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B1E

1. 1 #

il

RIER & 1 120K U TFTOREDCGHEHERESEIREBTHD. LXETEBILTH
B[11, LoL, AROERVICEVHAETIHIINCBESNZEREWVIEENL, REE
FA—DOHEECTHOERDOBEFER CAVWONIEALH D, AROERRE, REOEERI R
7 AEOMHEC L B b BRATHEVBEO LWVRRAEESRBREN S LY ik y, BESL
DR DR GBI RELEN 025 5, Hic, NURRAHMILS B TREOMRE D
b, TORBRHEHIIEA IR LTV, REOCE 2 OTHEREEIERHNEVWEOD, Z0%
HBERBARBNSBFISAIN TS, SHBFIHERTHAITEEER, HLVWEEL
LTRERETDIHDEHFIN TS,

ANREIRGRIC & > TERBBIIAEFICHELBRERTHY . ZORZTHRBOERICE -

o> TUNUEBGFOBEL VA IV EGBT LB TE D, BRMBIT o OEARK

& LT, MR Z AT HL 23 (recuperative heat exchanger) & BB ihEAAZT#223 (regenerative heat
exchanger) LIZKRBIEN D, MREENBZHEBIIRIBIRE & RRRAICH L CEEKETHORES
NEfEE2 OB HRBTH S, BEAFEBICAVDONTWD Z 0RHBORN TR AT
BThY ., MRS LT TV D, —F, EEEMPBCIREIHRRGE & R A
A BEHRNCRN D — 2> OWME L b OBTMBTH S, ERECEBROTEMNLRDE
Bhr (GEBERIZEGH) 2RBRRELERBRRELPZEICEEL, EMMICBEEZI20%
o5, ERARBICANONS ZOBRKBBOTWNEFRNTCRY MR THY, Fh
F|EFHIN TV B,

BEZBEEDOHTRIC K > OUNEURRGHEB DY 7 V25T 5 & FEREN—HFICIER
LTWT, REEXBAHMEBE AV TV BRI A 7 /v (recuperative cycle) & {EFEIE
EONFEEER 2R L TV T, EEEMASHEBE ATV ER#RT A 7 /v (regenerative
cycle) LIWZHEEND, RAIFICEY 2=V FAYUHFAL TN, TV AINELTY 2
=N PRV YA TINET VAP A IAVTTFRT D7 u—FFA 7Y (W11 | #%
FREX T4 —F =7 vR oA (GMYPAIN) | A=V THFAIART 4L~
AXYFAI7NABHD (K1.2) , KERXOBM ThH D/ VAT 2 — 7 I R I X E AT R
(EHB) A ERBRY A 7 VEONUERBERTH B,

BIHET A 7 /v (regenerative cycle) DEEMIL, MIZH~PNRERFRET, ERESTHR
HIZENZHFEEREH D, <M TVWEPa—v - AV U EEBOEBREDOE DI
20MPa E< IZET Db Db H Y, EMS 200: 1 L2D, ZHDITHV OGNS EMBITLNA
BICRE <720, VR0 FIBN R COBERERTRE EORIEN A LT 5, %72, fFH)
RESNOTHHBACL > TELZRETPE NS TNVOREBRERBEO—>THD, T



izt L, Emay o 7 VKRG EEOEB AL 2MPa BE CIEEIT 5, £, (EBYEE
DE NG EET 5 O EBIRAENICMD O R NIEA U THIRRREER S R CHET
BT EiFdRn, ZOD, BEREY A 7 VEKIRAEEIZNEYL & EEMERM LA, ST
EBEATE, B2, GMEBHEIITLEAERBOEEER 7RV ZASA TS 54
AEZERTOERRGHEEE LTRERFHEZERL TV 5,
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Fig. 1.1 Recuperative cycles
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Fig. 1.2 Regenerative cycles



NNV AF 2 — 7 REBIGEREFMMIh, AXEPLE LTRAKHESND L ITroT
BoBT A 7 NVAOERGHEE ChH 2, #ENEHL S 2 IUERRFEIR TOREBEAR R
DIE@EEOH L, EFmfk, INERELR I OMEMEESEF SN S DNEREGHEBETH 5,
ARG ORI —ARAYIZIE 30K 25 80K ThH V. I HILERLT DT Lic L v BEREX
AKLUTICT DL BARETH D, LA L, AEIIHESEERARE, HHRBEEBEOHARIC
ETRALREBRELFET D, SO, ERERFMITEGHBLERICH Lika RABERIZLD
MBI DL IZESHE R0 FHWEENIBO TNELR-oTLES, THIHEERGHE
DEMTHH D, Thdzx, BEORHIBOTRBEBROBHFRVAEETH Y [1.45]-[147],
B2 FIEMLE CITIEETREVEDOY RH D EF R D,

Table 1.1 Factors influential in refrigeration power

Regenerator Pulse fube

Shape and heat transfer area of d matrix Oscillation of flow, pressure and Temperaiure

Flow system and surface heat transfer in aregenerator  Phase controlling system

Thermal properties of matrix materlals Heat transfer between gas and a pulse-tube wall
Pressure drop of refrigerant flows Velocity distribution and fluctuation of flow
Volume and shape of a regenerator Secondary flow and circulafion in a pulse tube
Heat conduction losses Heat conduction losses

RVAF 2 — T EHSOEEHRERTH BV AE L ERBTONT, BEEH~DKE
REBERRIFTHEHEZELDDLER 1.1 OLDITR2D, BRX TR, SAVRERNOEEFRED
Wik, AR L ORERBIC OV TR L, £ DOEBFREDOSEE OBHE & OO BF
BRNVABRNOZ AL EHRNERD T, 3V 7 4 ANV AF 2 —T REETIE, TOEEE
OMFRBEREGIET A FEE L TEY 74 R VF—"03H D, T OMMFIEGEIC X 2R/
EINWRBENT ZNVERNOBEEICOWTRA Lz, £i2, ZmAVRAERNT U Z AL ETRNICE
Br X ZEBRIE L SVAEBELOBRBEB LAY 74 2L UF—RENZHO VT HER
Lz, EBIT, BEEANCKEREELEZRZEEDO—D2THIEmEN L OERERKIZO
W, EREMNRT —F Dz o MERRBE TCOMEERRLREZRD, GEHENE L (ELBOWT
RSNV ZAERNENEBE~ORBERH L, FBRERNOSHLILNL, BLU KN
RBRICOVTCIIIEFICEECTKRERFETES 282 2 THEEHE > TR, S%OBREL
L7z, NV ABEREDOBGEERKIIILEA/NEL, TORBWHLEBHES THIDAEIE L
Too Eo, BRBIZOWTHEHRERALZ =V v 7 A 7 VBBETORMP Lo &h, BscH
%kLTG%%%?~&@%@%£<%ﬂén1ménwkLmb‘ﬂwx%z—f%ﬁ%®
BRI o T BERMCERBRORMBIA 4T, SREELICHITZFERLELBb 3,



1. 2 PEROZR - IWNNVAF 2 —T B HBOER

PUVAF 2 —T L, 1963 £ KE 0 Gifford & Longsworth 128 > THID THIA &
72[1.2][1.3], ZDOHEIIR 1.3 @IETRINDEHDT, N—V I WA Fa—TREEESH
IR TS, £0%, HLIZL > T OMHBOHEBEERBIZ OV TR S N[14]. EH)
TE L AN AERE L OBZHRICL D b — PRV THRIZED D TH B 2 L p3E Shiz[15],
F72. Longsworth /JHERGHE T 124K, “EBEHE T 79K OBERE L #HE L[1.2], =
NHORBRTIL, EBREICIEA~Y v ARAV LN, ERRICIEGCMAEHBAEE == b
EREGBE ALV BAV LR,

YN

Reservoir —\

- Qiifice \

Hot-end
IHHIIHII‘/— heat exchanger I
/— Pulse tube
Cold-end
/— heat exchanger

Regenerator

/— Aftercooler
/— Compressor

Fig. 1.3 (a) Basic pulse tube refrigerator
(b) Orifice pulse tube refrigerator

1983 FEiz e 7 ? Mikulin W_R—3 7 XA RF 2 —TBHBO RSNV REDHRy b= R
AV T4 REVF—RNEBMTEZ EIC L0 REENZRIBIZHEL2[1.7], ZHiZX 1.3(b)
WRENASAOEEREDD ) 7 4 AN AF 2 —TEBEHRBOTIZ o7, U, HHITA



Y74 ALY PR EDMITR Y by FREE B & EBITACZE R AV CEIERE 105K,
£ LT 120K TR 2 GERAES 1OW 2B TWB[L.7], # b ik, Y 7 1 AT gas distributor,
U P — T receiver & W5 FEEE V., T OBEBE% expansion pulse tube & FEA7Z,

1985 4£iZ Radebaugh 61X 1.3 GICRENZS HOEREBEDOAY 7 4 ANV AF 2—7
R ERIMEL, BIEIRE 60K 2572[1.8], D& XOEMBICIIER FURBAVW L, 1E
BIREIZIEANY v ARHAVb e, EEREOENRENT, HKRES 1.2dMPa. &/NEH
0.71MPa. JA¥$ 9Hz Tholz, D%, HHIEIASNVATF 2 —THEEOL < OERER 2 H
. IR K ORI ROV T 21T 2 72[1.9][1.10], LT, FV 7 4 ANV AF 2—7
B TIEASNVRERNOEBRAEBE & ENEE L OAHEICR Y SVRAERIZTZ U Z LB
NWHREL, a— /N Ry PR TIHEERET D LB ELICL VAT o, 72, 1987
FEIZRE TR L2 18th International Conference on Low Temperature Physics T,
Radebaugh i Pulse Tube Refrigeration - A New Type of Cryocooler] & L Ti#E%1T> T
WA[1.11],

Piston / Moving plug
Compressor .
Hot-end
| I ' heat exchanger
i
Aftercooler Pulse tube

Regenerator /

Cold-end
heat exchanger
T H'/

Fig. 1.4 Moving plug pulse tube refrigerator

D%, By by P TOESIRERNOMHEORKELF#EEZENE LT, BIEOIE
L= 7T T ITRNNAF 2 — 7 EEEBR L, MEENEZEELZ[1.12], ZHERERD
AV T 4 ANNVAF a—TRFEEOA) 7 4 R Y F—RNEANERDYICK 14 1RSI
FCA— I T T 7ERNTND, ERBICL > TR ESNDIENRE E L—E T T
FOBEIZ LD HB SN D SNV AENOERIREREELE OMNMELZRAE T itk V&
WA RD DN BMEIRSTVD, —F, Zhu BIEFTNA YLy MUV AF 2—T R
BWEBRLUMEZ[L18], ZHEEK 15 IREIND &) IEBREDONAA RNABELHE -4V 7 1+ R
FBIMTAZ LICE D BBATTENE 2 V5 2 & 2 EEREORBE(EELEL, &V .



WHBEPELND L DT 7e, Fhe, MEHIFR 1.6 O X5 ICCMBHMAERM = v
FEAV, EARBFIC—HOBREGNRAALT, THEBRBYA I Z 2B S0
EEGEALT EZY T 4 2% O THLREIE 21T 2 72[1.14], BIRAASA T 2 MO fnizZ & &
FELRBDTL—NNVTRINSNAF o0 — TG L T TV 3,

Bypass line

Reservoir
Secondary orifice
Main orifice
Piston
Comprml
Hot-end
heat exchanger

Aftercooler

Regenerator /

heat exchanger

Pulse tube
:\? Cold-end

I

Fig. 1.5 Double-inlet pulse tube refrigerator

Compressor unit \
: 1
N

Rotary vaive / _____ 4 Rotfary valve

Orifice

Hot-end
I l l | | l | 4/_ heat exchanger

Pulse tube
/ Cold-end
/ heat exchanger

[{I[

Fig. 1.6 4-valve pulse tube refrigerator

Regenerator -/ ;




PSNVAF 2 —TEHEBITIZEREL, LVREBORBEEZBAIZLENTED, SARFa—TH
C FRIRIERICRTER A e, BERLITHBRMARSICTE D, i, omBllEestE
BT ELICED. FIAIECMMmEBEMATEZ LICE D ENENORME LD L 7= 2B 6 B
2L BT EMTE D, Gifford & Longsworth (33— v 7 7V AF o — T IRHEBOR R K Y]
YV ZBANVAF o — TR R LT E[1.2][1.3], ZHER 1.7 RSSO T, KR
Bt/ L 2% (second stage pulse tube) DOEIBEFIZIEIBER VLV AE (first stage pulse tube) D
RREIZHAEIN TS, LT, ZOER—V I RNV AF 2 —THEBICL Y TIK BB 5
Niz[1.6]l, AV T4 ARV AF 2 —THHEBHE 1.8 RSB X HIXEBR{bEhd, L 25
T, AV T ARVAF 2 —THEBOEEIF, B 1.9 RIS D L5 KRR IV E
(second stage pulse tube) DOEEIFIIFHIRE WV AE (first stage pulse tube) DIKIEIRIZHE
BEEERNEEN BN TH D, ZOFEIFEERE SVAFICER T4 7 0 2L JH—N
EHRBICRETS 2L (BEERHOMIRET2IL) BARETHIZHDITESAVWLNT
W3, B 1.101ZRT LI, Zhou FFTNA by MUA VT 4 ZANNVAF 2 — T IHEEIZ
BRI NA RREBIM L, SAFNA NANSNVRF 2 —THEBE 4517 72[1.15], —hiz& 7
ALy MIFY T 4 RNV AF 2 —THREBOZBEEHLDZENTED, /2. BERK
B—BODNSNVAF 2 —7 0 HEE “EGMEHE T TR SELRICER ST T 36K 2/
[L.17}-[1.19], 2%, HOBEZHRHAV T4 ANNVAF a—THEH T 4K UTE2EHRLE
[1.20]-[1.23],

Compressor unit

N

[

First stage

First stage
pulse tube

regenerator

Rotary valve /

[T
JITHT

Second stage

Second stage
pulse tube

regenerator \

Fig. 1.7 Two-stage basic pulse tube refrigerator



Compressor

Aftercooler

First stage
regenerator

1l

Thermal

Second stage bridge

regenerator

1

(il

Fig. 1.8 Two-stage orifice pulse tube refrigerator

First stage
pulse tube

Compressor

Aftercooler

First stage
regenerator

Second stage
regenerator

s

1]

Fig. 1.9 Two-stage pulse tube refrigerator

First stage
pulse fube

Reservoir

Orifice

Second stage
pulse tube

Reservoir

Orifice
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Reservoir

Main orifice (Valve)

Compressor
Hot-end
heat exchanger
Aftercooler | | I | | | , |
Double-inlet Pulse tube

valve
: Middie
heat exchanger

Regenerator /

I

Middle-bypass

valve Cold-end

heat exchanger

NN

Fig. 1.10 Multi-bypass pulse tube refrigerator

RIRZR/D O A TERBOERM OESIINETH Y, 15K LT 2155 72 DITHEMEE B D
BURBBILKE Dote, NGRS A BTV EEH IR E RRERER ST &
BUVETHD, LHAL, BEOCAERIMBRER CIZEF I 25, REERH L LTHE
O TELROBAERIT IBK U T CREGHM & LTER+0L R0, FBRETHZ~U T A
L DYRBIRBIZWMB CTERLIRD, £Z T, 15K LT CTRERBAEEL &0 AW RBEMER
BRNOND LD IZeolz, 1970 FRLHEEMBOEGRHIERIZ VW TORMBES Sh
[1.24][1.25], 1980 AR LB EERO KBS HBE~ORMEZRMICABRBIRESND L5
72~ 72[1.26]-[1.33],

e, EOMOYMEILT TERLSBROKBROEETH D, —BREIZIE, ZilH D 80K Tit
MROFBOM 2 ERBARIHBRIE L, ZHUTORERTIZER 01 225 03 I U A—F|
NORROEGMEFTET D, LrL, Zhb0BRTIRAGBERICHTIENBERKEN
EWVWIRRE, BRERDPRED LERBER/RESTLEI LWVIRRBR DT, ZhIZKH L,
PATERZBSERIZH T 2 ENRKOFIENELS, ZERMBLRE IO LN TEHOTHRE -
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WER T, ETERBICOVTHE SN S & D IZR-72[1.36]-[1.39], BAETII/ VA F =
— 7 WHBORAHE TR 7T ha— FRBESND L) IC7D[1.40] [141), £h& LD T
77 53— FOFABROLERFNSND L koM [142], &b, fHHET RS T b a—
RARFESNTZ Y [143], A v —F v N TEHE TS T AR SN, BRICAHLTEOR
BFEEPBFEONDZ LD B H B[1.44],

UEDEIZANVATF o — TR HEBOERIZOWTHIR L TE R, BYHNARAREBRETOSLY
BTHHB, Ny I RNVAF 2 —THEEEE 1A, (HEEEETY LoicRoled )
T A ANNVAF 2 =T IEEEE TR, S OSBRI EITD K)o T
ALy MULBEOZTY 7 4 ANNVAF o — TR H#BEEHREEEZLBH D, £<DT
AT T ERITOR/BR. LN ABEREAN OV, BEERRREE ORBOIC TR o720 bHEE
Thb, Flo. RO 7075 AR T 7T MERBITOID L5 IR0, LD
{RE & BRAMBERICEET 20 ERTH D, BIE. FEIREOED & ENEE L OfLHZE
EEELESED EVORMHEEHBALMNC R oL IRV 2, EEFRHARESNH Y, EDE
REEBELR2ThERLRVWEIIKEDbR S,

1. 8 TEROWE - EEEB % T 2 EBREORSFE

AV T4 ZANNVAF 2 =T HEBOEAFITR 1.1 OITREND L i, EfE. 77 57—
7—7., Emg, KEAR, NV2AE, BERAKR, AV T4 R (S T) BEOUF—nIhn
D, EMHICEVEZ ShDEBRECENESIIBAOEBRECLEEERS 2L §,
NAERNOEEREIIEANES & LI EET L RELB 2R T, FEREL SV REREL
DRZRE IR T, FBIFRAISUTBER & RER Y IRY, —F7, ERSBONMICIEER
MBFEINLTHT, FRIREIIEAEBCHEVEEED 2 T30 RBERORE WER &8
BT 2 I DB IR A DR IR ISIE — IR e D, V=G A U 74 2% LT
waﬁkﬁﬁbfwéo)#*Aimukﬁk%ﬁ@ﬁ%ﬁbfwétb\%@*@W@ﬁ
EOEAFEE-ERRILND, T7F—7 — T BLURBARIIHAKRE T—EICRZNT
W5, BAOEBRAEOEEERICLY 774 —7 — 7 LERBR THRENEZ V| KIBRER
RO RAET D, T OMBMR T B 7 OIS EER O RN T OB O BRI FEHIRF
ZITORNENDH D,

T 2T, KEBBAE OWFFEHT. National Institute of Standards and Technology (NIST)™D
Ray Radebaugh i+ & O &R EZE L T, KM OB LABLBROP THI-NELBEHL,
SHED ZRAOEANBS ZIERDOFED—2 L LTE LD,

1. 3.1 FREE®mh
FRP2IEBREVSTEED Z R THE. (EBIREOFEBERST RVFIIEFEH 2B
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WAEE 725, o2 Tk, WRETIRS FIEL LTAA T—0FE, BHEEOMEICER L.
EIERBODMERTFEIE S FEERAWS - Lzt 3,

ERIC £ 02 2 SN BEDE BB AOERED & 2 T, R R RIZENE
B & R MR 217 5, MEOMRILST L b—ik LAnA, ko EERK ORI
5, £, EAP(Pa : RRAMTIKROGEEHERT 5,

1

— |Pdt=P 1-1
—[pa=r, (1-1)
| .

= [Pidt=0 (1-2)
lféﬂﬁ:lgiﬁzo 1-3)
T A T a :

LZAT, 1 (s) BEAEBOEHTHS, P, (Pa) TEHENTHY., P, (Pa) i
ENEBH T, RORIZEZREND, '

P,=P-P (1-4)
Kic, BRBNVZROREWET B,

1
— \idt =0 1-5
Tf ] (1-5)

22T, m (kgls) IWEEBRBETHD, 2. FEIMEx O— AT ZREH LY E KO
IZEET D,

1 |
=— | xdt 1-6
(xy=—x (1-6)

CORFYF—AHICBTIEMEYERTHOLT 5, BERENFOFHOEAREIC
BNTH—TRWES., ROBEFRREZES 2N TE 5,

m= pJ'wdA . (1-7)
. .
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® (1-6) L3 (1-8) KLV KROBMEAENMI S,

() = (Apw)
= Al(ps + P )W, +W,))
= Ap, W, + A p,w,;) v (1-9)

LZBT, p, (kgm’) BEMEHBECHY, p, (kem’) LW, (mks) BRATEHS
NOHEELEEOEEHMTH 5, ' '

Pu=pP-p, (1-10)

W, =Ww—-W (1-11)

a

A (1-5) LY FHHEHEEREIZETHI 26, K (1-9) FRORITRS,
P.w, +{p,w;)=0 (1-12)

U LRI, H2ERVEMESD LTI HE. CORMEHEI—EL LD, ThEEEFRR
& (quasi-steady state) &FE5, EROBIEBOLBEORR LT L 0505, KEETL
LD ZEBIES & OREOREEIILT L HEICR D LIEME LRV, —iC, SFEROBHILED
PRATREND D ET D,

A=A, +4, (1-13)

B=B,+B, (1-14)
C=C, +C, (1-15)

7L, IR TR R L, REEERES S OEBEL R, hbENEBHOR
AR L ChILE, ThENORETERR T ORICR S,

(4y= 4, (1-16)
(4,Y=0 A (1-17)
<AdB> = <AdBd> (1-18)
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(ABY= A,B, +(4,B," (1-19)

(ABCY= A4,B,C, + 4,(B,C,Y+ B,(C,A,)+C,{(A4,B,)+{4,B,C,) (1-20)

e
A, = A4, cosart (1-21)
B, = B, cos(at + ) (1-22)
Q=Quﬂm+M+Qw{m~9 (1-29)
DHE
(4,B,)= %AlB1 cosq (1-24)
(Ag;>=%A¢1&mﬁ . (1-25)
(4,B,C,)>=0 | (1-26)
LB,

1. 3.2 BAHZOFE A (=X VX —REFEOEAD)
LILITRENS &) RFEEICBW T, BiE 1-1 &L im 2-2 & ORICBIT 2 BEER Bk
FR) st L, BAZEOE—EAIL Y ROKXE/ D,

ml(ul +%‘W12 +gZ[ +Rv|)_m2(u2 +%w22 +g22 +P2V2)+Q—W

= g(mu+%mw2) (1-27)

LTAT, iy (kgls) EEMERIIRAT SHRRRTH Y. 1, (kgle) RAFHER LY

HHT2EERBETH D, u, (Jkg) BLOu, (Jkg) AR IUHADEAETR/LF,
w, (mfs) BLOw, (m/s) FAOBLIOCHOORHBEDEE, z, (m) LWV z, (m) FA
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ABLCHOOME, P CaRETP, PalEAOBICHOOHE, v (m’/kg) BLT
v,m’ /kg) BARBLOHOOHEOLERM,. m (ke). v (Jkg) BLOW (m/s) IFEHER
MOFEDE R, HPBZRAXELORETHE, O Ul IESHRN b HHEHRN~DO AR
B, W (s) 3B ~OHER (2770, Py, BEORY, #K<) Tha, giREAMEE

(m!s*) Ths,

Fig. 1.11

K (1-27) Bz A | (Jke)EANVD ERO XD ITEES,
A N T N o 1, .
m1(11+5w1 +gzl)—m2(zz+5w2 +gzz)+Q—W=5(mu+—é—mw) (1-28)

IIT, MEOREPHE Y RE L RVER, BRI VFOEPBRTE S, £, o -
NMEOEN (2) — 2,) WD EWHE, MBETFAVFORTEET L L3 TE D, Z0HE, K

(1-28) Tk L 72 B,
T S
myi, =i, + Q—W = 5(mu) (1-29)

2T, R (1-6) DEZBICESNTR (1-29) OFEOBBEHERAWTET L, kXERB,

tindy) = (i) + (0 — ) = <§(mu>> (1-30)
L AT,
(—;—(mu)) =0 (1-31)
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ThbH, A (1-31) 12&v, K (1-30) FHkX&iesd,

(riniy)y = rinyiy ) +(Q) = (W) = 0 (1-32)

Eie. EERIC L BAM~DEER RS, (F)=02720. KEAKD 1o,
(O) = (rinyi, ) — (g, (1-33)
(1-34)

<Q>=<Iz>_<11>
Ihit, T NETRAOE T ~DAHBIZET AL EEBRL TV S,

1. 8.3 BAZOE R
— DDA L% (closed system) DT> b b Ofid, TORMICAHEILEZELCTHR

EBTHY ., TRIHEEA CIIEHEMYT 3,
Filo, 11235 &9 2BV 2k (open system) IZBWTIE, R TERIND,

as_Q .
o = Fr+mls1 - m,s, (1-35)

LZAT, Q Uls, W) iZ4MEH HEBMERN (RH) ~OABETHY, T KizQ%5%
BEBROWETH S, my (kgls) BEBERICHATIEERETHY ., my, (kgls) iTAH
EROPORHARTRETH S, 5, (kgK) HHATBHHFOU®TY bae, 5, (kgK)
W d/AEDE= 2 A THY), S K BERERAOT M TH D,

Tr é
mi ) ma
Sy S S2

Fig. 1.12 Element for an open system
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(13BN DT — R ORI TR & & 5 & |

<§>z <%>+<mlsl>—<m2sz> (1-36)

r

Lipd, BAFEOE LA LY, FA 7 BT,

as
22y<0 ;
<w> (1-37)

Ly, K(1-36) BLOKA-37) £V,

<—$—> < (rinys, ) = (s, ) (1-38)

r

& B, TV A 7BV TIE, R(1-35) ~ K(1-88) KDL STk B,

dS

e %Jr s, — it 5, (1-39)
dS ' . .

- <—TQ~>+<m1s1>—<m2sz> (1-40)
ds

V=0 1-41
<ﬂ> (1-41)
<Q ) = (ninys, ) —rinysy) (1-42)
Tr - 292 11 N

1. 8.4 =FxA¥—Fh
=Y AR [ )i,

I =i (1-43)
LEHTARILENTES, LIAT, | (keI r 2L, m (kg/o)iiBRKERTH D,

TV B VETRBORMEEIE,
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(y=21 fn‘qidt (1-44)
T .

Thd, MEIBEARETHIHE.
i=c,T (1-45)
LETIENTED, ¢, (JkgK) REELH, T (K) HEETHD, R(1-449):1-45)& D,

()= ¢, (T)
=cp (T, + 1))
=c, T, () +cp(mT,) (1-46)

L%, T, (K HEEESEE. T, K HREOEHHTSHY . BFICEBShS,
1

T =— I:Tdt (1-47)
T

T,=T-T (1-48)

a

ZZT RN (1-8) &V (m)y=0&7257D, R (1-46) KRR L5,
(Iy=c,(mT,) » | (1-49)

T NETRBEORREENL, REEORETHImE T, EOBTRIND, Z ORFFEEIL,
X (1-24) BLORK (1-25) TRENDIIHIZ, —EPETRWMERZ b SZ ENH B, Tz,
A (1-34) TREND LT, BRHERORMIEY T L EHAZTIBEERONEN OO
AHBICET 5, B5, BETEHT S CRROSTICENT, ZOBLETHAE~D
HRE - MRS, '

X (1-49) &0, B (CSARERRESR, S SEMHO K D 2RMICERE
(T, =0) FICB W TR U ZACRE(DIIFELRY RBED L S B EL (T, #0)
BRI TR )Y IEHBEL 25, —HORBICB W THRRE, LASBL MBS L biEY
CEETHIE, FOBERACEO T BB L, R (1-834) L0, HEGE IR BBEE
3,

B # A | @kg)lid, AR vm® ke b WNET 3R u kg2 ANTKD L5 12
zahs,
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i=Pv+u
HREREm&g/)IZOWVWTOT AR, KATRIND,

mi = mPv + rmu
T DR,

(miy = (mPv) + (i)
2/ /N

(Iy=(PVy+(U)
EEERTIENTES, iz, RABPFKRDO L IR TZ L HTE D,

(Iy= (B, + P V) +(U)
= P (VY +(BVy+(U)

22T, N(1-6)BLUOK(A-5HYDELDOFHEZLUTOLIITRT LN TE D,

(U = (i) = ¢, (hT) = ¢, ()

(PV) = (mPv) = (mRT) = R(mT,)

PAVy=-Eetnr,)+ rent,)
. RT . *
(BV)=—-(mby)
Pa
* A 1

1. 8.5 =vhat—#h A
TV hr ERRERETHY, EAPLRET PMIEHE LTRIND,
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(1-51)
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s=s(T, P)
_s, +<%>P<T—7;>+<§>T(P—Pa)

& 17\]
5=, =(§)p(T—7;)+(Eg)T(P—Pa)
& &
Sq =(5)PTd+(E)TPd (1-59)

ZIT. sUkg R b THY, 5, &5, Ry b ORMEYE L EBETH
%, iz,

7 .
7y 2P 1-60
(O,T)p T (1-60)
& 7 1 &
(5)T = —(E:)p = —V;(E:)p =-vf, (1-61)

L%, B iRgRGE T, BEKAETE 76, =1Thb, R(1-59). R(1-60)F X TVR(1-61)
LY s, RDBNB,

5, = fz—'j— T, -vp,P, (1-62)
=Ser Yp  mmsik (1-63)
T T '

Ty hrERE: S@PRSFIRDOL HICERTE B,
S = 1iis (1-64)

S OBBEEIERO L 510 B,

(S) = (s (1-65)
= (rin(s, +5,)) ’
= (ms, ) (1-66)

A(1-63) & H(1-66) L W AT DR KD B 5,
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()= <m<~“T17; —%Pd»

- cp<m—77%>—<m%1>d>

T, P
=c, (=) — Rim—<+ 1-.67
P T> ¢ P> (1-67)
T T, JERR RN S WS
L T I (1-68)
r T,+I, T,
P
—d LI 7] (1-69)
P P +P, P
LIERT A ENTED, Z0BE. (HRSBRUTOL LR TLRTE B,
. c R
SY =L AmT,y——(mP
(S) ];<md> Pa<m )
1 . RT, .
:?{cp(ml;)— > (mPy) } (1-70)
Z 2T, R(1-49)B LUVA-58) 2 HAVE &, FHA-TORKRD L HIZREH D,
. 1 ¢ . .
Sy =—-{(h=(P) (1-71)
(7, RA-BHBLVATYED ., KO EDIZHRTIENTE S,
(1-72)

()= Ti{Pa @)+ U}

1. 4 FHEOEHLHE

AR AY 7 4 ANNVAF 2T BERBOGHEBELBRICETIMETH Y. FRITHEN
DEBIFAETRNOSMERE L, o 2L RO b4 U2 A HRBERE & 2 0EKIZ
DNWTHRIF LI BN THD, FRIZ6ENLMBRINTERY, UTEDOHLDHKEPIEIC

DNWTIRR 3,
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FLIETIE, SAVRAF 2 — 7 HHEEORBFEE RO OVWTHAT S & & b, AWFsE
DOEBEBMEIZONTIRRTN A,

F2ETIE, 2N ARF 2 — T HBEENOEBR A OEEED & = RV FRILIZ OV THRETL
T3, EMBTEZ SN SVAENOENRESZ EKER L Lz L & OEBRERNLOE
EEERL, 2LV EBHEBRNOT > Z L etk L OO = RV FFih 2 BRI E O C
W5,

R. Radebaugh KiI{EEIRIEOE BTN OEE ZENIRENER & R CEZER EEEL,
NWABERDT  ZVERBEPOHEBERSR Lz, L, (EEIREROE R BRI
HREEEZ LTEY, RETRINE 7 — ) =R EEAVTEOREER LM LTS, &
7o DWW ORHEA L B EITRIT W LA OBLOREICONTHIRRTND, ZD{E
BAEOERREREN D, LS LBRA/NSWESRBIO L & DRERANO = X LR
BOMO RN FREZERAIIRD TG, £ LT, SV RF 22— T RN ORI -
FNFRBEIZDONWT, AV 74 A% EET 2 EBREOERERBR B OEMEOWIBEL & v b
TV ROBREZRAVWTRTHERRRILTVWS,

WIETIE, AV 74 RAEBET A EBFREOEBEREREE ORFBIZ OV THRTNS, {E
BRI OERREHISENER ERP R Y | BEEAOMEIC LV R KOs R
RHBZELIEIFE2ETHRNZD, ZTOHRITOERERDLAY 7 4 A& @BT 5 EFBTEE Y
P—RENEBELY KD, TOHEBERIELTND, BT, ZOHEERBEOEBIZRIET
DERLLTIV—NEALRRRBEEHL VD, ZOREOFBEREEZHRAICHAST
DL EHITEREE OHBEEIToTND, ZORKOFEME LT, VPF—"HNOENLEFIF
NWAERNDEANREOEA L (BIR/EHEH) OBEE 222 2R, EiHHE L EBRE L%
L, Z0oRMERLTCNE,

BAETIE, WV RABENOEBTRE L (A RAFRE L QBB T 5 )V R EIC RIS R
KOWTRHLTWS, ZOBBIZONWTIEN—V v 2 SV AF a— T HE#E Y 7 0 A8
WAF 2 =T BRI OV TIRBRN S 5720, W% H£@BOFIE THRF T = &V EiR
ZRD, WBTBHZLICi 0=V 7B A Y 7 4 ABE OERERBE L BRIZOWTOBEG
ERANTND, R, "=y 7BLA Y 74 AB L OREBEFRBITEFITHD ERB S
NDZEBLZNR, WLV AENOIEBFREES, BEKES X CERERSOBEREZRDZ
EWEDWR— w7 BILF Y 7 4 AR E DAV REROBEREY v N CRBE2EBOR T
KLTWD, ZOZEICKLVHGOBRERD, (EBIFEE OV REEE & OBATHRIZ X 5 G
R L BRBEEE L OBRETRRTNE,
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HEETIE, EMBORRBERKICONTEDERFIE L HEBEROFHIZOWVTRATY
%5, BEZRENTND A v ¥ 2 DM WERERERE RIENOFERITOWVT, FEEOIEE SR
Td % 300K-80K DIREEM DEREI KA ELEF B L UNY U AT AFEROFEIIHIZ OV
THEHAL, ZOBREBEMECO VTR LTS, £z, ERMOEKMEZEOERE & /E8)
FEDFEDEBIIOWT, ZOEBFRESFOSREICZRIT 2 FHEHIREE OBGIZON
TERLTWD, ZThbEb EICERBERFICHEL M/ RE (conductivity degradation
factor) HIRL T3, X BIZ, EREE SN TW = BVRER/ MR VTR SN =B R
FRIGIR D B AR VTR E SN ERA~DOEIZ OV TR RTINS,

EOETIE, FEOHBMPREL TR TWS,
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B2E AV T A AV ARF 2 — T HEBAOEBTGE & =X -t

2. 1 %

T

YT A ANNARF 2 —~TWEBITA ) 7 4 R Y= ROZ L BEERBETH Y.
BADIEBN R EMRBOERIC LV HEEDZIT OB, ZOEDHELHFENTHD, Z0
EBRIEOBI X 2RETT D2 L1k, ZOABBOBHELERLERTH LTEERILTH S,
PEROEMBER T, BMANOENREINFESIZISERER Th > CHEBREOERKERF
CRERERSEFIIENERER L XR 2TV, ThER—VIRILERRE, £V 74X
BORHBTH D, .

WROMTET VL TIE, AV AENOES, BERE, BERMILSTEZXER LRESH
LB ENEL, ENHOEBEFEOMEBRICOVWTIRERSNTI Aoz, 22T, Fh
SOMAERBBERLMIL, TROLEEELZT U F A EHARMO T XA XFH 0K & H
BRENCE B A BT L BRI,

R

Reservoir —\

Crifice

Hot-end
i heat exchanger TLTHTT

L Pulse fube
Cold-end
/— heat exchanger

Regenerator

/— Affercooler
/— Compressor

(@ ‘ (o)

Fig. 2.1 (a) Basic pulse tube refrigerator
(b) Orifice pulse tube refrigerator
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2. 2 PEROBR

K EFEHE OBFYEHT. National Institute of Standards and Technology (NIST)?® Radebaugh
BIEA Y 7 A ANNAF 2 =T IR HEBOMERREREL L OBITET VO R LR S E
[2.1]e EDFITET MZRNTIE, A Y 7 1 A2 AF 2 — T HEBANOEBITREES L &
FEORBBIZIIIERER & HE Sh, BEEOSBHBERIL LV IENORFEIES T ¥
peiR(l) TRSh, KATEHSN TS,

<A=%ym, 7 , @.1)

o, TIHEBORMTHY . [IZMBOT ZA KR TH B, NIST DT T 1{2.9]
Tk, POVAERNOBBEY T 2 VR EIZIEEBLSEDRE.

(=5, MTooslp-¢),  Cxititssm 2.2)

LEREND, LIAT, ¢, BEELHAT, M, & T 3RERERD L BRERDORIE (FiRiE)
Tho. (p- )T ONMETHS, 2T, EHREOELBIMATH S LIET S
ERAEOHER LY (D EALAEREBLT—ETH Y KO LS RSB,

(1) = RT; e, 2

(k#HE 4 B F) (2.3)

a

LIHT, RIEEBMREOS RER. T, AAAEDORy by FOBRE, M,i34Y) 74 %
ZEETSERMEDRIE, PIIENRBORIE. £ LT L IENRBORRFEHETD 2,
Rawlins B3/ VVAF 2 — 7 MBHOEEFOEERECRE DI ERTZ RS E
[2.2][2.3]c 4 um&Z VT AT U A 2L B CTA it E#t (constant temperature anemometers)
& RTD iR #f (resistance temperature detectors)Z % L. EROEGRFOEERE LIBEED
BRBEENRBEECHA L, ZLT, Zhab0oery—2 AV THELSHESh/ER
D, SVREQa— LV Ry FIZBIF 2Ty # v, = bet, AFREC OV THR
niz[2.4], EHLOWEIZLY, 2L AENBRBEEPERLER Ch > CHERRER & ONRE
IRENE I ESRE L IR > THWAZ ERH LMo T,

—%. BALIFASVAEROEN ERERBGEZMEL., Th b D FFT #fr 2 bR EIT -7
[2.5)c ZDFER, X—v v I NNV RFa—THEMEAY T 4 AR F a2 —T B E OF
IR DOIRBMFEIZIZFA O DB R H B Z L BEH SN, WAWARENERIZH T DIE
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FERBEF 2 X~ 7B L) 7 RB LI OWTHBRE LR, _—3 7 BB EN
FHLEEATEEL L TO AR, 30 7 4 AE TR Y BRoTHNS Z L ibhots,
BPNOEBREROES, ki, % L CREOEBEFOMERRICOV TS OEMART
B BNB LIRS TER, ThODHEBREHLMITEI L, TRbEEF LT
VENVERIRPMO = RV EFRNIC OV TRIT A2 LITEETH 5,

2. 3 FEGEOCEERE

B 2.1 WAV 7 4 ANSNVAF 2 —T IHEOMER 27T, BAOIEBIMREIZERERSIC X
WEEEBEEZ ShD, ZOBEREORBIIENREOREIEN L ixRie-oERE LT
WD, ENRE L EREKERS L OBGRITFHA T, 2 OBRRKITEERIR T R XK BIRE
b HEBE 525, ENARDERIIR b ICEMRBORN, B, £ U TERIITEEST 253,
JEREHED © R b U BICIERE LS LA/ N & WV & X ENIRBNEE & ERER L RET Z L8 T
Do ZOREIC LY EEHBR OSBRI Y . EAEE L hoiRE) & OBRREPRL LT
2B, TDeH, ZZTHRENOBRBERICIIEXEEEZERIIERSZ L2725,

F VT 4 ANNVAF 2 —T BRBANOEIIREER R I2 L AEREETH->Th, B L
DEICBT BEBRECERBEREB LEADEN L ITRERY, —HORABRKROZK TSN
b, TOESEEERKEOIRENET OBMRIIENZHER» b bEMND,

K22 AVT742 (HSAT) EBITHIHERREDRNFMOEMGEEZRL TN, AV 7
A ARXBTSEBRNE, EERERBO 1AM WTHSTIHLEEFLERD, Thwx, F
U7 4 AR HEERBEIKRNEHRT 5,

mdt=0. (2-9)
[,

TIZT, m AV 7 4 RZBTIHHFERBETH Y, I dZOREBOALHTHD, LT AT,
Z DRRIZIIFE=— RISV TERFFRE LTy BTV —Fa—T2FV 70 20RD
VICAWS, "ATRXy 5 ) —Fa—T7 5 BBRTIEEREELZRTERIIV 2035 2
B FEOASNVTITEBT B EBREOHSITERNICEIER 5 FENEENE VWA D, L. A
ARAIRER—ET, SV TOANDEABHOEAOK 2B L VIEVWEE, IHEREL VK
WIRE, MEOEEGTEEZBALZ &3, ®REXTRIND[2.7][2.8], * #Hi#2

m, = k[(P~ P)(P+P)

i P2 P, (2-5a)

8

i, =~k (P-P)P+P); P<P. (2-5b)
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Cold heat- Hot heat-

exchanger Pulse tube exchanger Reservoir
=1
P=P,+P, —
—P
==
my(+) 5 P2 P,
w,(=) ;5 P<PF,
Orifice
or
Valve

Fig. 2.2 Direction of mass flow rate

ZIT, kEHAIEETHY, PIEANVAERNOEAEZLTPIXYFAS—RNDOENTH S,
SNV AERNDEHRG VB EIBEE TH D56, T ORBEHES P, & Z ORI P i3k &
SR END, |
P=P +P, : (2-6)
P, = B cos(axt - 0). 2-7)
EZAT, PRENEHHORE. o XENMHEEBOAEE, t IRECTHY, £LT
(ot — O) ITEARBOMFEA L 2D, F(2-6) & (2-1)EH(2-52)8 L 2-BbIZARAT B & kX

BEPND,

m, I(k2P.R)

N

- \/](213,2 ~2B7 + B?)/(4P,B)+cos{ax - 6)+ (B /4P, cos2(ax 6) ; P2 B,

(2-8a)

m, I(k2B,R)

== (2R} =222+ P2}/ (4, R) + cos{or ~0) + (B /4P, )cos2(at - 6) ; P < P.

(2-8b)
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o

1]

8 | [ Eq. (8a)

s 1f Eq. (8b)

G=

(7]

g 0.5 B \ \
8 \ ’ 1
K] O i1 ) | L

kS 0 180 270 360 450
w0

c -05

Q

£

Q

1
—_

Phase angle (deg)

Fig. 2.3 Curve of dimensionless mass flow rate
through a valve calculated with Eq. (2-8a)
and Eq.(2-8b) in a case of P1/Pa=0.48

B 2.3 OMIE, H(2-8a) & 2-8H)DFEMED LFlER LTS, TIFENL P/ P, 7
048 DHFED L EDHABI TH D, ZOFHEHRNL., ) 7 1 RTB T 2 EEMEDOIRE K
FAZOWTUTORMR b5, BREREEFEOEDKHW (V¥F— 1FR) ORIEBIEDHH
(HSNREFRE) OFRBLY K&, £z, BFHOEQHFROHFMMBADFmOEHM LD &V,
ZL T, EOFMOBERNOGFHIBADFMOEERILOEFITE LW,

H(2-8a) & 2-8b) L7 —V =B EANBE ERKXD LI TRT Z EMNTE S,

m, /(k, 2P P ) =a, + i[a" cosn(a)t - 9) +b, sinn(a)t - )] (2-9)

n=1

EIAT, a;. A, BLOD, IZEFNEFNOEDBRETHY ., nidBHTH B, RE-FEX(©2-4)
DEREZFHLZTOT, aqy FETRITINE RO RV, £k, K(2-8a) & (2-8b)ik. EH &
cos(@rt — 0) & L Vcos2(awr - O) DHTHREN TV B O TEBEKTH S, Thdx, K(2-9)
LEBEKTHINL L, EFETRFIIZRGRV, BELY, RE-OBERE THIE 1 HLE
WECHLE2HEUTOEE TREND Z LT, KL R D,

i, 1 (kB P,
=a, cos(a)t - (9) +a, cos2(a)t - 9) +a, cos 3((01‘ - 9) +a, cos4(cot - 9)+- -, (2-10)

TIT, q ZEREOCHDOFETH Y, a, ZERTARIHIST HHOBGE TH B, Z O
DFRAHEE &M ERE-6)B LRV LV EHREBOFENELEF L TH B,
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Table 2-1 Calculated coefficients of each term of Eq. (2-10)

in several cases of pressure ratio of P1/Pa

Coefficients Pressure ratios of P1/Pa Coefficients Pressure ratios of P1/Pa

an 02 0.3 0.4 0.48 an 0.2 0.3 0.4 0.48
al 1112 1112 L1117 1.110 az 0.042 0.063 0.084 0.101
as -0.159  -0.158 -0.158 -0.157 a4 -0.015 -0.023 -0.030 -0.036
as 0.071  0.070 0.069 0.067 a6 0.011  0.017 0.022 0.027
a7 -0.042 -0.041 -0.039 -0.037 as -0.009 -0.014 -0.018 -0.022
a9 0.028 0.027 0.025 0.023 ai 0.008 0.012 0.016 0.019
an -0.021 -0.019 -0.017 -0.014 an -0.007 -0.011 -0.014 -0.016
ais 0.016 0.014 0.011  0.009 a4 0.007 0.010 0.012 0,014

# 2.1 0%, RE1)DEHEDEREEAL P, | P2 RFA—FIZLThobLiEbDTh 3,
BRI OEORENLE OREINEC Th &L oo T3, £, BEEORE (a,,a,,a4, )
WEEAL P/ Pkl L, FEOREK (a,,05,a,,) ZEOENLEITEBRIISIE—E
Thdo ZDEIT, R2-10)D LD CEREOHE L EFHE L OHIZE A ZMIIED T LT,
ZOBEROHMERTT 5 ) A THMNRFETH S, £, RRCEESCT RV FHEORE
BROH R~ LRBSEDI LD, ZOBRBOFED/NS AR ZHRICOTOERTH LD
BRRFEERTHD, M 24 1%, HERBEOREKF L COERMETHIB1ELZ L THE2HE
KOEIHEZRLTVD, 2%, ZOMmBL, EAL P /P2 048 OHED L & OFEFR
ERLTNS,

—h
—

Mass flow rate
------ Fundamental term
e Sgcond term
~~~~~ — Third term

o
o1

3;0

|
o
o

Dimensionless mass flow rate
o

|
-~ |
b1 —.

Phase angle (deg)

Fig. 2.4 Example of calculated curves of dimensionless mass flow rate

and its main, second and third terms (P1/Pa=0.48)
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2. 4 BERREOMENY bR

Radebaugh i3 /B OE Bt BIRE & BIRE & (]E L, HEKEOM & & £ OO/
W B~ PAERBAWE[2.1][2.9], X 2% phasor analysis & FFAT, HRMEIRE)K
W — OB & H OB RN T H, HORROIESY FVAEHT (phasor analysis) %
ST A ENTED,

B 2.5 [/ VAR B LOF OB E £EICBT A EREBEEZRLTVD, 2T, Hil
AT L RIRRR COREN— BRI HE. AVRAEORESR (Ky bx F) KR

(2— Ry R) KB 2MEEREEUTOIIICKIND[2.1], * ##ES5

v, b

m, =, + @-11)

h T R

i =T +(L)£ | | @-12)
T, .) R

. 4P

p==. 2-183)
a

EREUL . i, LT EhEnA ) 7 4 AR Bl T 5 ERR, Ky boy Ry
BERKEELTI—L oy FEiBET 3 BERARCTH 2, T, & T, RFRHAZ L ERMZO
BE (—&) .V, &V, EERAK L S AEOEM (EBIRAERE, —8) . £ LTy Rt
f (c,/c,) ThA.

Cold heat- Hot heat-

exchanger Pulse tube exchanger Reservoir

1 T,
14 :V,,:f ’
| P=P,+F, :E.:1 p

ﬁ’l A l ’hh rha
S —
Cold-end Hot-end  Orifice
or
Valve

Fig. 2.5 Analytical model for mass flow rate
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2. 38 ETRARALI)ICEBREOCERKEIZI 7 — V) =B TROLT I LN TE S, ENE
BoMBEAaE (ot -0) L3T3L, FheFV T 4R VT REETAEEREIILLTO
rolzkahs,

P=P + P cos(ax - 6), (2-14)
i, = M, cos(at —6) + M, cos2(wt — ) + M, cos3(af — @)+ . (2-15)

LIT, P SVABNOBHTRENTHY ., PEAAAERESDEBBORETH 5.
£, M, . M,ZLTM_ 3EEREROS 1H, $2EE L TEIEOFKTHS, R
@-14) & (2-15) 2 R 2-1D) & @-INITRAT B L IC ED AL REDH Yy hx=y Rz B 2 BE
HKEBRRKRD LN,

2 .
, = \/Mo,z +(%E)£1—J cos(axt — 6+ ¢,
h .

+M,, cosZ(cot - 0) + M, cos3(a)t - 9)+-~- , (2-16)

Mo, : (2-17)

2
JN%2+G295)
7. R

Ehiz, R(@-14). (2-16)% LT@-1N%K@-12) & 1R ATEZ itk D, FROL I I
FPABD =L Ry Rz 2 EERENRD OIS,

@, =cos™

2
7 =£\/MDI2 +{(Vh 7 17) w}?} cos(awt - 6+p,)

© T T,
T, . T .
+-j1—Mo2 cos2(a)t—9)+?—M03 cos3(axf ~ O)+- (2-18)
M
@, =cos”' ol . (2-19)

2
\/;1012 +{(Vh +Vl /}/) wpl}
T, R
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50

— i,/ M, (Orifice)
—-= /M, (Hot—end)
— m, I M, (Cold-end)

Mass flow rate / Mol

Phase angle deg

Fig. 2.6 Calculated curves of mass flow rates through a valve, pulse tube hot-end and
pulse tube cold-end on the conditionof P,/ P, =048, T, /T, =3.0,

(¥, ! T,)(wP, | R)= 0176 M,,, (V, +V,/y)(@P, / R)/ T, = 0577 M,, in
Eq.(2-15)-(2-19)

N(2-16)— -1V HLLUT D Z L b h b, FABICEIT 2 EERED EFE OHEOAIE A
NVT (FV T4 R) TOERLLERT 22, HEICRT 2EmREOFEHDMMAAITE
LV, Zhi, SHBICHE 5 BERRDRBESAEC & 0 ks« BT 5 L1052
LB, K26 iFH(@2-15)— 21N LZFHERET, AT (FVT74R) 2EBRTIEERE
HREENSNVAEDER Yy bV FEBLPa— Py FE@ETH5EERBDOREIER R L T
Wh, Tk, B/P,=048, T,/T =30, (ZhIZHEMK3 0 0K, KEM10 0 K%M
ELTWD) oL, REMTOEEREREREBOMAE TN ¢, =10 & 223
(V) I T,Y@P, | R) = 0176 M, D& &SRS CORRMRIRB 0N T @, =30° & 72
5V, +V, [ y)(@P | R)!I T, = 0577 M, 0%HEDZNENOME TOERITREDH B %
VT iEE Y 5 EERERBER L L TRL TV,

2.7 2o, WELTDLEDm OER (X 2-18) OEERLTVD, ZTDE&HFILH 2.6
OHEERLUT, @, OH% 20° ,30° ,40° ,50° (R 2-19) KELSERLBLOTHD, ENH
REBPBEEHTH-oTH, I— NV PV FTOERBREBEMIZ ANV AFORIHIETRELE
fLLTLES Z&¥bhd,
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Mass flow rate/Mo1

Phase angle deg

Fig. 2.7 Calculated curves of mass flow rates at pulse tube cold-end on the
conditionof P,/ P, =048, T,/T, =30, ¢, =20°,30°,40° or 50°

in Eq.(2-18)and(2-19).

bRy, ENORBER (22 CREKKELRE) LEAK (B/P) 252528tk
D, K24, 2-82)BEVE-8NHA Y 7 4 ATORRMREHSROOND, ZLT, &l
SR T, . IREIHEREE T, L @RS AHMYV, 25252 kick ), K(@2-16)& (2-17)0 6 FiE
TOEERBRENRDODBND, LI, SAVAEFHV, 25252 Licky, KM TOHE

BRBRGEROAHILENTE S,

2. 5 {EEIFEROBERS
EBRREDORERBIIT Y AL ERRERETLOICHAVLNS, Ky oy FEgs, a—
R LSS b A SRR IR — ETh B L UT O CIRE X 5 = L 12T 5,

LT, 2V ABNOEERREOEAEHIT BB CTH Y . BFRANEITH B LHET 2,
EEREOFBRIT. BEORE T RAREERSLEIN D,
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X 2-8 IZBWT, 2SNV AREDa— NV Ry RhLOMEEY x & L2 XOBRKBRDREESR
FEZAL, REEFENOESEORIZKRDO LIRS,

m, _{m, Lo )dx} =2 (am). 2-20)

T 2T, m i IE x TR AR ARORRERRETH Y, d ZFREROR S, dM 13
ZTOBEROHETH S, MEEFNOHBITRORIZREND,

anf = PAd

2-21
RT (2-21)

NWARERNEE—) | TIIEBEESNOEDIREDEETH B, R(@2-21)E2R(@2-200I2ATE 2
LIk, kOXBBHNB,

Cold heat exchanger Hot heat exchanger Reservoir
Pulse tube
EnE?J
Hot end Orifice or Valve
.0,
i+ (i, Yebx

.. L. 0.
mi, —» —‘—’m,z,+—a (m,zt)dx
x

X ;dx%-

Fig. 2.8 Analytical model for temperature oscillation and energy flow rate
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o, A,(mp Par)' 2.22)

JETEEFAC S B AV 72 R (open system)D T R F—/8F L AT,

17

1, i —{m,zr +E(m,z,)dx}+dQ—dW=E(udM), (2-23)

t

LB, IT. 4 EETUAAY, uKHERAOKARZ IR, dOEEBRE 5
EREERENICEAT SRR, dV IXERER» D FOEMBRIC RIS EERTHD, o
DIRATE T IV CTIERDORDIR Y 3L,

d0 =0, (2-24)

aw =0, (2-25)
u=c,T, (2-26)
i, =cpT (2-27)

DT, o WERKIL o WEERRTHSE, KE-2L). 220, (225, (2260 LTE2D)

ZRE-2IRAT D L ROANBE LN D,

_ o _ A4 P m T , (2-28)

& WRTa& T &
o, H2-22)FREWICHRATEZLICED, KOFBADPHFELND,

O _RTP _RTI 229

—————— T}, .

a c,Pad A P&

T LT L OFBREML DK OEEERT B EREN NS EoT T/P & T,/ P,
TR LS, R O/ & ik O, /& iEEHE LY, £ZAT, ZZTWIT &R

BRI EIRE & BEREE N TH D, BLEEY, RE-29)EFKRD & I 2725,

or_RLP RILI,, (2-30)

a ¢, Pa 4P & '
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T, RR-B30)IXERIZHE Y S, KO X HI2R B,

RT
:.____GP_.i_]TL_@E_mt +T;m .
¢, P, A P &

a

T (2-31)

LIAT, ERO T, BEAERTHS, ENEBHSRE1)0 & ) ICHIEBN TH 554,

NABERNDBEBREIX 7 — ) =Bk THEhb, ZICTHEDOEDIZ, F4HEBIOZThLE
DHEEERTHELTOL RS,

i, = M, cos(@rf — 0+ @)+ M,, cos2(ax — 0) + M,; cos3(ax - 6). (2-32)

IIT. My M, B X0 M, iEcos(at ~ 0+ @), cos2(at —6)B & cosI(at - 6) DIR
ETHY . (o — ) WENRBOMHEATH Y . @ HESRBLAEN D DMAETH D, =D
KBEZSOWTIE, 2. 4 BEOR(2-14)-2-195 R, NE@-32)IFFMIZ >V THES I D ERAL
2%,

m, =ﬂcos(a)t——9+(p—£j +ﬁ—cos 2(@—9)—1}
@ 2/ 2w 2

(2-33)

+ A/[—’~3—cos{3(a)z‘ ~0)- E} +M,,.
3w 2

ZIT, M, ZHESERTH D, H(2-14) & (2-33)ERE-3VICRAT 2 LIREOEHT TH D

T, 855K b5,

RT, )
T, = _c_?Pl cos(art — 6)

P *a
_ _RL A, —%cos(a)t—9+go—£) +——A&cos{2(a)t—9)—£}
A4 P & | o 2/ 2w 2
M, w
+—"-cosq3(af —0)-—¢| . 2-34
ofin-a-3] -

Eiz, ZOBREEBIIRO LI IbEERIND,

r,-RLp RLA, - (2-35)
¢, B, * A P, &
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EZAT, Pidd@- 19833 POEBIMTH Y. m, iZRE-33)TBT 5 m OLHHTH
6 o . .
H(2-35)M 5, SNV AEROIBEEIL 2 SOEN OO SLoTHA I EBb2sd, FO—D
P BT 2, 2L TH ) —2idm, ICHHTRETH D, BERES TRk ORI
Hak b, CORBKE G SAVREMBICLYELT DI ERDM1D, A(2-34)8 LU (2-85)
L0, SVREREOBERR O,/ & PEFEIHIVES, b LUTENRBOASEE o
DIEFIIRE VRS, BERDEBIIENRBERIGE S Z LB ENsh5, 2L, m,®
HOFEEIL P, OEDOERORE L %A% TH L7120, RERBOEBIXITEALLRETE 25,

2. 6 TUELE—FKE

BRI OBEMEY Y X LV ERBERRQ DO LY ICEESh S, BFO= 2 LR [
REEREm LT 2L EORICL > THEXLND, Tz, FEFEHT 2L e
BIROIITEERsND,

(I)= f;i [Tt . (2-36)

F(2-36)1% ., BARAY 2 BT ML AR o AL RN CORI B — o X L B T B AEBIUR (48 DR B A3 B
HIE—ETHEOFRLRDELERLTND, —KFH, 7V AERNTOEMRLIZEA BB T
HoGEe. REEYT UV EREI TR FREFOEICE Y SV RETHR > T—ETH 5,

I CEAMEBNEEBOSS, 2. 4ABERBLG2. 5ETHRALEY , VUL AFRNOEERR
BB I ORERGZRODZENTELID T U ALRELS LORKEEY XV EREY
kOB ENTED, R(2-32) & (2-30) % HQ2-36)IRAT B LUK EHD, *MiE4

a1 . P ,
Q}:ERQAQ}}am¢. S (@37)

LzAT, T, EREESRET, M, IERRBOLRAE BEEIENEDHLFAL ) DR
BTHD, RE3INPE, H(2-32)TRENDEBFMBEOERWOEDO LB T Z Y
REICHFSTLZENb0s, £z, X(@2-15)-2-19)%REC-3DITRATRZ Licky, /LA
BOFRy by FEBEUPa— Py FTORBEHT L ZVEREEZRANO L I ITRDDZ &
BTE B,

P

<5>=%Rnﬁgfﬁ-, (2-38)

a

40



1

(ic>=§RThMmfi.

Pa
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Fig. 2.9 Time-averaged energy flow rates
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STHRIENDAY 7 4 A&BBT 5 EEFARAIN) F—NENE LR S5, 22T,
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3. 2.1 V¥—rREHLEROHEGB LCHE

FUT AR (AT BEBT BEBFEEFRNIL. ALREL U SF—AHOEAZI Lo T
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SETED L RGBS WO BEREDHERE T HIIEHHRE Y o,

Reservoir
Pulse tube
Regenerator Valve
/ (Orifice)
P =P + P, cos(wt) P : Constant

m,: Mass flow rate ( <0 ) +——
— m, : Mass flow rate (>0 )

Fig. 3.1 Mass flow rates of fluid through a valve and pressures

of an orifice pulse tube refrigerator
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2T KRFHCTH Y., FHOME IOV THEFETHIFREETRE TV, /b
RENDENTKRD &5 e BEREND,

P =P, + P cos(at) | (3-3)

H(3-3) & A (B-2a) & (B-2b)TfRAT B &, ANE LN B,
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; P> P, (3-4a)
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Thbb, EAKP /PSS bhiug, EAk Py | P #skobhs,

Give the pressure ratio of ¢: P, /P,

from the pressure in the pulse tube :
P=P + P cosart

Get the constant of C from Eq.(3-10)

Getthe 6: P/ P, from Eq.(3-8)

Fig. 3.2 Flow of the calculation of getting the pressure ratio P/ P,
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Bz LT, B-1000nb iz, kROBBRE2ES,

_l:o \/‘C +cosart +(s/4 cos2a)t)‘dt

—ky 1k, _[;/2 \/’C +cosax + (5/4) cos2a)t’dt =0 (3-12)

IhEv, B33 AT FIET, NVAENOENRBO eh A/ P &0, UV —1DESN
LRERZRTSNG P/ P, Rd b5,

Give the pressure ratioof & : P /P,

from the pressure in the pulse tube :
P=P, + P cosar

h

Get the constant of C from Eq.(3-12)

A

Get 6 : P;/ P, from Eq.(3-8)

Fig. 3.3 Flow of the calculation of getting the pressure ratio P/ P,
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Fig. 3.4 Pressure ratios of P/ P, as a function of the pressure ratio of P,/ P,
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Fig. 3.5 Constant C in Eq.(3-12) as a function of the pressure ratio of P,/ P,
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Fig. 3.6 Shapes of mass flow rate oscillation through a valve .
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Fig. 3.7 Schematic of an orifice pulse tube refrigerator and positions of pressure gauges
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Table 3.1 Specifications of a tested pulse tube refrigerator

Specifications

Pulse tube volume 23 m!
Reservoir volume 500 ml

Valve (Needle valve) NUPRO-S
Time-averaged pressure in a pulse tube 1.52-1.70 MPa
Frequency of pressure oscillations 5.6, 6.7 Hz
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BIZE Y —ETIEHRY) Thote, EBRFERIE. VF—NEHDOLER (F/P,OLER) 1E3
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Fig. 3.8 Pressure ratio of P,/ P, as a function of the pressure ratio of P,/ P,
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Pressure gauge Pressure gauge
Regulator Mass flow meter
/ Control valve
—>

MF
Needle valve (Measured) \
Cylinder NUPRO-S Flow direction

=> Normal valve-setting ( Patterns A and B )

He <= Reversed valve-setting ( Patterns C and D )

,

Fig. 3.9 Measuring system for the gas flow rate of a needle valve
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Table 3.2

Patterns Valve setting Pressure ranges
P, MPa (kgf / cm®) P, MPa (kgf / cm®)
Pattern A Normal 1.47-2.16 ( 15-22) 1.47 (15) : Constant
Pattern B Normal 1.47 (15 ) : Constant 0.78-1.47 (8-15)
Pattern C Reversed 1.47-2.16 ( 15-22) 1.47 (15) : Constant
Pattern D Reversed 1.47(15) : Constant  0.78-1.47(8-15)
2.16 MPa

Pressure range
at the Pt-side

1.47 MPa
Pressure at the Ps-side

[T

0.78 MPa
Pressure Pressure
0.78-2.16 MPa 1.47 MPa : constant
( 8-22 kgf/em?2 abs ) (15 kgf/cm?2 abs )
Pulse tube < , : —» Reservoir

Measured valve
for a pulse tube refrigerator

ﬁD Normal valve-setting
— Forward flow ( Pattern A )
<+— Backward flow ( Pattern D )

<= Reversed valve-setting
— Forward flow ( Pattern C)

<+— Backward flow ( Pattern B )

Fig. 3.10 Application of the measuring patterns to a valve of a pulse tube refrigerator
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i Pattern D Pattern A
Backward Forward flow
5 1 1.5 2

T

Pressure in a pulse tube MPa

—>— Normal, 6turns
~— Normal, 8turns
—— Normal, 10turns

Fig. 3.11 Curves of mass flow rate of a measured needle valve at normal valve-setting in

the case that the pressure in a reservoir is constant at 1.47 MPa ( 15 kgf/cm2 abs ) and the
pressure in a pulse tube changes 0.78 to 2.16 MPa ( 8 to 22 kgf/cm?2 abs).

0.15

0.1

0.05

Mass flow rate g/sec
o

Reversed valve-setting

Pattern B Pattern C

Backward flow » Forward flow

2 2

—>— Reversed, 6turns -
—— Reversed, 8turns
—— Reversed, 10turns

Pressure in a pulse tube MPa

Fig. 3.12 Curves of mass flow rate of a measured needle valve at reversed valve-setting in

the case that the pressure in a reservoir is constant at 1.47 MPa ( 15 kgf/em2 abs ) and the
pressure in a pulse tube changes 0.78 to 2.16 MPa ( 8 to 22 kgf/cm2 abs ).
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TE-11 M ‘\——ﬁ-—m-*-‘\‘ —%— Reversed-8turns
‘_‘/‘—*—A—A—A O—0—0—0
SE-11
3E-11 : ' ‘

0.5 1 1.5 2 2.5

Pressure in a pulse tube : Pt MPa

Fig. 3.13 Measured coefficients of k; and £,

k1/klave or k2/klave

15 |
k, | kave. k, | kave.
-I 3 | <« » < >
—o— Normal-6turns
1.1 F M —— Normal-8turns
M —— Reversed-6turns
09 r X v —%— Reversed—8turns
07 r
05 H 1 1
0.5 1 15 2 25

Pressure in a pulse tube : Pt MPa

Fig. 3.14 Ratiosof k, /k,ave. and k, / k,ave.
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REATBOE EREIE L OB EITo 7,

AEBRIZANAY 7 4 ANV AF 2 — 7 G HHB ORI 3.15 |R@Y Thd, AV 7
A AZEENE (3. 3 =— FAVNVTRERME) O=— FAAATE2RNTEY, £OmWSH
LR 3.10 (Z/RTHEHES W (Normal valve-setting) Thbd, TD=— KA\ NNT DRI
MIZ &k 2 RBERBUIRFETH D, ZOBMMFMOGHE. EBIFREN U F— 050 2 EI
LD & ORMBHREDIKEL RN <) - MEREILEL, [k, (X 3-11a RO 3-11b /)
38 1.1 THD, K=— RNV T OB FE TR VT Z@iaT 5 EETR RO B &t &k
DR B LD LA NSNS OO, BREE— 7 BEROFTHENEHOELERZZ ENTE
- B, HETOZOEEREKRFEOEIIRK 3.6 IZRINTWS, £OM, F#MIIATES. 28K
W3, 30D TH B,

Valve
ka(=>)Yki(<)=1.1

Pressure gauge

Pressure gauge

/— Pulse tube

Reservoir

Compressor unit
(for GM refrigerator)

Regenerator

Rotary valve

Fig. 3.15 Schematic of an orifice pulse tube refrigerator.
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NV TERE ==y PORES AV EEET A v & 2 AR RERD OB X 2TH 2 &2
F-oTRIEShTWD, Z0kd, gPEHESENES BIBFAHIREVES) | VREN
DENBRBEIIERIRIEL 20 . GBEENEVGS (RAHNENEE
BENOENRBEIITELE T 725, APFE TIEAANVZAERNOENRENITEXER TH
52 &zl s LTI RO ORI 21T TV A0, SV RENOESRENE &4V
7 4 A &BEIRT B EEBRAOEBRERY L OREBEIEFROBRIC» PO L FHETH D10,
T TIRNA NS RENRBIEGOBA I SV TR LTS,

a—4 Y =SV T OEIDEFICBNT, BETA v ERET A v & OF & OB RIX %M
RTITHIZERHBEL LTV, ZEEORBERTRBET A ~OEGEREMSMEES 1
~DENEY 5= MRS R->TWe, EREROBBERICBONTIIINEERT D4
b B, |

REBRIT 2RI OV TTY, ZONEEBORRMAERIIR 33 IRTEY Thd, MEDHEN
DAABFRTITER ECTH DD, "V RAENEFHEEENBNERBROLENRR > TWD, ES
REIDOE A 2Hz 275 6.7Hz £ TELEE, 7o, =— FANATORER 426 1 5 BliG
TTERLSER, LY, 1 68QEMBEL=y N2 ANT, S“AVRERNOENRBOLES
b P/ P % 0.25 15 0.4 £ CELE T,

FEAT =2, 2TOHAITENT, 0.0005 HEKT 1.25 PL o7, FHEHOEHIZ
BN, BB 2.0Hz & 2.8Hz DAL 2 BHIS O« OFEH OBMEE (BREY) @&
&L, EEAN 5.6Hz & 6.7THz OH& 4B OE« OEIOBMEEHEE LTz,

AV 7 4 R @il LB AROEERECEHIZBW X, VF—NEHOEEEN L
B L7z, &2 AT, 0.0005 BHREOEL OF —& 2 EER VS L EEREOIZ L DX N KE
<725 DT, 0.005 FMH. 0.01 B E2ix 0.015 OB FEEZAWT, ZFOELHEENS
EERBEZEH U, 3RS 77 LEickRd 5,

. 2NV R

Table 3.3 Dimensional specifications of pulse tube refrigerators.

Pulse tube Regenerator Reservoir
Diameter  Length ~ Gas volume | Diameter Length Gas volume | Gas volume
mm mm ml mm mm ml m
Model-1 17 130 30 19 130 26 500
Model-2 15 130 23 22 130 35 500
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———Pt: Pulse tube

1.00E+06 | Ps: Reservoir

Pa

Pressure

5.00E+05 | -

0.00E+00 L ' ' ' ' '
0 0.1 02 03 04 05 06
Time sec

Fig. 3.16 Pressure oscillations in the pulse tube and the reservoir of Model-1(Pressure

frequency: 6.7Hz, Needle valve opening: 15turns).
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§ 1.630E+06 % \/ \/ \/ \/ - Average of Ps
0 1 620E+06 [
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Time sec

Fig. 3.17 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-1(Pressure fre'quency: 6.7Hz, Needle valve opening:

15turns).
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Fig. 3.18 Mass flow rate at the orifice of Model-1 calculated with 0.005sec-time-averaged

reservoir pressure (Pressure frequency: 6.7Hz, Needle valve opening: 15turns).

Mass flow rate
at an orifice

Mass flow rate g/sec

Fig. 3.19 Mass flow rate at the orifice of Model-1 calculated with 0.0lsec-time-averaged

reservoir pressure (Pressure frequency: 6.7Hz, Needle valve opening: 15turns).
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0.00E+00 L
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Time sec

Fig. 3.20 Pressure oscillations in the pulse tube and the reservoir of Model-2 (Pressure

frequency: 6.7Hz, Needle valve opening: 15turns).
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Fig. 3.21 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-2 (Pressure frequency: 6.7Hz, Needle valve opening:

15turns).
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Fig. 3.22 Mass flow rate at the orifice of Model-2 calculated with 0.005sec-time-averéged

reservoir pressure (Pressure frequency: 6.7Hz, Needle valve opening: 15turns).
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Fig. 3.23 Mass flow rate at the orifice of Model-2-calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 6.7Hz, Needle valve opening: 15turns).
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Fig. 3.24 Pressure oscillations-in the pulse tube and the reservoir of Model-1 (Pressure

frequency: 2.0Hz, Needle valve opening: 8turns).
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Fig. 3.25 Pressure oscillation and its average pressure in the reservoir and the average

pressure in the pulse tube of Model-1(Pressure frequency: 2.0Hz, Needle valve opening:

8turns).
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Fig. 3.26 Mass flow rate at the orifice of Model-1 calculated with 0.005sec-time-averaged

reservoir pressure (Pressure frequency: 2.0Hz, Needle valve opening: 8turns).

0.3
Q
s 02
®
o 0.1
‘@ 0 Mass flow rate
z ) 0 ils at an orifice
2 -0.1
]
£ -02
-0.3

Time sec

Fig. 3.27 Mass flow rate at the orifice of Model-1 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 2.0Hz, Needle valve opening: 8turns).
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Fig. 3.28 Pressure ratio of P,/ P, versus the valve opening of the needle valve.
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Fig. 3.29 Pressure ratioof P / P, versus the pressure ratioof F /P,.
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Table 3.4 Figure numbers of pressure oscillations and mass flow rates

Model- Pressure oscillations  Pressure oscillations Mass flow rates

frequency- in pulse tubes in reservoirs and at orifices

valve opening and reservoirs average pressures
Model 1-2.0Hz-4turns Fig. 3.30 Fig. 3.31 Fig. 3.32
Model 1-2.0Hz-8turns Fig. 3.33 Fig. 3.34 Fig. 3.35
Model 1-2.0Hz-12turns Fig. 3.36 Fig. 3.37 Fig. 3.38
Model 1-6.7THz-4turns Fig. 3.39 Fig. 3.40 Fig. 3.41
Model 1-6.7Hz-8turns Fig. 3.42 . Fig. 3.43 Fig. 3.44
Model 1-6.7Hz-12turns Fig. 3.45 Fig. 3.46 Fig. 3.47
Model 1-6.7Hz-15turns Fig. 3.48 Fig. 3.49 Fig. 3.50
Model 2-2.8Hz-4turns Fig. 3.51 Fig. 3.52 Fig. 3.563
Model 2-2.8Hz-8turns Fig. 3.54 Fig. 3.55 Fig. 3.56
Model 2-2.8Hz-12turns Fig. 3.57 Fig. 3.58 Fig. 3.59
Model 2-2.8Hz-15turns Fig. 3.60 Fig. 3.61 Fig. 3.62
Model 2-5.6Hz-4turns Fig. 3.63 Fig. 3.64 Fig. 3.65
Model 2-5.6Hz-8turns Fig. 3.66 Fig. 3.67 Fig. 3.68
Model 2-5.6Hz-12turns =~ Fig. 3.69 Fig. 3.70 Fig. 3.71
Model 2-5.6Hz-15turns  Fig. 3.72 Fig. 3.73 Fig. 3.74
Model 2-6.7Hz-4turns Fig. 3.756 Fig. 3.76 Fig. 3.77
Model 2-6.7Hz-8turns Fig. 3.78 Fig. 3.79 Fig. 3.80
Model 2-6.7Hz-12turns Fig. 3.81 Fig. 3.82 Fig. 3.83
Model 2-6.7THz-15turns Fig. 3.84 Fig. 3.85 Fig. 3.86
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" Fig. 3.30 Pressure oscillations in the pulse tube and the reservoir of Model-1 (Pressure

frequency: 2.0Hz, Needle valve opening: 4turns).
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Fig. 3.31 Pressure oscillation and its average pressure in the reservoir and the average -

pressure in the pulse tube of Model-1(Pressure frequency: 2.0Hz, Needle valve opening:

4turns).
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Fig. 3.32 Mass flow rate at the orifice of Model-1 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 2.0Hz, Needle valve dpening: 4turns).
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Fig. 3.33 Pressure oscillations in ‘the pulse tube and the reservoir of Model-1 (Pressure

frequency: 2.0Hz, Needle valve opening: 8turns).
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Fig. 3.34 Pressure oscillation and its average pressure in the reservoir and the average
préssure in the pulse tube of Model-1(Pressure frequency: 2.0Hz, Needle valve opening:

8turns).
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Fig. 83.35 Mass flow rate at the orifice of Model-1 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 2.0Hz, Needle valve opening: 8turns).
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Fig. 3.36 Pressure oscillations in the pulse tube and the reservoir of Model-1 (Pressure

frequency: 2.0Hz, Needle valve opening: 12turns).
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Fig. 8.37 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-1(Pressure frequency: 2.0Hz, Needle valve opening:
12turns).

o 0.4
[]
0
W g0 L
% 0 ) ) Mass flow rate
; at an orifice
k] g 0.5 1 115
2 -0.2 |
]
= 04
Time sec

Fig. 3.38 Mass flow rate at the orifice of Model-1 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 2.0Hz, Needle valve opening: 12turns).
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Fig. 3.39 Pressure oscillations in the pulse tube and the reservoir of Model-1 (Pressure

frequency: 6.7Hz, Needle valve opening: 4turns).
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Fig. 3.40 Pressure oscillation and its average pressure in the reservoir and the average

pressure in the pulse tube of Model-1(Pressure frequency: 6.7Hz, Needle valve opening:

4turns).
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Fig. 3.41 Mass flow rate at the orifice of Model-1 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 6.7Hz, Needle valve opening: 4turns).
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Fig. 3.42 Pressure oscillations in the pulse tube and the reservoir of Model-1 (Pressure

frequency: 6.7Hz, Needle valve opening: 8turns).
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Fig. 8.43 Pressure oscillation and its average pressure in the reservoir and the average

pressure in the pulse tube of Model-1(Pressure frequency: 6.7Hz, Needle valve opening:

8turns).
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Fig. 3.44 Mass flow rate at the orifice of Model-1 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 6.7Hz, Needle valve opening: 8turns).

74



2.50E+06

“hnnn
NS EVIAVIAV)

Pa: Average of Pt
Pt: Pulse tube
o———pDg: Reservoir

1.00E+06

Pressure Pa

5.00E+05 [

0.00E+00

0 0.1 0.2 0.3 0.4 0.5 0.6

Time sec

Fig. 3.45 Pressure oscillations in the pulse tube and the reservoir of Model-1 (Pressure

frequency: 6.7Hz, Needle valve opening: 12turns).
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Fig. 3.46 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-1 (Pressure frequency: 6.7Hz, Needle valve opening:
12turns).
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Fig. 3.47 Mass flow rate at the orifice of Model-1 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 6.7Hz, Needle valve opening: 12turns).
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Fig. 3.f18 Pressure oscillations in the pulse tube and the reservoir of Model-1 (Pressure

frequency: 6.7Hz, Needle valve opening: 15turns).
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Fig. 3.49 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-1 (Pressure frequency: 6.7Hz, Needle valve opening:
12turns).
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Fig. 3.50 Mass flow rate at the orifice of Model-1 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 6.7Hz, Needle valve opening: 12turns).
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Fig. 3.51 Pressure oscillations in the pulse tube and the reservoir of Model-2 (Pressure

frequency: 2.8Hz, Needle valve opening: 4turné).
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Fig. 3.52 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-2 (Pressure frequency: 2.8Hz, Needle valve opening:

4turns).
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Fig. 3.53 Mass flow rate at the orifice of Model-2 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 2.8Hz, Needle valve opening: 4turns).
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Fig. 3.54 Pressure oscillations in the pulse tube and the reservoir of Model-2 (Pressure

frequency: 2.8Hz, Needle valve opening: 8turns).
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Fig. 3.55 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-2 (Pressure frequency: 2.8Hz, Needle valve opening:

8turns).
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Fig. 3.56 Mass flow rate at the orifice of Model-2 calculated with 0.01sec-time-averaged
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reservoir pressure (Pressure frequency: 2.8Hz, Needle valve opening: 8turns).
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Fig. 3.67 Pressure oscillations in the pulse tube and the reservoir of Model-2 (Pressure

frequency: 2.8Hz, Needle valve opening: 12turns).
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Fig. 3.58 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-2 (Pressure frequency: 2.8Hz, Needle valve opening:
12turns). ‘ ’
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Fig. 3.59 Mass flow rate at the orifice of Model-2 calculated with 0.01sec-time-averaged
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reservoir pressure (Pressure frequency: 2.8Hz, Needle valve opening: 12turns).
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Fig. 3.60 Pressure oscillations in the pulse tube and the reservoir of Model-2 (Pressure

frequency: 2.8Hz, Needle valve opening: 15turns).
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Fig. 3.61 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-1 (Pressure frequency: 2.8Hz, Needle valve opening:
15turns).
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Fig. 3.62 Mass flow rate at the orifice of Model-1 calculated with 0.01sec-time-averaged

reservoir pressure (Préssure frequency: 2.8Hz, Needle valve opening: 15turns).
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‘Fig. 3.63 Pressure oscillations in the pulse tube and the reservoir of Model-2 (Pressure

frequency: 5.6Hz, Needle valve opening: 4turns).
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Fig. 3.64 Pressure oscillation and its average pressure in the reservoir and the average

pressure in the pulse tube of Model-2° (Pressure frequency: 5.6Hz, Needle valve opening:

4turns).
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Fig. 3.656 Mass flow rate at the orifice of Model-2 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 5.6Hz, Needle valve opening: 4turns).
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Fig. 3.66 Pressure oscillations in the pulse tube and the reservoir of Model-2 (Pressure

frequency: 5.6Hz, Needle valve opening: 8turns).
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Fig. 3.67 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-2 (Pressure frequency: 5.6Hz, Needle valve opening:

8turns).
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Fig. 3.68 Mass flow rate at the orifice of Model-2 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 5.6Hz, Needle valve opening: 8turns).
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Fig. 3.69 Pressure oscillations in the pulse tube and the reservoir of Model-2 (Pressure

frequency: 5.6Hz, Needle valve opening: 12turns).
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Fig. 3.70 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-2 (Pressure frequency: 5.6Hz, Needle valve opening:
12turns).
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Fig. 3.71 Mass flow rate at the orifice of Model-2 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 5.6Hz, Needle valve opening: 12turns).
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Fig. 3.72 Pressure oscillations in the pulse tube and the reservoir of Model-2 (Pressure

frequency: 5.6Hz, Needle valve opening: 15turns).
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Fig. 3.73 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-2 (Pressure frequency: 5.6Hz, Needle valve opening:

15turns).
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Fig. 3.74 Mass flow rate at the orifice of Model-2 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 5.6Hz, Needle valve opening: 15turns).
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Fig. 3.756 Pressure oscillations in the pulse tube and the reservoir of Model-2 (Pressure

frequency: 6.7Hz, Needle valve opening: 4turns).
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Fig. 3.76 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-2 (Pressure frequency: 6.7Hz, Needle valve opening:

4turns).
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Fig. 3.77 Mass flow rate at the orifice of Model-2 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 6.7Hz, Needle valve opening: 4turns).

85



2.50E+06

DN NN\
NAAVARV|

o [
@ 1. 50E+06 }F
° o \]i ~~Pa: Average of Pt |
§ [ Pt: Pulse tube
d_g 1.00E+06 [ nm—p 5. Reservoir
5.00E+05 [
0.00E+00
0 0.1 0.2 0.3 0.4 0.5 0.6

Time sec

Fig. 3.78 Pressure oscillations in the pulse tube and the reservoir of Model-2 (Pressure

frequency: 6.7Hz, Needle valve opening: 8turns).
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Tig. 3.79 Pressure oscillation and its average pressure in the reservoir and the average -

pressure in the pulse tube of Model-2 (Pressure frequency: 6.7Hz, Needle valve opening:

8turns).
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Fig. 3.80 Mass flow rate at the orifice of Model-2 calculated with 0.01sec-time-averaged

reservoir pressure (Pressure frequency: 6.7Hz, Needle valve opening: 8turns).
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Fig. 3.81 Pressure oscillations in the pulse tube and the reservoir of Model-2 (Pressure

frequency: 6.7Hz, Needle valve opening: 12turns).
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Fig. 3.82 Pressure oscillation and its average pressure in the reservoir and the average

pressure in the pulse tube of Model-2 (Pressure frequency: 6.7Hz, Needle valve opening:

12turns).
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Fig. 3.83 Mass flow rate at the orifice of Model-1 calculated with 0.005sec-time-averaged

reservoir pressure (Pressure frequency: 6.7Hz, Needle valve opening: 12turns).
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Fig. 3.84 Pressure oscillations in the pulse tube and the reservoir of Model-2 (Pressure

frequency: 6.7Hz, Needle valve opening: 15turns).
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Fig. 3.85 Pressure oscillation and its average pressure in the reservoir and the average
pressure in the pulse tube of Model-2 (Pressure frequency: 6.7Hz, Needle valve opening:
15turns).
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Fig. 3.86 Mass flow rate at the orifice of Model-2 calculated with 0.005sec-time-averaged

reservoir pressure (Pressure frequency: 6.7Hz, Needle valve opening: 15turns).
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Fig.4.1 Temperature change at cold end with orifice opening
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Fig. 4.4 Mass and enthalpy balances of an element in a pulse tube
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Fig. 4.5 Time-averaged enthalpy flow in a basic pulse tube refrigerator, ht=0
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Fig. 4.7 Amplitude distributions of mass flow rate on the condition of Table 4.1

Table 4.1 Specifications for Fig. 4.7

Cases Th Tc dTa/ dx L Vh/At Cp Cv R
K K K/m m m kJ/kg'K  kJ/kg*K  kJ/kg-K
Case A 300 200 Linear 100X10% 10Xx107 5.19 3.12 2.07
Case B 300 250 Linear 100%10® 10x107 5.19 3.12 2.07
Case C 300 300 0 100X 107 10)(10-"3. 5.19 3.12 2.07
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Fig.4.8 Temperature distributions and their peaks of oscillations on the

condition of Table 4.2
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Table 4.2 - Specifications for Fig.4.8

Cases P1/Pa Th Te dTa/ dx L Vh/At Cp Cv

K K K/m m m k]/kg K kJ/kg-K
Case A 0.10 300 200 Linear 100X 107 10Xx10™ 5.19 3.12
Case B 0.15 300 250 Linear 100x 1073 10Xx10™® 5.19 3.12
Case C 0.10 300- 300 ¢ 100x 107 10x107° 5 19 3.12
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Fig.4.9 Time-averaged enthalpy flow in a basic pulse tube refrigerator
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eHE) LRET D, THTHILITLY, RHFENICHBICIMEERPEHNICELTo 2 L

PRBETOEY LHBBRTHILENTED,

BRER D %,

h =h, {1 +cos(art + go)} (4-50)

LB, TR, ZOBMGEROBETELILL, (—F) LRY. TOB{LE A, L RIET,
BRI TH S = L 2R LTINS,

FP, ENED L ERTEED, b RAOREAEARD bR D, K17 2WAT5 2 &
zdn,

& T, _RT, &P RT,J,dn zgﬁﬂ(@ ”j (4-51)
a> ¢, P, a AP & a \A4c, P

LT, +h —%
a ‘" a

K (4-2), (4-18), (4-19) B XLV (4-50) ZF U-5DICRAT B L RkABEDBN D,

T T, oI, M
T, cos(ar + §) = £——"P, cos{ar) +—£—”—@—il—cos(a)t +@+ E)
¢, P, A P & o 2
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+2h, —E—]iiﬂcos(a)t+(p+£) cos(ar + ¢)
4, ¢, P, o 2

a

+2h, i—Ii—T"—Ecos(a)t+¢+£)
4, ¢, P, o 2

+2h, |- £I"—I‘—cos(a)t +9) cos(a)t +é+ ﬁ) (4-52)
A, ¢, B, @ 2

a

" K (4-52) M b

JU? =20V sing +

T, = (4-53)
NI+2W? +2W sin(wt + @) + 207 cos(wt + )
Wil +cos|at +
oo AT COAO O] |y Voosp s
1+Wsm(a)t+(o) U—-Vsing
LIAT,
U= iif’] (4-44)’
c, P \
p “a
V= R I, My (4-45)’
A P & o
weo | ZRL A (4-46)”
4, ¢, P, @
T D,

WIZASLABERNOT Y ZAEHREERD D, 2(4-33) & (4-52) 2R @20 IRAT 5 & k=K
nELR3,
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a1 RT, RT, M, T
<Q=2])A@Pcm¢+m/A » ;1$d¢ 9) (4-55)

K (4-55) i%, BMRERR—FEDOBREDO=  Z L ERERX@-47) LHEXERCICARS, 22T
REEERS R (4-50) TREN, ZOFIMRERIT (b, )= ho L7220 2 ORBANTHE

FREFE UEATRNENTVS, 20X 2Es, BREROREIIEMRNICIT TGS
BEANDOREEMEEZ LD,

4. 6 TUXAY—FEEEHEEE

2.7 BT/ UVRF 2 — T IO & SRR O A7 B EEOZER Bz 20Tl
oo TITTIE, NARENOEBRERAVORENRIE & | SV ZERE L FEIRE & OB
LIRFTT 2.

R—Ty PNV AF a—THEB T, SV AE @&Wﬁﬁ%&@ﬂ*@#%ﬁ%%%&&
HLTW2D, UL, TOSRERDIZEERR/NEY, i, EAHESE EERERE O
EN /2 (OELEBREORBEERMZOLOELEY T U ¥V EHREREIIFS LRNTZD
ThH b,

=5 AV T4 ARNNVAF =T HHEB T, 3V 74 AOERICL Y ERERERE & ES
RE) CULRERE) & OMMEEENRREN, X—Ly IR LKE RIS
NABNIERZ 5, TV T 4 ZANNVARF 2 — T HEEOMEENIRECIT 2 DOXREREB M
Hb, —DITEORHMEKETH Y, MO—DIXEEE L EBNRAE L OBVRERZTITSZ &
T b, |

E9, KB OWTNS, IiHkELiE. BEREIREOMNM L EHRBMBIZES
AR EILh D, TORDIZ, EMEBHEOELRT 74 —7 — 7 TOEBREL SV AERR
WA T 4 RE LT%AT%%&#%& JEHERE C OB AIREN T L 2 E COMAE &
RELSTHRDBDB, YT A RENTHZ LWLV ET LT EMNTE (REE e TMET
hor/2) | BRENZASVAENOEBRERBOMEL2%ET I LN TED, £, ENEE
WD S OV RAERPMEBTEAEEL Y 7 4 22N L TCEATHZ L TR MHGKESLTE D
ERTERETTH D, LIEZOFE, RhAMERENMERTHDLZ L&, "V RAEATO
BAEHELLTLEIOT, ERLITEE LY,

KIC. 7L REEE & AR & DBMRREIC S\ Ok~ 3, ERFEEEHOMR & 7 DRER
BOMHE L ORFRE? D, EOBYREL =V # LEREICK LTARICEL, Fhwk, ZORK
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MEBAOMA D LI LzithiEm b, F0HIZ, NAAERERIIZBEERDEKV 2
—F YU TEFTIZEICEVREBEITIZ LN TED, £7n, R4-47) B L (4-55) H H 43 Hs
5 &0, BRZIEEEREORERBICHE U, IREIOBREEICK AL TNDE, Zhd& D,
BB EID 20ICiE, BlEEo CEMRLE T e VAF 2 —ThE#EE BT LT
ho, AEHELTHE, ERBETOENBERIIERTILERHD, Thy i, EHEK
DHIREEE FFOEGBRORBERLESRMEL 2D,

4. 7 EAEOKR

PSVAF 2 —T REBDBEFBEICONWT, X—Ly 7 REF Y T 4 AR L ZERBOFIET
Ebz, UTORRE®,

PN AERDOES, BERER L ORERHICOWT, HAECBEFKR@-17) 287~ Z0M
BRI, FEIRE L SV RAEREL BT AEE LIIRBOMEEFRZ R L TV D

PRIV AEROERIEY = v # LV EHREIZOWT, %%fﬁ@4ﬂkiu@5@%qtozm
Hig, (EBNREE SV A FREL OBZMEZR L72b DT, N—vy /BB IOAY 70 28
I RF 2~ T HFBORFICHEESND b DTH D, WD SVRAERAOT L ZVERE S
HFFEORTRDLT I LICLY ., RFOBHEBERBOLBRABLIOERIIONVTRFTSZ &
NTED,

TEBhR AR & LV R ERE & OEGIHITE BT E L RERB ORI ELY 52, SV RERAOD
TUANVEREREEE S, (ERRE L SV RERE L OBZHIT, BERE L ES & O
%¢ki0§%ﬁgkﬁ§&®um%m—@®ﬁliD\AWX%W®I/5Wtﬁ§L%Lr

ERXHAIZLMTEEND D, 20 &k, =¥y 7 VAT o2 — 7 i T EET
W&AWR BEEL DB P NNV ABERNIZ VRN EREIRZZEICEYa— R
YRCHREREREIEDIZ L ERBL, oAU 7 4 RSNV RTF 2 — T REE TIRERTRE &
ISV REBE L QBTN OV AERNOT U F)VETRNDBRERD T EEZTRBLTVS,
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FEHE EWMBOBRRAKLR

5. 1 #

o

PNVAF 2—T7 B0 EERRER TH L/ AELERBIIONT, MHMENIIKE R
RELRIETHHZELEORL. LIZRLTH B, FOETIE, MERNOBECER L 22
SULRERDT Y Z LTI SNTRIET B0, F 1.1 0O/ AEDEIER 1Ko\ THrEt
LT&, ZOETIE, 5 1 O0BETHLIERBIZOVT, BERBEZHINL TV D4
B VW BERBORTETo T3,

PRNVAF 2 —TWHEBDO LD 2B KRBT A 7V (regenerative cycle) Oz - T, &
b EE R D 1 DICERBENH 5, IRVER TOEBEEMBCTHRITIL S ORNH D |
Eingr L LTOMZHBFTIERCHEE., BLOERRIIRT 3 ENBECHGRERIT OV TIILLET
FOBF S TVS[6.1], KEAHEETIE. ERBCRE SN —RELERMEERIL, BA
BORBR E 2B 2 IR E 2 BRRIC LT, B—2 0 ZRERE /NS T IKARELE
bDERHSTND,

EZATRIEOIEN DT L, HEFMLVbETEOL LTI BIER O
BrRODPEND T ENNERMBE L 25, REFOBETHFME LTI, —RIZIEME
AREIZK LTAANZMA THREBONEERRICLED LT5, LrL, ARPELERIC
KV REFHIE D NIk A Th D, ERBORINTHETZY, EONRNFA—FEikELED &
TEDOPERETDZENE—H LD, FRERABICBNTH, BHRELFZIRD LI &
TEIHEL, FLALHERE CERATAHRALNH D, RERFEETIE. WThoB&IlE
WTHRETIERHEICKTT 2 ERAHEOHISGIINE L, FEABEEORYROPEE
Lird, BEMBORZHEL LF 27 DICBEREBEERES LTHENRENREL Y, &
TIENEEORES RD DB FBOVDELET SETLEIFEBEL D, EFBREEET
HIeDICREHERLZ RE LTHHIBRBARNKE 2D, ERAGEREITEZ D LITRDL
/SN | .
FEBRITEHCHELRITLE > TWEID, —2OEBROKEIMOEIRKE M X
HAFEBEEZR>TWD, Lo TERHMFEMICIIFEICEEEZZER L2TER LR, #EkE
DHNENZENTERLERM OGEBRAREL EZEBROERIEEFBICBWTHIE L, HERER
HOBRBEIZB TR FORTOFIETERRRELZREH L, TORZIBET L I LIIEE
REWRRH D, '

80K 736 300K HHIKIC KT 2 ERBOERMITIIEBREHEE L2 bOR—RHICAVW L
TW3[5.2, ERBOPTIIRERBEARENEL, ZHICE->TELZEBRE T OEET
HBEkLd, ZTOERBPOGRBLKICOVTIE, EBEBORANERGCEENOREL L
Nz O DOERIFRBERBIBME SN THA[5.3][64], LLiahb, EEOERBOF
Tix, FBRETHDINY VAT RAZLBE CTEA L, GRORS MO ELED D, —F, K-
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REBI L A ARRHE SN ERROBEBRICOVTO—REMRFHERS Schumann &
Voss IZ L » THE SN TWB[5.5], LALRARs, WAEDBERRAKICKT 2 ERAT — & Off
Preg7 — &1, BEOKERFEEBOELBHFCANVDICEIFR+STHD, £Z T KHEH
SN TWHERRBREMOEGM OGEER KL, ZE ORREKICET 2 REARIZTE
BREZITV., M OB 2 U7 [5.9],

PNNVAF 2 =T EHBORFHZB WL, SAVAELR L BRBARE ONT AR KRET
by, R ERET DRI > R85 b ORBLREH A EE THD L B2
TW3, 2Ok, EWmaiZHET 2EROBRZBEEO—FKB/EANRTIIMAZ, #RAFA+DTH
ST ERBEFERICBT 2ERBOGRBLELAE - BEHL, B HVLTWEORMAIE
ERE L, ZTORFIZOWTIE, AED5.2 & 5.31CRLE, 72, RUHERIN—T (K
[E E SLHEHERFZ0RT : NIST) O Lewis DR Z OERBOGCEBRER L BEOOMIT Y 7 by =T
EROTAY 7 A RNV AF 2 =T IHEBORRAIFHEZITole, TORO 4 BOERIZ DN T
IFREERZ L, R Z21To%, TOAFICOWTE, KRED 5. 41Z7R LT,

5. 2 SRBRIRELBEFIH

& 5.1 CEGMBEEDOREFEORSERT, ZORELREEOEARBAIL. PEBRER (test
section), ¥ 74— K+ <7 <R 5B (GM refrigerator) . 24 EHIE$ (heat flow sensor)
BLUOEZERSE RFAET) 2okd, £/, BANREBOBKIEIRG2 £7225,

ZOEBORBRE TIX, 2<RZEOEHBH 2@AMmL, REHLEFL WD, JHL,
WA HEALT 2 5 2 TRIRM & RIEH & 2HRAICER T 5 2 & 2T, AERLSOERE
BT BILEAMELTND, RRBOMEMLE 5.3 1RTHBY Tho,

RRMOLEHBRV ) VX R MBI T 7 A N—F F AT REY NE ¢ 24.4mm, £ S 55mm
Lo T5B, 2OV FORNER lmm T, U ¥R (Fnim 1EYZY) 2ELTO
IRE B, WNOIRED 300K-80K DA, 0.21W & REL OIS (—RAHGERT —
Z[65.6] WVTHE) » VY U FIZEREINZERNT, €8% 45mm BB L HO T, &8
IZIEBREE 0.0254mm-400 A v ¥ =, #ER 0.0279mm-325 A v ¥ =2, #ER 0.0229mm-325 A v
VaDFEDAT VL AEHE LU 0.0254-400 A v 2 DY AFHEMEB AV LT,

ANV U ARERE P ERBICER SN, EHBEANONY U LAREENPHETE LR
STNW5, ZONTTAENT, EEND 2.0MPa ETERDIENTE S,

LHBOJEEMIT T N7 L— M B LOBERIERZ A LT, GM AMIcThEISh
5, £, EWMBOB/ERICR boB (MBHR) v+—F V%5 y b LTERAKIZT—
FEREILRZND, ERMTH2&MBORBRIER (Matrix) E—FDOU+4—TUx 7y b2
BLTWEARo—XLVIEEABEESRLTWD, £z, 20X —XONEEZE{LEE
BZLiED, ERMOEMELZE(LESE, TOENEZRBLLIIENTES, Ibiz, 0D
R —XZ LV ERMOERBELTNTHEINBIELI LN TED, £, ZORRE -
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. B ORE L DR TAEDICEBHEE (multi-layer insulation) 232N TW 5,

Table 5.1 Characteristics of thermal conduction screens

Material Stainless Steel Phosphor Bronze Stainless Steel Stainless Steel
Mesh 400 400 325 325

Wire Dia.(u m) 25.4 25.4 27.9 22.9
Theor. Porosity 0.6858 0.6858 0.7196 0.7699

GM Refrigerator F  Test Section

D Water
Tw=300K

Te=80K
Heat Flow Sensor

Tw=300K
Z_——; Water

1

F

Fig. 5.1 Schematic illustration of measurement system
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2.7¢" 3.54"

‘ PRATVEE: N
NO Name PCS Material b i i
1 Thermoconductivity 1  —meeee -0 757 1,970~ 3
Apparatus 40 | 50
2 G-M Refrigerator 1 e T
3 Cold Plate 1 Assemb 1 C10100 A | 455
4 Cold Plate 2 Assemb 1  C10100 &J (I AT
5 Cold Plate 3 Assemb1 C10100 + ‘7 'y
6 Top Flange 1SS 304 B {\\* . /] \\ 1o
7 Cold-head Flange 1 SS304 = "~ 0 f.33"
8 Connector Flange 1 —-——- ’ ! O 248
Assembly 9.78"
9 Blank Flange 1 $S 304
10 Flange Gas-Water 1 SS 304
Assembly
11 Fixing Block 1 8S304
12 Centering Ring 1 SS/AINVI
13 O-Ring 1 Viton
14 O-Ring 1 Viton
15 O-Ring 3 \Viton
16 Hex Socket Boit 8 SS304
17 Hex Socket Bolt 6 SS304
18 Hex Socket Bolt 12 SS 304
19 Stud Bolt 2 SS304
20 Hex Socket Bolt 6 SS304
21 Hex Socket Bolt 6 SS 304
22 Nut 2 S8304 \%
23 Nut 6 SS304 - i
24 Nut 6 SS 304
25 Spring Washer 12 SS 304 . 251.7
26 Spring Washer 12 SS 304 - N 91'..
27 Indium Gasket - In '
28 Eyebolt 4 e -
29 Washer 8 88 ' /®
¢ ! 1 " { |
435.9 ! Z j,‘ —h f
" v!
- w[ 1.4 IL\T\ ‘E_'_l @
y 3 22

-
03]
o

411 =
2.24" 16.18"

ERRE R

SHBHHO.
@/ 4

{Dimensicns : Millimeters |

Fig. 5.2 Experimental test apparatus
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N
-4

-

A

L

il

J

Lz

(5N
0

gy
-y

|

No. Name PCS Material ,
1 Base Flange 2 1 SS316L (
2  Bellows Flange A2 1 SS316L
3 Bellows Flanfe B 1 SS316L | 7
4 Cold End 2 C10100 R
5 Cold Plate 1 C10100 s Eu E i ]
6 Cylinder Flange2 2 SS316L O ﬁ,
7 Cylinder Holder 4 §S304
8 G-10 Cylinder 2 G-10 . NN
9 Matrix (2000) SS304 ~1 ! il
10 Stem 4" SS304 =
11 Top Flange 1 88304 ' IRN
12 Water Chamber 2 C10200 ~
13 Water Flange 2 2 8S8316L \\
14 Connector 7 88316L N | \\\
15 Bellows 1 SS304 ™
16 Pipe 2 SS316L N
17 O-ring 2 Viton . y ™
18 O-ring 4 Buna-N ! 7 I\
19 O-ring 1 Viton N
20 Metal Gasket 2 Indium \
21 Compound 1 ¢j ] NN
22 Bolt 4 SS304 p N
23 Bolt 8 55304 NN D
24 BOIt 4 $S304 @/ \ .
25 Nut 4 SS304 T N
26 Nut 4 SS304 /” N
27 Nut 8 SS304 | J-
@—11 =
peiidl] s
(sl o
o |l
@/V [~
| 1]
20 40 60 80  100mm : ]
I A I J ﬂT i
| —t
1" 2u 3“ 4" |
| | | | Ll
L

Fig. 5.3 Experimental test section
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AFHBREMIRBRIO2—L F7L— | & GM BB E ORICER S, RBREOGHIE
ERET S, ZOBMBAERII 1 AOHRBL 2ADY Y ay - X4 —F - h—EX =&
bELB. T OEEOMEITERFE T, £EOE 31T 135 mm | BREHOWERIL 72mm’ &
2o TND, 2ADY—EA—F ORBEHHITILImmHY . ZOF—FEA—FDREZELH
BrEE T 3 BMEER L OBRITFEMCERNICRERES RSN TWS, Zhit, RREO
2= F7L— MIKBf bhiee—F I Lo THRERZABTIILE, —FEXA—Z DR
EELRETAILICL>TROLNTWVS,

Fiz. GM G HH GIRRRIERICHESET 220 OGREMS) b —FBRBESNTNT,
RBREOI—/V FAXNVBREELRET A L &, BMBRHEROREROBERENTED X
Sl - TV 3B,

B, BEEHOETOERTICE, BEEPIZBOTHEUERNRELS bRV EdIZ, (v
CULHTRYTy RBREAIRTWS,

No Name PCS  Material Specification

1 Cold Plate 2 1 C10100

2 Thermodetector P PT-111

3 Round Head Screw 2 S8 304 3-48 UNC x0.75"

Fig. 5.4 Experimental heat flow sensor
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ERFIBIUT ORI D, BEFREI SAABEERV AT THEZES & Lk, GM HH
BWEIREISE 3, COGMAEEO T 7 —R FAT—V L0, BWHENIER 28 L TREBRE O

a—)L 7L — "R EHIEND, BRREOa— /L F7L— MNZiZv Y ar 44— Fh—F 2
—ZBBOFTONTEY, £/, GM@AHEBEO 7 7 — R FRAT—VIZITER e — 7 B0+
THhTEY, ZhbDarbe—2ILia—V R r— MNI—EOHEREICRIZND,
IOV R L— FOREIIER L —F OREICLD 40K 225 80K DFEPHTERX D Z L3
TED, £, FVRT LD a—/ N7 L— b ORELEMEITRERE £0.06K LN & 2o T
W5, a—/ F7 L — hDRENEE L7z b BWRENEROMRBEEEIZIY i) b —F
A—FREZEZRET S, NT, a—NV F7L— MZERINR TV e —ZIZ L) BMEAEA
WENTD, £LT, ZOBMAATKEL EOREBIIL IV —EA—FEREZOR{LERET
B, ZOEIZLTHELNZ, RBEHE»OORARICLIEEE, b —FIZL2BNAATRE
LTEDLEDREZZHVTRBERPOOBAMEAMTHZ LRE D, EL, Z0&x
DRI 6 OBATIT, 2 O2OERMDBREAE, 2ODT 7 A RXR=FF RV ) VFOBR
WABE LOEHABE MERERPODABREEATVD, ZORDHIORBRIZT, Entf
DHEEERVEEOBARRE LTV, EOMELERT 2ERABLSOBATEZRE L
T3,

TOEBRIZBVWTCIE, B 5.1 OMEBERICTT LI IC, BEINZERY (&M 2EMTS
HEFEESE, EOHMOERE (1.0—-FER) 2BELI¥ETND, Zhik, K53 ORREMO
BERIZTRT LI, Ro—XONEEE(LEED Z LICL > TERMITHH 5 ERES & T
LT3, ZORBRTIIEMEN% 5.1MPa £ TELEE, @7 1 Y OEME B K2R
BrEIHE,

5% 5.1 IZERM OBRZEMEBIR SN TND, TS BERHRX 1-n, =(7/4)d/s)%
RAOCTREENLETHD, 22T, n 3ERERR, dI3&BY A YEE, siBVAvir:

DIAVETORFEERLTND, SEOEREOEMERE (FEIEMH) BN TH, 2RI

HIRZERRIGEVERE LI, ZOEEFMERICEIRBEL I BEFITEENTHIZ L 2R
BRLTW3,

ZHBB~O~NY ULADFTEENZ, BLENS 2MPa £ TEEE 1, Tk, EBiAL L
TONY VAT RAZEGHM THHEMOEA Y IZEFEL, RMOGRERELLFETLINGT
bhd, TDLE, FAGFOREHEBRITR/BEERERERD, ThYX., EEIHREDEANE
LIC LB CRBOEMZRET D LITEETH D, £, 2—/ F2 v FORE % 40K, 60K
ZLT 80K LEfbsE, ZDLEORBMBEZHUEL., EHBRITHED R NRE
(conductivity degradation factor) ZFEEIZHOWTHERD T,

UEXY, ERBOBRBBRIZOVT, ¥ 2AOFEELZERICAN, %@%@:OWTMET
BZERBEEL L, Flo. ZOMERBRNEROEMBERITOEB LR L0, RO
HH OB Y ¥ LA AEATHEIZI T 285/ MR A EREFORE L ZRRBIZOVWTEED D
TEERBEE UL,
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A EREONHE AR %

M 5.6 IZRT, Z I T,
HrHIKELE &)y LBLE
EA SRR E o T
%o

Fig. 5.5 Photo. of the test

apparatus

Fig. 5.6 Photo. of the test section
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5. 3 ZERER

RUBIC, ERBICELAM (&8) 2ANTIC, BEZEREO L EOERBOGRELREL
e TOEEDA—N T L— NOREIXSK T, Va—F—Tv 7 v hOEEL 285K TH
o, TOFRR, EHEOREMBIX 05TW Thotz, Zhik, 22077 A =T F2L Y v
F OBREBEAB L OES AB L HERERENDOABDEFH LB XD, i L 5 iz,
2ODT 7AN=TFTAV Y U EOFHAPMCEAIT 0.42W TH D, E22FEZHEHOTVD
EHERlEN D, UEED, —EOHEMETH ZREGEEBEND 0.5TW EE LW bDEE
W EBLERE (2ROEHER) LTHILNTES,

5.7 ai@%ﬁf@a‘ﬁiﬁéntm/%ﬁm FEEREOREE LR LTS, Tk, ~V
VAT RAEAZELSET, ERBADOANY T AT AFEDRIZOVTHARZ LD TH D, =
—V Ry FOREZ 80K, VA—# V¥ y FOREL 28K IZEE SN TRIES ATV D,
BlizrENd Lo, NV TLATZADOOTMREAL LY ERBOLRBENQHICHEZ., 20
BONY T AHTRAES LR L HICEBELE XS, LrL, 0.5MPa U LTEEBERERZHEY
Tl Lielinsd,

3.5
3 g o
o
] o
25 }
I {m] 00
[o] 2 o
] o A
= 2 © o A A
4
] o
]
£18 7 o
1t 00.0279mm #325 S.S.
i 00.0254mm #400 S.S.
‘“ 6 0.0254mm #400 P.B.
05 A0.0229mm #325 S.S.
I o Without screens
O i — ) . il . gl . R
0.001 0.01 0.1 1 10

Helium gas pressure aroud the matrix MPa

Fig. 5.7 Heat leak vs. helium gas pressure around the matrix
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5.8 I~ U U A RADBYRERDFENEFEMEE B REIC OV TERLTWD[5.9], £/,
5.9IENY U AT RADOEE H AITR GHHEME) OENMREHIZOVWTREEZ I A—ZIZL TR
LTWD, $ETRE LTONY T LAAEOBRERITIT L A LREICIIEFELTHARY, L
AL ESTIZRSND L DIZ, 0.5MPa LATFDOA~Y U AT REFDFEIRIZE N TERBORE
BEBEL T U LT AENURE L TEELTWS,

< 180

= 140
120
100

mW/

o—0
[ —F ——1 —o— 300K
—+— 200K

—— 100K
o—o  o— —o—90 —0— 80K

T T T T+ T T T 7

(o]
o
T T
1
-3
>

[ -
[ )
T T T

Thermal conductivity
(=)
=)

0 Lo L3 Leegd i1 1 1 ttat) L1 i1 1tel Dol L L4 LMY

1.E-03 1.E02 1.E-01 1.E+00 1.E+01
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Fig. 5.8 Thermal conductivity vs. pressure over temperature ranges
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Fig. 5.14 Calculated COP vs. regenerator length
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Table 5.2 Calculation parameters for COP

Values for numerical calculation
Regenerator No. #1 #2 #3 #4 #5 #6
COP by REGEN3.1 0.0737 0.0698 0.0680 0.0639 0.0646 0.0612

Thermodynamic
Temp (Cold) K 80 80 80 80 80 80
Temp (Warm) K 300 300 300 300 300 300
Pressure (Avg) MPa 2.0 20 20 20 2.0 2.0
Pressure ratio 1.4 1.4 1.4 1.4 1.4 1.4
Test fluid Helium Helium Helium Helium Helium Helium
Geometry

Hydraulic diameter m  0.45x10E-4 0.56x10E-4 0.45x10E-4 0.56x10E-4 0.45x10E-4 0.56x10E-4
Area (Cross sect) m2  0.67x10E-4 0.67x10E-4 0.67x10E-4 0.67x10E-4 0.67x10E-4 0.67x10E-4

Length mm 32 32 36 40 40 40
Material
Regenerator tube Titanjum  Titanium  Stainless  Stainless  Stainless  Stainless
Screen S.S. 8.8 S.S. S.S. S.S. PhBr
Mesh 500 400 500 400 500 400
Porosity 0.694 0.686 0.694 0.694 0.686 0.686
Cond. degrad. factor 0.10 0.10 0.10 0.10 0.10 0.022
Flow
Frequency Hz 54 54 54 54 54 54
Mass flow (Cold) g/s 0.50 0.50 0.50 - 0.50 0.50 0.50
Mass flow (Warm) g/s 0.64 0.64 0.65 0.67 0.69 0.67
Phase angle deg 38 42 40 43 46 43
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Table 5.3 Experimental condition

Temperature at cold-end K 36-62
Temperature at hot-end K 300
Pressure MPa 2.0
Pressure ratio ( Pulse tube) 1.42
Test fluid Helium
Pulse tube length mm 46.2
Pulse tube diameter mm 4.76
Pulse tube wall thickness mm 0.254
Compressor swept volume cm? 4.0
Frequency Hz - b4

Table 5.4 Regenerator characteristics

Regen. Tube O0.D/Wall Screen Mesh Wire Actual Theoretical

length  material dimensions material size dia. Porosity  porosity
(mm) (1 m)
#1 32 Titanium 9.525/0.1562 S.S. 500 25.4 0.6148 0.6073
#3 36 S.S. 9.525/0.152 S.S. 500 25.4 0.6385 0.6073
#4 40 S.S. 9.525/0.152 S.S. 400 25.4 0.6477 0.6858
#5 40 S.S. 9.525/0.1562 S.8. 500 25.4 0.6300 0.6073
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Fig. 5.16 Refrigeration power for orifices optimized for minimum no-load temperature
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Table 5.5 Comparison of regenerator test results and calculated results

Regen. Regenerator No-load Calculated COP Calculated no-load
No. characteristics  temperature(X) from REGEN 3.1 temperature(K)
#1 Titanium(32 mm- 500 mesh) 35.41 0.0737 36.0
#3 S.S. (36 mm-500 mesh) 45.76 0.0680 38.8
#4 S.S. (40 mm-400 mesh) 46.56 0.0639 : 42.3
#5 S.S. (40 mm-500 mesh) 39.14 . 0.0646 39.0
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