity rneasecred by tke hot wire

anemometer fis decEded on the basis of both the vEsuaaizatioft and the pressure

measurement resuRts igx the present research. Shown in figure 4-6 is tixrRe･-vax'gatioit of

the velocgty mixeasured on the cewteriiRe ofthe puEse tube giggxd the pressure varaation.

CDnsideringthe mass infiow ag2d outffow between the regenerator agRd the pullse tube

described by equatien (4-1) and the equation ofstate for agk gdeal gas by equation (4-2),

                       'ait empwtcai cerrelation gs derived for the gas fiew, being the equatgoge (4-3) by

SlairaislaE [2S]. The result is shown by dotte¥(S ggne iit figasre 4-6.

       M=paA (4""1)
                 -
          pv

       M= RT (4-2)
                 ne       ec =7.SxlO'8 Tt (4-3)
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Here, m, p, u, A, V arxd R denote the mass, the density, the meEitsrk velocity of the gas

fiow, the cross sectignal area ofthe pulse tube, vogurrRe ofthe puEse t"be 2gnd the gas

constant, respectively. The solid linc denotes the data measgred by the hot wire

arEemowteter. The posgtive sign indicates that the ffow dgrectioge fis frorn the

regoRerator toward the hot end of the pullse tube, Since figure 4-6 shows a geed

Eggreerrkent between the experixxgewtal data 2knd the empiricai corregatien reseelt, it gs

                  '                                    '
confirmed that the vegocity rraeasurerrxent by the hot wire anegTxegx2eter gs vaEid ekg3d that

the velocity variatioit is governed gx}ainly by the time-derivatgve of the pressure

¥(dP/dt¥) im tke basie type. Figures 4-7-a through 4-7-g giire typgcaR eunpfies of the

tirrite-variations oftke radial distribution ofthe eaxial veflocgty Eeed ofthe teggrRperature at

2 EEz. Figtgre 4-7--a is the pressure variation, gmad figures 4-7-b -- 4-7-g gNre the results

ofthe velocity arid the texnperature rgxeasurements at three gocations, ghe coEd end, the

                              '
fRiddge ofthe p"asetube 2andthe hot end. The x-Egxis denotes the tigne, 2gg}d the y-acs

does the radiaZ gocatien. TftMe origige of tkge x-axis Es defined as a oitset c¥)f the

compression process. The insidewall ofthepugsetube is at r= 7.8 mm, Egndthus the

centergine ofthe pgRsetube is at r:O mm. It is aiso seen froxrR figures 4-7-a through

4A･7-gthat the velecity variatRoRs are reeeghgy propertional to dP/dt, agid the giirrgpEitude

ofthe vellecgty variation decreases in the orCEer firorgi figure 4-7-b to 4-7-d, that Rs, witga

the distgignce fromthe colld end. On the other haEid, ghe ampgitnde ofthe teg'rgperature

variations are found te iftcrease with the distagice frogtrk the coAd end. FrorrR figure 4-

7-g the profiie of the tetwpefature variatioR neeRr tlrke waig gs sggptig2gr to that of the
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pressure vewiatgon, but dataoit the centerline diffefs from the presstwe variatioge. It gs

coitsidered that the gas egerErReitt near the walR c2gri not fgxove owfingto the vascosity, so

                                          'that its temperature variation directEy correlates to the pressewe vEgrgatieit. Hewever,

                                             '
3 gas elemeitt en the centeriine woulld be affected by the fiow, so that its temperature

variatieit is different from the pressure variatgon near the wall.

4.3 P-V difiagffftxgx fige rkke bftsfie itype.

         Fggure 4-8 shews the concept for the estirrnation of the gas dispRacegnent

which is necessEgry to draw a P-V cgiagram. The y-Egxis is tg'Re .axiaE distance, arkci the'

orggn of it is the connectieft pognt between the pugse twbe 2wtd the regenerator. The

measurxRgposgtgons 2gre at L :O.03 ffn (=x6) for the cofid eitd, e.13 En for.the gyrRiddEe

pogfkt egrgd e.25 rra fortlxe hot end, ptespectively. Axigi{E vegecEty distribeetien agong the

center lgne, r==O mm, shown in figure 4-8 carR be constructed by a Eiitear interpolation

ofthe datameasured at three positgons atieng the center gane. The veRecity of 2ggi gas

elemeptt at xi at the time ti whgch is initiagly at xb fis calcugated fi'oaf#fR the equatEon (4-4)

2wtd the gas displacemeRt is frogn the equatgeit (4-5).

       es, (xi , l, ) =: ( esCOid (ti ) l-i' esMid (ti ))(x, ---- xo ) + es..i, (ti ) (4･ "'4)

                                      '                n       xi ., =x, +2es,At (4-s)
                i=o

Here, u,.id and u,.d denete the vegocities measured at the co}d eitd and the g'gRRddlle point,

and ui is the vegocity ofa ga6 egerykent at x iit Lagrange's semse. The distEggace betweeR
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the cogd end eggad the gnidd}e poiRt, sampgirig period agid the toeag nuitfaber of data are

denoted by k, At and n, respectively. Ffigure 4-9 shews a kand of P-V diagragn

derived frofrx the gas dispgacement resugt at 2 Hz, where the abscissa denotes the

vogume per esnit cross sectionai are& that is, the gas displaceg"rgeftg. Et is foeend fi7om

this figure that the P-V work near the wall (F7.3 wm) is aarger tkafE that on the

centergine (FO mm). In order to wtvestigntethe reason for this, the giggtraplitude ofthe

gas displacement agid the phase differeftce between the presseere arad ahe daspaacerneitt

varxatgons are evaluated firorrx the data. The phase angie gs obtained fk-orrg the

fundamentEtR frNode ofeackk vEgfiatioRs as shown ift figure 4-ge, where ahe sogid Rincs gignd

                                          '
the dotted Eiites indicate the experirgxentgnf data agid tftrge approximation by the

fuitdamental mede derEved by appfiyigag the Xeast sqas2Rre rnethod. The fieast square

reswit yiegds estignations efthe ampgitude ay;d the phase angle. Tke reason why a gas

displacegirgent dees net retum back to the orignai posgtioit as seen tw figures 4-9 agid 4-

ll is considered to be the resugt of the total suin of error arftd the effecg of Che

secondary ffow [26],[27]. Figure 4-1a shows the radfiag ptefiRes of the agnplitude of ･

the gas dgspiacerr}eRt agkd the phase difference fbr e.S Hz, 2 Hz Egg'Rd IO }L{z that gigre

typicafl exampges ofthree working regions shovvn iit figure 4-4. The abscissa denotes

the ftormalized radial position, that is to say, x/ro :0 axrftd r/ro=g correspond to the

                  .
centerfiine of the pugse tube and the waag, respectivefiy. The posgtive sign of the

phase dliffereRce naearfts tikat the gas dispgacernent is deaayed as cognp2gred te the

pressesre vegriatioit. gt is found that the phase differeitce fteEgr the walfi is EEgfge
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cognpared with RRtergor poixxts, ag]d the EkgrkpRitude decreases rapicggy ncar the wa}I for

alg driving frequeRcies. These resugts indicate that beth of the ampgitwde and the

phase differeRce chagige much drasticallly near the wall owing to the vasceass effect.

Tgae phase difference, mot the afrgpgitude, does directEy coxttribgte to P-V work as

showft in figure 4-9. It is coitckuded that the phase dgffereftce owing to the vSscoags

efifect preduces the P-Vwork fnosgiy near the waiKit the basic type. This gs cle2igfgy

seen iit figure 4-12 where the radiai vgigriations ofthe P-Vwerk per esnit cross sectgonal

area are shown for three drivingfreqaxeitcies. It is seen tkat tke P-V work reaches the

maximurNx Aear the wal1 except O.S Hz. In the case efthe frequency ef O.5 Hz, tke

veRecity ofthe gas eiernent as se sgow that the phase CiteEay owggggto tfrae viscous effe<;t

becognes small wheft corrgpared to higher frequencies showft if} figure 4-gR.

Accordingly, the radiaR variation ofO.5 Hz is different froaira hggher frequencges.

4.aj Derfivimg gbe"eeqewexcy depegedi£wt¢e $ff eke perfoecNg$ait¢e.

         Integration of the P-V works per unit cross sectiemaA area showit git figrgre

4-i2 in ghe radiaa directioit gives the P-V work (W). The P-V werk tkus cagculated

aradthe ftxeat-out arepgotted as a fugection efdrRvingfirecluency gn figure 4-g3. The P-

V werk increases almost linearlly with the driving frequency, ag'Rd the gTRagg]gt"de is

                       tt                  .comp arahlle wlth the heat-out at higher frequencies ¥(iR the working regtosc 3 defincd im

figure 4-4). It £an be considered that the perforrrk2gRce ofthe basic type Es grrRproved

with the increase of the driviitg frequency up to the optEgneegrEi freqyeitcy ¥(in the
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working regions g arRd 2¥) becaasse tke P-V work iitcreases with the drgvgftg freqeeency.

Hewever at higher frequencies friction loss due to the viscosity wtcreases rapidgy as

the iRcrease of the driving frequency, so that akrrftost atg P-V werk is converted aitto

heat agxd thus the ftet refrigoration power decreases. Iit order to dgscass the

dissipatgoit function, the stabigity daagrgigxrrR ofa oscialating ffovv is exgi!rrkined as showit

igR figure 4-14 to igavestggate vvhether the oscillatiitg fiew is Iaminar or turbugewt whieh

gs gmportant to evaiifate the dissipation. in figure 4-l4, the reiation between

Wemerselley nugnber, W., arkd the Reyitollds ngnRber, R& defigeed by equations (4-6)

and (4-7) is showit.

       ptln"raVll @6¥)
            21Ul
       R6"                                               (4-7)           .,irii]iiiiF

Here, ro, tw, ge agad IUI de"ote the radfius ofthe pgase tube, the 2itgiguggigr frequency, the

kinetic viscosity ofheaiesrK3 gas agxd the ampgit"de ofthe velocgty variatgoft. The Rs -

W. -itumber plagRe regioft is divided into sarne regions a£cordingto the experimental

resugt ofHifto et al. [28]. Tlkis resuEt suggests that tke oscilAating fiow irt the basic

type is not iR a fuggy develeped tgrbulent state nor iit a ceRditionagly turbulent state.

Therefore, the term of,square ofthe radial gradieRt ofthe vellocity is doryRaftaest iit the

dissipation function, co, evaggated frogn equation (4-8).

       ¢= st"jUb pa(il31)22mdrdidt x; (4-s)
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Here, T, and L denote a period of the pressure variation and the total geitgth of the

pulse tube. Figure 4-15 shows the evaagation ef the dgssgpation fitsnctioit as a

function of drEviitg frequeftcy .derived. It is coitfirrned the dissRpation functgon Es

negligibgy- smalg compared with the heat-out agxd the P-V work, Next, a Rugnber of

characteristic times derived from the gas temperature varfiatien ewe antroduced for erRore

detaiied discussion en the drgvEng frequency dependency ofthe perforrx?tueRce areund

the optirg'itesm frequency as shown in figure 4d-I6. Here, x gs the tkermal regaxatEon

time that is defined frorn the experirrxentaa data as a tifne duratioit from the gRstagkce

wheR the temperature rises by gas cognpressien to the terRperature peak rReaseered '
at

g=7.3 mm that is the positioit itear the wal1, agrid TBL , vvhicEx is estRgrExated frogrrft eqgation

¥(4-9¥), is deimed as atime duratieit required for reachingthe constarat terrkperatwre over

the Stokes's boundary gayer thickness.

            (ts)2 ,

       'VBL =: 2. "ZiJ (`#･-e9)

oc is the thermai diffusivity. It is found that the thermal regaxatioft tiaxxe, T, is itearly

equag to the time duration to reach the constaiat temperatasre over the boundary gayer,

xBL, and is too short compared with 'cBL at Rower freqgencies, afftd is too aoitg

compared with TBL at higher firequencies. It is considered that the heat exchEggkge

between the maigk fiow and the boundary Eayer is took place only near the surface of

the boundary gayer at higher frequencies because the gas eemperatsure irt the begitdary

Sayer does itot rise within tBL though the grxeat exchagage between the rrRagxt fiow agxd the
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tube walg through the beundary layer gs teok paace at gower fi'equencies. Therefoffe at

is considered that optimum frequency appears when the whoge boesndary gayer is

utggized for the heat exchange betweeit the main ffow andthe beundgwy Rayer. Tabge

4-1 sufnmarizes the driving frequency dependence of several paragneters dSscussed

above.

          The results cait be summarized as folllows:

          The P-V work can be estSgnated from the gas vellocgty vepriation in addatfon

to the pressure and the temperature variations griteasured in the radiag 2asd longitudinag

directions.

           '
         The phase differeRt betweept the gas pressure agxd the dgspEacerg?ent

appears near the tube vvalg owing to the viscous effect, so that the radi3E proffes of

the P-V work per Lxnit cross sectionaa area gn ghe basie type has tke gnaxaEiturrg value

near the wali.

         The perforrr}ance of the basic type gs inikproved with khe Eecrease of the

driving firequency up te the opgiry}usir} frequency because ghe P-V work gncreases wEth

the drivingfrequency. Hovvever, at higher cXrivwtg tiilr'equencies the wRikeae P-Vwork Es

agyyxost eonverted to heat giggRd thass the net refrigeration power is deteraorated.

32



                     ¥(kaptew S

Refrfigewestiopm me¢kthpmfisme opff espm aserfifi¢e

          mpasNse Sasbe ewefrfigewweeutasw

 S.a AegatmeabRe wwalggeiimgpeececSasece.

        The driving frequency dependence of the attaggiabge texnperature at the

cold end at the pressgre ratio of g.4 and the mearft pressure of g.4 MPa gs shown in

figure 5--l. The orafice vaive opening is set at the optifirrNugyR value at every drivifkg

freq"ency. Figure S-2 is a sirkrkggar plet ofthe attainabRe tewtperatgre as a fuxtctRon of

orifice valve opeRing V. (turfxs), at the firequency ef 10 Hz. It is seen that the

attaixiabXe temperatgsre depends oit the orifice vagve opesuEng as wegR as the driving

frequency. The attainzthSe ternperatwre gowers vvith the increase of the drivgfag

frequency at low frequencies, arEd then it becoryftes constagxt over 5 Hz. As to the

orifice vaive openiRg there extsts 2m optimgm working region aroasged O.4 turgas where

the gowest temperature is reached. It carR be considered that there are two giRg?d three

working regions with respect to the drjving frequency artd the oxwtce valve opefting

which are the working regioms Demg and D-2, and V.-g, V,drp2 Egg'ftd V.-3, respectiveEy as

indgcated in figure S-i awtd S-2. IR what foilows, the dfffki¥)reptce Eit tke perfonxk2ggxce
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betvveeR the orifice ag?d the basic types is discussed on the basgs ef the driving

frequeney arxd the orgfice valve opeiting dependencies.

S.2 Dfithffewa¢e lvetweeee gkoe *ecfifi¢e gewad gke lvrksgec eygoes.

         Figure 5-3-a aitd 5-3-b show the result of the visuaagzatgon study for the

orifice type at 2 Hz coRducted by SlRiraishi et ag. [25]. FEgure 5-b3-a shews the

pressurevariatien duriitgone cycie, where tke ftumbers fregn (a) to (8) correspond to

those in figure 5-2-b which is ebserved with the aid of a smoke-wire fiow

visuakzation technique. The tignings of'smoke errRissaon for vasuakzation ' eia'
re

indicated by tc fbr the cormipressien egtirRd by te fbr the exp2kfRsaon processes,

respectgvely. Though the gas dispgacemewt ira the orifice type is garger tkaga that irk

the basic type as seen from figure 4-5-b, the osciglating flow at tke cogd end gge the

orifice type is qesalitativeSy simiaar to that in the basic type. Oge the other hargd, the

smoke-lline at the ngiddle point in the photegraph (4) an figure 5-3-b, in which a spin-

gp is observed, is different from that of the basic type. Moreever, deering the

exp ag}sxon process ((5) through (8)) ajet ajected into tke rgaain body ofthe pugse tube

from the reservogr is observed 2md evege the formation ofa vQrtex rigeg is recerded near

the entragNce to the reservoar. Therefore, Rt is cencluded that the gas sfiwtpRy fiows

not ongy iit the gongitudgnaE directioit gEke the basic type but also gn ghe radRal dgrectiofl

especially near the het end. However, it may be fegrifded that ghe gas vegocigy ifi the

radiag directiege is so srriaa} that tke ffrkain flow is prifRrkariAy 'in the llongitudgitag direction.
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Thus the direction of the velecity rreeasured by the hot wire agien'gogx'keter can be

decRded on the basis efboth the visggisiEization agid the pressure variation resuats. The

vefiocity variatEons ineasured on tlae centergine ofthe pullse tube En tlxe ofifice ¥(V,==O.36

teJrns¥) axxdthebasictypes at IO Hz giare cogrRpared Rn figure 5d-4. }'ressurev2grRation in

the reservoir is also shewntogether withthat inside ofthepugsetmbe. It is seen tkat

the decrease in the agnpgitude and the eccurrence efthe phase degay ofthe pressasre

variatgoit in the xeservogr are due te the fiow ggnpedeEnce ofthe offifi£e vaRve a!xd the

finEte volume ofthe reservoir. It Rs also fognd frogn ghis figure tkat the veEecity in

the orifice type does not vargish during the pressure pgateau phase eenEike the bas' Rc

type. Tkxis result indicates that the ffow ifk the orRfice type fis caused geot oRgy by

dP/dt bgt also by the pressure difference between the pugse tube agid the reservoir,

agid so that the magg3itude ef the phase diffk:rence Rn the erifice type to the

refkrggoratien is considerabay improved as corrgp ared with the basic gype. Figures 5-S-

athrough 5-5-g are typical eunpges of the time-variatEens ofthe radial distrib"tioR of

                          .
the axEal velocity at le Hz and at V, :O.36 turns. Figure S-S-a shews the pressvre

variatioits insgde ofthe pullse tube eRrkd the reserveir, airxd figures S-5-b throssgh S-5-g

2gre the resugts of the veEocity arNd the temperature measured at ghree locatgoRs, the

coid end, the middge of the pulse tube arEd the hot end. The agiipgitude of the

velecity variation decreases with the distance flr'ogrR tke colld end, iR partacular it

decreases drastically between the rgiiddie point imd tke hot end gas'Rd at gs kept pte2Rfgy

constEgnt between the ceRd end arRd the rniddae point. Tke ampggtude of the
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temperature variatioit at the rx3addie poiftt becomes the Eargest afnoRg three measuring

poSg?ts. I'he peak ofti?e vegocity variation yT}easureCg on tErae ceitterggne gigt the gniddAe

point (figure 5-5-c) appears just after the onset of the expagRsion process agNd shifts

backward about 70 degree compared to that at the cold eitd (figure 5-5-b), while the

peak ofthe temperature variatioft at the same point ¥(figure 5-5-fi appears jgst after

the oRset ofthe cognpressien process. It is coitsidered thatjgst after ghe eitset ofthe

compressgon process the texnperature at the mrRiddEe point increases fiargegy because of

the additioftaE compressgoit by the gggflow firoiTg the reservoir, 2ggad the vellocity at the

mSddlepoEnt becomes smalX by the coIEisioft ef fgows in theerRfice type. TheR 2gfter

the ffow driven by dP/dt overcomes the fiow from the reservoir, the vegocity begtRs te

twerease. k is seen frerrR figure S-S-ed the fiow gs mach dgsturbed in the expeEnsien

process at the hot eitd. The detail discussion on disturb2it?ces gs preseitted gater on

the basis ofturb*gence gevell ofthe vegocity data. Fignre 5-6 shows the radigigg profiges

of tke amplitude of the gas disptacement gmd the phase difference betweeR the

pressure agxd the gas dispgacegxgeRt. The refrigerator would work as abasac type at

V.=Oturres. Il'he orifice v2klve opeAing V. ==O.36 tufms is segected as atypicai vgiRgge

efthe performance ofthe orgfice type. Ig is fo"nd that both ofthe arr}pgitude EgfRd the

phase difference are impreved in the orifice type compared with the basic type.

These improvement c2glrx be considered to be ffnade by the effect ofthe orifice vaAve-

reservoir combiitation. Fggure 5-7 shows the cornpag'gsoit ofthe radial prefiges, of the

})-Vwork per unit cross sectionall area at ro Effz between-the orifice agi(ll basE£ types.
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It is seen that the P-V work per unit cross sectional area efthe ogifice type decreases

near tke wa21 and is constEmt elsevvhere whige that in the basRc type becemes gg'kamasrit

itear thewala. Moreover, it should be noted tkat the P-Vwork ofthe orifice eype as

iv garger thaii that ofthe basic type. This is the expganation why the refrigeration

performategce is improved inthe erifice type coffnpared with tke basgc type.

S.3 Tke diepewadieme¢ee gff tke geeecfoergffsrkge¢e @pm elae difffiwtwg ikeegeweme¢y.

         Figure 5-8 shovvs the P-V work per unit tii'g'ge vzgg'iatien as a function of

(Sriving firequeney. The P-V work increases vvith the increase of the drRving

frequency mp to iO Hz, arRd decreases galbove 10 Hz. It gs seen frorEi figures 5-R agitd

S-8 that the performag3ce is impreved wgththe ancreases ofthe drfivEng fr, eqeeency for

gower frequencies (in the working region D-1 defined in figure 5-a) because the P-V

work increases wgth tke frequeitcy. On the other haf}d, the P-Vwork becemes srgxalg

over 10 Hz, ncverthelless the attairRgiabRe temperature is kept eikgrriost constegg'at as seen

frogxk figure 5-1. In figure 5-9 the atwplitude of gas dRspaacenNeRt exkd the phase

difikerence are ptotted as a functioit of drivingfreqaency. It is seen that both ofthe

amplit"de afkd the phase difiierence decrease with gke imcreases ofthe frequency over 5

Hz argd thus so does the area encircged in aP-V diagam during a cycle. However, the

P-Vwerk per unit time stili1 increases mpp to 10 Hz as shown gn figure 5-8 because the

increase iR the driving frequency overcomes the reductien of both of the ampggtude

agkdehe phase difference. The redectioR ofP-Vwork ab'ove ro Hz as reswhed frogn
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further redgctions ofthe arrkplitude agid the phase difference. gt showid be noted ehat

the amptitude decreases with the ancrease ofthe driviitg frequegecy becaeese the hggh

pressare ratio can not be maintained at high frequencies in tke preseget experiwtentat

set-up. The corrRpressor unit does not hewe the cgigpabRREty of drgving the PT

refugerator at high frequencies eneugh to maintawt the censtag?t pressure ratio at high

frequencies because the higher flow vellocity of gas at high frequencies cagses the

highef pressure drop. The dependence ofthe perforxrkagace on the drivang frequency

itaay be summarized as foRaows; the performance is tmproved gp to 1O Effz becaeese the

P-Vwork per augt time twcreases with the increase ofthe driving frequeitcy. On the

other haxad, the P-V work decreases over gO Hz. The dream pipe effect, Qd, which gs

defiited as the irreversible heat ffow frowt the high tenxperature to low temperature

sides as expressed by equation (5-1), decreases as the increase ofthe freqeeency above

10 Hz.

       e,=4x"axr,v7].ge2 . (sml)

Thgs equation is given by Toggigitgnga [29] where, F,X", (k), C,, AT. and ag deitote the

dimensionless quaittity indicating the degree of irreversible process, the Egifggugar

frequency ef pressure vaifiation, the specific heat at constargt pressure, the

temperature gradient on the walg ag}d the ampXtude of gas disptacerxpent, respectivegy.

The dream pipe effk:ct is plotted as a functaen of driving freqyency an figure S-IO,

where the dream pipe effect is norgnalized by the value at .gO Hz agRd at V. :O.36 turgBs.

It is seeft from this figure that the dream pipe effect, whgch is the ncgative effect to the

                                38



refrigoration, decreases vviththe increaseofthe frequency over aO Hz. Accordingly,

the wgiEgl temperature keeps constant Eeveg ever 10 Hz despite ofthe decrease ofthe P-

Vwork as showit in fige]re 5-8.

S. ag the die gee wt die wa ¢e $ff eke gee ifffg ffma th ws ce ge wa tke $erfi fi ¢e wes Rxy ee

     e*geetwkewg. ,

         Figure 5･-g1 shows the P-V work variatioit as a functgen eferifi£e vEggve

opening V, (turns). The P-Vwerk ixgcreases withthe increase ofthe vEggve openifkg

up to V6=:1 turn, arkd decreases above V.=l. k is seen fi'eriR figures 5-2 and 5-Rg thEgt

the performagxce is gmproved with the increases of the vaEve opeRiitg for ratker sxrftaiE

valges ofthe vagve opeRing (in the workiiigregioR V,-1 2Rgid V.-2 defigxed gn figure 5-2)

bec3use the P-V work increases wath the vaive opening On ghe other harid, ehe

attainai¥)le temperature even rises up though the P-V work is atmost coitstEggit gn the

workingregion V,-3. It gs seen fregifg figure S-12that both oftke amplitwde and the

phase difference increase with the increase of the valve opentwg iit the workfing regions

V.-1 and V.-2, and they reach constant values in the working regien V.-m3. Since C.

value ofthe orifice valve, that gs the inverse ofthe fiow resisteggice, aitcreases rapidly

with the valve opeiting at smaker vagues gmd does not increase so rapgdly at higher

values in the present experimeneaE set-up, both of tke anppaitu¥(fie Eggrad the phase

difference vary gargely only in the regions V,-1 tmd V,-2 Eggxd reach coitstarkt vallues tw

the workiRg regien V.-3. The dependence ef the perforffrRance eit tke erifice valve
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 openEngmay be s"mmarized as foggows; the perfori3'kance as ggTxproved in the werkixRg

 regioits V6-1 and V6-2 because the P-V work iftcreases in these workigeg regiens. In

the working region V.-3, the wak temp erature rises wp thoagh the P-V work increases.

in this regieit the igRcrease of dreEyrn pipe effect, Qd, defgne(S by eqeeaSion (5-1), Rs

considered as one efreasons to the refrigoratioit temperature rgse becagse the effect is

proportional to the square of the ampRitude of gas dispEacefneget. The drettwa pipe

effk¥)ct normakzed by the value at 10 Hz and at V.---O.36 is shewn as a functiepm ef

valve opening ift figure 5-13. k gs seen that ghe itermalized dregiggya pgpe effect in the

working region V6-3 is larger thEgn those in regions V,-g agad V,-2. It sheulld be noted

that the effect Rit region V,-3 keeps coitstant though the attaRnablle tefiiperatufe

gr2gdluaky rises up wRth the ancrease ofthe valve opening as shown ige figure 5-2. in

order te investigme this in inere detail, the ncgative effk:ct to the refrigerataon,

twrbulent disturbtmece, is also cofisidered.

         FRgure S-1`g shows the Rs-#W. plog ef oscilllatiftg fiew, accordgng to the

resullt by Hino et al. [28], in the orEfice tyg¥)e in the present experirnent. It is seen

frogn this piot that iskthe orificetype the oscElaaSirRgfiow Rs ftot in the fuNy turbugertt

stateRor gnthe conditionalgy turbwient st2ete. However, turbesgence at the hot end irg

the orifice type becofyxes significant comp ared with that oftke basRc type En panicglEmr

dwringthe exparksion process owingto the dEvergng wtfiow frern the regenerator as

seen fromthe comparasoit between the res"gts shown gn figure 5-IS-a ag'gd 5-a5-b. IR

these figures the ordiitate is the r.m.s val"e ofthe turbugeRt vellocfity ffeectuatEoit dgring
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a cycAe defined by equatioit (5-2).

       ,...,(i) = "£., [tshot (k･ i " n × (k - 1)) -- i2][iT, (k' i)] i,sg/ (s -2)

Heg'e, uh,t(k, i+n×(k-b) is the time sequence ofthe velocity g'ryeasured at the hot end

at the i-th sampting of k-th cycge aitdthe upper bar denotes the enserrgbge average of

the vegocity vaifiatien. N is tixe totall nekmber of cycles g"easured. It gs found from

5-g5-b that the fiow disturbance becoines garge just after the ogeset efthe ffow driven

by the pressure difference between ghe pugse tube gigrid the reservoir at e80 deg

Figeire 5-16 shows tkge vagve openiitg dependency oftlxet&grbuieitce Eeve]. "l"he vaitie

ofturbullence gevelis evaguated by equation (5-3).

                        n                       2r･m.s(i)

                       i=o
       tzerbutence level= n-a

Here,

SEnce the turbugence Revel increases

disttgrbance which cark be considered as

with the increase of the opening Thgs

perfomigmace ef the orifice type.

eshot (i)
¥(S-3¥)

     pt and l I mean totai ftumber ofdata for one cycee aftd the agnpgitude, respecti'vely

                              wit13 the increase of the vaive opeiigRg the

                               a negative effect to the refrigeration iitcreases

                                 Regntive effk:ct coftgribgtes sgightgy to the

                            Tabite 5-a arxd 5-2 suftr3g"narizethe dependeRcy of

the driving frequeRcy 2trkdl the orifice vagve opening wgth severai pew'ewts'aeters discesssed

above.
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         The resgks can be sgmmarized as foaAovvs:

         The P-V werk of the orifice type is much garger tharR that of the basac

type, arkd consequently the refrigeratien perfornrkance ofthe orgfice type is superior to

the basic type

         Tkie perforfrgance oft}rie ordice type Es iicrxproved wEtia the gncrease oftfeite

drivigeg frequency gn Aower afkd opttmurn driving frequency regions beca*se the I'-V

work increases wgth the driving frequency.

         The perforn]aface is also improved with the increase ofthe orifice vaave

openiRg in smaller opening region because of the P-V work gncrease. However, at

aarger value openings irreversible effects such as the dreeErxx pape edect gigg?d turbuaeitce

ofthe oscgglating fiow iitcreases, so that the net refrigeration power is degeraorated.
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Refrfigewnttoew mae¢keswatsm asff ee rkoastoMe

      fipm-et geutse tube vefrfigemaetew

  6.fi AeeatmegebMe wafig eeRgkpeergegasife.

        Figure 6-g shews the resuits of the steady state vEigue of the attagnab=ge

waikemperature measured at the cold end as a function of doubge inllet valve opening

Va, (turits) at the drivirRgfrequency ef 10 Hz. Thepgessure ratie as about a.4 ag?dthe

mearx gas pressure is abogt 1.4 MPa The orifice vaive opegetwgis set at V. :0.36

tums which is in the optimum working region V,-2 of figure 5-g for the orgfice type.

The refugerator vvould werk as aR orSfice type at the doubge i;?get vallve opeitiftg Vd=O,

which me2ms the value is cAosed. Ig Rs seen khat the attainabEe teKifgperatasre slightly

goes down with the twcrease of the double miet vafive opeiting 2md gt reaches a

constant v2ggue over g turns ef Vd. The ciifgierence an the attaigeabRe tefi'xperatwres

betvveen the doecble igfRlet agid orifice types is fouitd tG be at gnest gO K. ko the

foIIowings, the dgfferehce git the performagxce between the doubite miet ag?d orifice

types wilg be disc"ssed from the thetmo-ff"id dynamic point efview.

         '            '                  '
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6.2 Dfiffffegeepm£e wh eke ifefrfigeffthgg*mp perf$erggmthee¢e begweeee tke

di*asbge twMeg aitdi ggefifice etygeese

         Fggegre 6-2 shows a typical eumpge of the tgEyge-vEariatgons of the radiall

distributions of the axigiga velocity Egitd the tegnperatwre iit the dombRe iRget type in the

case of V, =O.36, Vd =2 an`di 10 Hz. The ampgitude of the gas velocRty vEtriatRen

decreases with the distance from the cogd end sirriigarRy to the basic type ¥(figures 4-7-b.

-figure 4-7-d.¥). The arrgplitude ofthe gas temperature variatieit is the aargest at the

middle point Ermong the three measuring points, ag}d this feature is sggx'giE2kr te that of

the orifice type. The ampggtudes of the ve}ocity giRx'Rd the tegnperatgre variations at

the frkiddle point ef the dogbge irxaet t:ype are sgTRaiger thag3 those ofthe erRfice type,

though they are aimost same at the celd end for both types. The dgfference gn the

veEocity and the temperature betvveen the deubRe inget garridl orifice types appegiitrs

significargtgy at the mfiddlle point. Figtgre 6-3 shows the variatgon of the P-V work at

the coid end as afuRctioft ofdoeebae iniet valve opening It seegns stragkge that the

attainabge temperature gs llower for the deuble gitlet type rather thagx for the orafice

typethough the P-V work oftke double iniet type is srRRalger thagg that ofthe Raxer.

Figure 6-4 shews the Vd depeRdency ofthe amplitude ofthe gas dispgacefg3eRt afgd the

phase difference between the gas pressure Ewtd displacefrkent variations at the cold end,

both of which are the averags¥)d valges over the eross sectieit. Et is seen that the

pkgase difference is airraost independeAt ofthe doublle inget vaive epeitiRg 65 deg, bgt

the ampKtude decreases with the increase ofthe valve opengRg up go Vd ==X turgxs arRd
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it becofixes aimost constant over1 Surns. Frowt the reswits in figvres 6-a, 6-3 and 6-4,

                                            '
it is considered that the dream pipe effk:cg, Qd, being ahe grreversibge heat fiew fromix

the kkot side to the cogdl side, becognes sgraalg in tlxe do"bEe gnget type cempared wEth

the orifice type (Vd=O) beca"se the dream pipe effect, Qd, gs proportionag to the

square ofthe amplitude descried by equatioft (5-1). FAgure 6-5 shows khe norgnalkzed

dreampipeeffect, Qd, as afunction ofvatve openimg It is seen that ghe drearn pipe

effect, Qd, decreases with the increase ofthe dombIe gnlet vagve openiitg up to Vd :1

turns aggd theR becomes censtagat. Therefore, gt can be concggded that the dream pipe

efifect, Qd, Es sggiagler for tlae double inlet type tft?galrR for tftae orifice type gueid that the

refrigeratioit perfbrmgiRnce in the dogbge inliet type is ignpreved ige spite ofthe smalger

amplitude of gas rnovernent. Figure 6-6 shows the turbugence gevea, the overgnged

turbugent fiuctuatioR normalized by the amplituCke of ghe vegocfity vtalraatgoit, caEcugate¥(E

from equation (5-3) as a functioR efvalve opening It gs foeend thEgt the turbulence

levell also decreases with the increase ofvalve opening up eo Vd :kurns, Egrad becogx¥)es

coitstaggt over kurns. It rrRay be considered that the osciAgatggigfeow gs cAc>ser to the

gamiraar fiow wt the doubgc inllet type tharg that in the orifice eype isu the sense that the

disturbekgxce becognes sgykgitgg in the doabEe inlet type. Thgs feature slightEy contrgbutes

te ggx3proved performance gft the dogble inaet type compared to the orifice type.

         It may be cbncguded that the performrxaixce gn the do"bae inllet type gs better

th2gn that ofthe orifice type, becewse the irreversibfie effiDcts seech as the dream pipe

effect and t"rbugent dgsturbarkce ofthe oscilaating fiow gigre reduced git the dogble iitRet
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type　though　the　P－V　woτk㎞重he　doゆle　inle重重ype　ls　a胱宣le　blt　smaller重han　tha意齢

重he　or燈ce鯉pe．　The　resu亙ts　as　discussed　above　ls　s雛mmarlzed置n　table　6一五。
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Meeesas eremaeeeg.

                '
         It becomes possibEe igi the preseRt study to rrieasure the velocity ewrd

terrkperature efheli"rrk gas inside apulse tube sainuRtaneo"say at the samr}e positioit by

the "se of a probe composed of a set of a hot wire eEement 2askd a thin sheathed

thermocouple. Owingto the sirxxu}tafieous Eneasurement, the veEocity ofworkgng gas

ofwhich temperature varies in awide rgmge cagi be measasred with a hot wgre. The

teitriperature arxd pressure dependeitcies of a hot wire anerrxorgieter are anvestRgmed ixE

the razages of220 K 'v 320 K 2gnd O.1 MPa 'v l.5 MPa coverSngthe whoEe present

experirrxentag conditioit for calibration. The error of the veEecity gneasuremeitt gs

estgmated to be vvEthgit abeut ± 30 %.

Sifthffrk-ewp bekavivec *ff a pasflse tseebe ffefferRgeffgee*er.

         A detatfiedJexperigneRtai irRvestigaSion of a stag't-up bekavfior vvas first

carried out in the preseng study. In the first severall cy£ges renigarkabRe texrgperature

change appears iit the gas inside apugse tube and the terrR.perature daffereitce betweeit

the cold and hot ends reaches fnore thagR 65 % of asteady value. After ghat, the gas
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temperature changes very slewgy wath the Eaps of tirrke. The wagg tertrkperature

distributio" does Rot sigftificantgy affk¥)ct the refrigeration precess Eit tke gnitiag stage.

          Il'he beginningoftemperature drop ofthe pulse tube wak gmd the degay in

the temperature drop gn the regonerator as corrRpared wgtk the gas ternperature at the

coRd and hot ends cEitgi be estimated igx terms of qu2kntities determined by ghe heat

capacity ofmateriaE efthe waRE and regonerator. '}rhe heat-owt reaches asteady valiue

after the terrtperature gradient fuIXy develops over the whoge regeiterator, ERgid then a

steady eperating state ofa paslse tube refrigerator Rs reached.

Tkae rkheffmeg-ffwtdi diyrkkiigsfi¢ pkeee*mgkegea im a stcadiy srkgeae.

         In the present study a reliabge estifrgation. of the P-eV work was first made

from the direct g;igs velocity n?easuregneRt data Eit addgtion to those ofthe pressure Egnd

the temperature in the radiag aitd gongitwdiptag directions.

         It gs first experimewt2ggly confirmed that iR the basgc type the phase

difference owing to the viscous effect produces the P-V work mostgy near the waig.

It c2ggk be, accerdingly, concgesded that the gasdynamic process ever ii'Rost cress

sectional area efapuise tube except ptst the vicgitEty eftube waBl, say tw the beundary

gayer, is wasted in stead to produce the P-V work for refrggeratRoit.

         The perforxNxaAce of the basic type is ignproved with the increase of tke

driving frequeitcy mp to the optimum frequency because the P-V work increases with
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the driving frequency. However, at higher driving frequencges the P-V vvork gs

atmest converted to dissipative heat 2trRd thus the net refrigeration power is

deteriorated.

         It is experimentalgy confirmed that the P-V work eftke orifice type is fag'

Rarger than that of the basic type. Therefore, the refrggeratgon perforrreance is la

better ift the orifice type thaft in the basic type.

         The performance of the orifice type is irrkproved wEtlk the increase of the

driving frequency at gewer and optimum driving frequency regiens be£ause the P:V

work increases with the driving frequency.

         The perforrgiance is also irnproved with the gncrease ofthe orifice vagve

opening in a region of smailer opening because of tke gncrease of the P-V work.

However, at gargor vagues ofopening irreversible effects seech as ghe dream pipe effecg

and turbugence of the oscgggating fiow, which are first experEmewtagay estfiifx}ated,

xncreases so that the net refrigeratien pewer is deteriorated.

         It may be concAuded that the performance in the doubRe inget type is bettef

th2ggi that ofthe orifice type, because the irreversibge effecgs suck as lhe dream pipe

effect and turbuAeitt distwrbagice of the oscilkugng ffow ag'e redesced in the doesbEe gitlet

type theugh the P-V work in the double inlet type is a gittlle bit sgrftalfier tharR that iga

the orifice type.
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         It is consRdered that the reduction of irreversibge effects such as secondary

fiow 2end turbugence wt a pulse tube cEgfp contribute te the irgfkproverg'gent of the

refi'igeratioit perform2knce. Fer exafxapge, elirninating the strascture of rapid divergng

2kround the ket end which is atrigger preducing turbugence ofthe osciggating fiow, is

one of the ixnprovements ofthe refrigeration performagice in tke orafiee and deubge

gnlet types,
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Tabie 1-l. Chronology ofpulse tube refrigerators.

NumberofCoolingStage

yeat ew1 A2 ew3 x4 Type pre-cooged

g963 g24 Gifford B

A964 79 Longswerth B

1965 30 Longsworth B 65K-30K

1984 ges MikuliR o
fi987 60 Radebaugh o
a988 3g Y.Zheu o 77K-20K
g989 49 Liaxag o
agge 42 S.W.Zhu D
gggo 26 E.Tward o
fl99g [ftA5 C.K.Chan o 2OK---iB"7.3K
fi992 3e Taaaida 4

1992 28 Ravex D
g992 23 Ishizaki P

fi993 w J.L.Gao D 20K,-Bpt4.0K

fi993 3e6 J.L.Gao D 15Kpt3.5K

   B;Basic, O;Orifice, D;Deuble inlet, 4;4 valves, P;2nd piston

     140

 9 120
 gt ioo
 No. so
g
     60g
 .g 4o
 : 20
      o
      1960 l965 1970 g975 1980 1985. 1990 1995

                    Year
Figure g-3. Historicai Background ofPulse Tube Refrigerator.
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TabRe `#-1. Surnmary ofthe drivgng frequency dependence.

Freuency AttainableSemerature P-Vwork ¢ 'E!"eBL

Region1 Hggh Sfinal1 Srrkalfi <fi

RegRon2 Low Mediumrg Medigm ii1

Regon3 Hi Lare Large >fl

$ : Dissipatioitfunction

T!'glaL : Ratio of therrifNaa reRaxation

temperatwfe over the boundary layer

time to the tiit}e d"ratiofi reachiRg the cons ggtwg
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Tabie 5-1. Sumgg3ary of the depegedencies of parameters

    on drgving tilreq"eRcy.

Freueitc Attainabletergxerature P-Vwork

ReionD-l Hih Small Sxrkal1

Low Large LargeRegioRD-2(S--10Hz)

¥(evergOHz¥) Mediunx Mediugn

(?igci : Dreagnpipeeffect
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Table S-2. Summary of the dependeptcies ef parameters

  ofi orifice vaive opening.

v AtmabgetemeratEare P-Vwork Turb*geRcelevel

Re'onV-1 Hih Sffnal1 SgxEgik[ftg SgnalA

Re'onV-2 Low Lafge Medmm Medigixx

Re'onV-3 Lare Lare Lare

Vo

Q,,

:

:

Orifice valve epeRiRg

Dfeam pipe effect
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mean gas pressxgre;1.4 MPeg driving frequency;gO Hz.

1i2



            1e6
       !Ee
       Sli i.`s･

       N?,gi

       N       Eii le2
       E

       `L"' lo . o.o2 o.o4 Oe06 O"08 O"1
                              Time(sec)

                           Figure 6-2-a.

      VeR$cke:y [if ee NrrN ge£ffket ee er£

O O'02 TOiP.4,(,,,g.o6 o.og oi2 -i 45r(f"M) e o'o2 To.ifz(,,,B.o6 o.os oi2345r(6r"m7)

         Figure 6-2-b,. coad Figure 6-2-e..

Vi
i/tY`/'eezz･iszijit:g$gl:opaiiiiiziiizi:}zi,;:i,,;ii"Zii:il.IIilil'Ziiiiiz2i2;iii,liillili7eemaju 'l/iO:t(K'.ee.,,ss,,.tee#a,.m m

                    ,7 .67 O O'02 l}ig4,(,,,s.o6 o,os oi2345r(XM) O O'02 TOi9t2(s,,B.o6 o,og o{234)r(ra"i)

         Figure 6-2-c. Middle Figure 62-f.

VCteC6itY¥(M/S} .....,Ji.Itn.t-iff..... s, ...,i.gi... , TeiilYs7)r"tU"e(K) .,.･'.X IV''' ,'..geM.#. ii.ii l.. ... ....,.,

                                             ' ps-tlZ'iii#"va/kii.22.%･E,'.-i2.2ta'i"#'''""'

DK,roemz

"s"""N"""s "AAkN"""""V;-A"""" ""sM"SW."A""VAS. .S""S.S".t""-LASS" "s"ss"SS""A"

-- s"-

i,ezzEgiiellSigillliS/a.7,#tva.Mee!Xeei'#.,2"m

                        s67
O O02 T084,¥(,,ll,igli16?"'"-`"""7zr?;"..-.-.oos o 2J4

 r(MM)

        Figure 6-2-d. Hot

Figure 6-2. .temperature in the doLgble inEet type; aO Hz

                               113

                           300' "''

                           250
                                                    s67
                           O O02 IPi/iiillll[III?6grnc(secBo6 ooR × o i 2 j 4 r<m[n)

                                         Figure 6-rp2-g.

Time variations of the radial distribetion of the axiai vegocgty and the

                        , Vo==Oe36p Vd==2e



90

A 6eX>seii

¥2iiii
s

> g
gN 3e

o

i･ iiaas ewz

        Double gnlet vagve opening, Vd (tkgms)

Figure 6-3. "I"he vaariation of P-V wewk as a function of doubge

iniet vagve opening. Pressure r3tio;1.4, rxieaft gas pressure;

a.4 MPa, driving frequency;flO Hz.
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 Figure 6-S. Normalgzed drearxN pipe effect as a functioR ofdogbge

 inRet vagve opeRgng. The referen£e is taken for the case c>fVd :e,

 that gs the effk¥)cg for the orifice type.
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Figxgre 6-6. Turbgxgence level at the hot eptd as a fugxctioR

of do"ble inlet valve openiitg. Presstgre ratiopt4, mean

gas pressure;fi.4 Ml¥)eg driving frequency;fiO Hz.
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Table 6-g,
SurcfKgary of ghe defference in the refuigeratioge perfermarkce betweeft

       the double inget and ghe orifice types.

Te Attanabletemeramre P-Vweck
"I'urbuleitceleveA

ortfice Hik Lare Lewe Lare

DoubaeiTklet Low
S]ixRgiEll Sxxgalg sgptalg

(]t, : Dreampipeeffecs
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