


DISEERTATION
Subranked to

COLLEGE OF MECHANICAT. AND ENERGY ENGINFERING
ZIENANG UINTVERSELY

In partial fulfilirment of the regoirements of the degree of
DOCTCR OF PILLOSOPHY [N ENGINEERING

o
JIN Tao

INVESTIGATION ON THERMOACOUSTIC PRIME:
MOVERS AND THEIR APPLICATIONS TO
PULSE TUBE REFRIGERATION

Runerviant

Prof. CHEN Guobang

{"ryegenics Laberatory, College of Mechanical and Energy Engineering
Fhejiang University, Hangzhoo 310027, PR.Chiza

dday 20601



B AN RAERNE®, rAn RENS DSETNAE, SRERATT FamRGE. EWT
FEREBIT.

3. ARRENREG O

ARMMERECTREBEHHRERE, SRRHFATER T AEERAARTETT
FREEEE", FEcTMEmEERT THFR. Wi, RENLFERIEREIETHE
REBALFIERFLFLEE. BFUHENRLIE, AT — LW @B A Ky
FR.

3. THDAMEsh S

ITEREAER- eI R RS PR TEN NIRRT, EREEE
LM ERERPEREHENORS. CETURMERA RN AR SRR ERAERLY
NEAER -, SHEREFHFERC LIMSI ZREAH, sbARM - GhEREREmER
R, #ITTHFTE, AESHE LR, g rEES SN G6liz f 23Hz MASE
5. WHIR DelmE *TEFE 8T T RESEM T, BHE o [ R85 0K el i D i 7 02
E, HEEMAREMALE. MEEMFHLUGAETR (EASHART) fThESE. 8Bl -5
A, B, B F LR LFRD T % A4S BAEHE.

4, BFEEBE L
A AA R RMER . W SRERSH (— RS ETE SN

[



D i B - $iE. BARNE T HTE R SR ETR 2L S A

AR SIS TILASE. HERTHPRESRERRAATES . BT T Z2RATEN
3. FRAARARRERET T eSS, ABRBHEEEOEL. REM DL ATMBESTERN
. KA. ERNEREROEHMET 120K (ERRS, &3 7 EHT AT AT,
ErHEREETHAMEMATR. 44, EAEESE. MENFEMESITAS FHTH
ERE LHERSSHRETRENARPOERIR, FHET [ EEuf.

K. HiF RESEL MARESE FROEE O EERRS



{nvestigation on Thermoacoustic Prime Movers and Their

Applications to Pulse Tube Refrigeration

JIN Tao
Crvogenics Laboratory, Zheftang University, Hangzhou 310027, PR.Ching

ABSTRACT

Thermoaoustic prime mover i3 an absoluely oew type of compressor. Without any maving par, it

occupies many advamiages over the maditional mechanical compressers, such as simplicity, reliabilies, and

vibraticn free for long non-maintenance operarion. A polse wbe refrigerator driven by a2 thennoacoustic

compressor, instead of a mechanical one, is expected to be a promising Inog-term-operation crvocooler, and

it 18 even possible to replace the aditional cryocaulers, such as Sticlng evele refngerator, o some

gpplications.

After a detajled review on the histoncal developments of the researck on thermuoacoustics, 25 well as

the lates: advances in this field, prospective applicaions, and a sarvey of theorstical Yundammentals, the

present work foouses on the Following sections:
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Standing Wave Thermoacoustic Prime Mover An experimental setup of standing wave
thermoatoustic prima maover has been built up with brass matriz as the thermoacoustic stack. It is a
symmetrically heated system, achisving pressure rating of 1.10 and 1.06 with niteogen and helium as
the working fluids, respecively. Daperimental investipation has been made on the influsace of the
operating parameters, struchure parameters, and working fluides on the performance of the system,
Some latest improvements have been made on the heating system and the cold end heat exchanger 1o
strengthien the syatem for safer oporation.

Hysteretic Loop  Emphasis has alzo been focused on the onsel and damping behavior of the
thermoacoustic osciflation. Based on the acute review md anslysis o the non-sieady processes with
hysteresis, a hysteretic loop iz proposed and experimantally verified for the first time in the standing
wave thermoacoustic prime mover. Hysteresis is not only found for the temperanores, due 1o the
difference berween the onset and damping remperateres, hut also for the input heating power, i.e., the
crinical onset power is aiso different with the eritical power for the damping process. A mixed-powered
thermoacoustic prime mover concept is also presented in use of hyseresis, which may be helpful for
the application of low-gualified energy to thenmmoacaustic machines.

Traveling-Wave Thermoaconstic Prime Mover  Alsg known as thermoacousiic Stirling engine,

tmaveling-wave thermoacoustic prime mover is a newly proposed thermoscouslic system. An
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experimental setup has been desigmed and bailt up through 2 collaboration program between
Cryupenics Laboratory o Zhejieny University and LIMSECNERS {Fraucs). The system employs the
inkerantly revarsible Sdrling cycle, and ther its thermodynamic efficiency can easily surpass that of
standing-wave system and is even comparable tw that of the tradilions] ntemal combustion sogines.
Recemt experiments have suceeeded in obisining oscillations from the new system. with frzquencies of
G6Hz and 23He for e casss with helinm and nigogen as the working fluids, respectively. The
fraveling wave svstem i expected to he one of the good candicates as a cover for pulse bobe
refrigerator, leading to @ thermoacoustical'y driven pulse tube refrigerator withowt any moving
component. Some simlations with 1xelaB has zlsg been made to predict the performance of the

sysiem. Al e end of iy seclion, proposels and scheines ars also given for tac further cxpeniments,

ThermoAcoustically Driven Pulse Tube Refrigerator{TADPTR)  With the successful opemtion
of the standing weve thermoacoustic prime mover, we transferred part of our efforts to the
theraeweacoustically driven pulse tabe tefrigeraticn, which is actually the original aim for our study on
the thermoacqustic prime mover. First of all. we discnssed the matchipg problems hetween a
thertoacoustic prime thover and 2 pulse tube reffigerater, which is very imporsant due o the
remmarkable differcnees bebesen the operating characteristics of the twa seperate parts, such as
opercating fraquency, pressuce etio, 2nd phasing. An sxperimental apparamis haz haan constructed with
the exist prinie mover and a sicgle-stage co-axial lype pulse tube refrigerator. & sevies of opsimization
experimhents tave been condocted itk the following factors: onifiee @nd dowbie injet of the polse ke,
packing ratlo of the termoacoustic stack matnx, and pressure, The Tatest experiments phtzined a
mitimal temperarere of 11768, which is a great progress [0y aur system. This -emparature frovides
the possibility to liquefy vatural gas of 120, which 75 a really proodsing application peospect.
Hesides, we alsn discassad the adnption of the heliom-gegon mixees in our system, with consideration
of Prandtl meuber, frequency, and pulse tbe performancs ete, Some pralitminay sxperiments have

alze bazn dene to cbserve the effect of the mixtures.

Keywords: Thermoacoustics, Pulss tibe refrigeratar, Thermoacoustic pome mover,

Hysterctic Loop, LNGT iquefied Natural (ras)
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1 3413E-13 a Arsa w2 3=-2 2. BEER)R A B Pa
b 1382 b Periw mo Foe{24al 3. 0402 B Th{g} deg
i 1920 ¢ Length 5 E.3638E-02 © | m s
sameal ld  d Srough 91,477 D PR deg
aiG. 47 I Hdat i
samEns O Gas Ly —-fdh. 47 F Work L
Istainlesb Zau i bupe : -39, 257 G HestT L)
- [ - 5 - - -

[l

2008 = = =



ME . HHEERCNEYWmEIS
T30COKE 44.2 to 55 Concertric expandrr a5
zamerns Z4a a ATeal m 2 5=-% 2. T993E103 A |pl Pa
G. 1332 b Periml m Fre (25a) 3. 1398 B “hip) _deg
9. TOO0E-02 ¢ Length | 5. 926002 ¢ |U| m 35
2, 4895E~03 d AreafF mZ 91086 D PhiU: deg
0. 1768 ¢ PepinF m -Gld, 16 E Hdot ')
sam=zas 11d T Srough -614. 16 F York ¥
sameas O bas type -8 G9EE (7 Heatln ¥
StﬂlnlESS Solid type
“““““ 26 e
RFHTARGET Cale minor loss pesistor for 44,3 to 96 expander 26
£.0000C 02 a Tarzet it 11182 A RPNval
U 424 rho %« 25C # 25d ¢ 254 S Z6a ;?
IHFEthEE Kinor loss resistor for 44,3 to 56 expander 27
sameas 264 a Keifs) Fa-s/m 3 2.7984F403 A |pl Pa
0.0000 b Im{Zfsy Pa-sm 2 1. 1734 B FRip) deg
4, $262E-02 ¢ [ m s
GLNBE D PRI} deg
-616. 13 E Hdot ¥
sameas O sas type -616, 13 F ¥ory L
r1deal Zglid type ; '1 9641 G lleatln L}
P s BE
[SONLET straight duet los stainless comnecting flange Fil ]
2 4395E6-03 a Aren m 2 2. 7T09E+0R A 'p Fa
0.1769 b Perim n 32,2203 B Fhip)  _des
1. 8000E0Z ¢ Length m 6. 2ER5E~32 C (U m /s
1. T500E-0% d Srough a0, 872 D Phi deg
~Hlh ] E Hdn- ¥
sameas 0 Gas type -H2B. o] F Fork W
,stein]esﬂ aolid type % -1 7849 G Heazlp ¥
RENTARGET Capture pl kere 29
~ 0.0000 A Target fr) [ 2. VAAARE+GA, 1. 35BRE-N4) A
Bl
! —_— e —m e = _ im= e 3:] e - - - — e e e
I50pUCT Ftraight dutt ) kL
2, 4803603 a Area o2 2 T708E+05 A |p| Pa
01769 b Perino o 3,220 B Phip} deg
00000 c Length i 6. ZRBSE-02 C |C m 3%
1. 7200E-D3 4 Sraugh 40,372 D PRI deg
~61i%. 91 E Hdot ¥
sameas [ Gas type -619. 51 F Rork ¥
‘stainless Solid type O 00 G keatln ¥
! _ 31 —————— T e —— e
[5C0UCT 90%hend 3 . K}
2. 4B95E-03 5 Area m 2 2 BOEREHYS A4 |pl #a
0. 1769 b Perim o 33473 B Fhip) eg
0. 1194 < Lenzth n T. 1030E-02 & (U] m 35
sameas 11d 4 Srough -90. 431 It FhilD deg
-630. 30 E Hdot "
sameas F Gas type —-534. 30 F Aorh )
Istainless Solid type - -10.382 G Heatln F
RPNTARGET Cal minor loss resistor for 90 bend 3 32
0. 2500 a Target {t} §583. 4 i RPhuval
ﬂ 474 rhn # IIC * 92a + 31 / 3la /
““““ 33
IHPEDhNCE Niner loss resistor for 00 bend 3 . 33
sameds 294 a Re(Zs} Pa s/m 3 Y 8934E+05 4 |p Pa
0.0060 b TmF=} Pa-s/m 3 34315 R Phip) _deg
T 1030E-02 ¢ [ mds
-90. 431 D Ph(L} deg
-Bd4_ 38 E Adot L]
sameas 0 Gas type -G44, I8 [ Work L
1deal Solid type 2 ~14 086 & HeatIn ¥
ISGDUCT FB comnecotorseonnecting flange/part of tec 34
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T A= LS

e i AR MR BB E MR

M5 A

2. 4896703 o Arew n 2 §—-2 1. STHE+DE A |p Pa
0.1782 b Perim m o (2da) 38181 B Phip) deg
0. 1540 ¢ Langth m B.O1432F-02 C© U m 34%
sameas 114 d Sromgh -2 984 [ PR} deg
-G5%. 84 E Hdat ¥
sazzas 0 Ga=z type -fa0, §2 F Work ¥
stainless Solid twpe -15.438 G HeatlIn ¥
HPﬁTAEGLT Cal minor loss rE=15+cr for FB-Res %5
Q. 4220 a Target §9. 933 A EPival
i 424 an ® ﬁ?F SORD = 34C / Ma wQRH {25a %
r — ——— e — dh e e e e o o e o e e e e 8 e e e
IMPEDANCE MLnur loss resistor for FB o resorator ILﬂﬂ ian d6
sameag 354 2 RelZs) Pa—s;m 3 2, 575EH0G & pl Fa
000 b bel(Zs} Pa-s/n’ 3 1.6t91 B Phip) _ies
8, 1432602 ¢ It m dss
80,984 D Phil) dog
-BB0. OB ¢ Hdot )
sameas ) Gas Tvpe -G60. 04 F Wori )
idzal Solid type 0.2319 4 lHearln )
! 37
S0-TEND Eng of fasdback branch ar
AL a Relf it} 257928405 A p! Fa
O L0607 ImfZ) il 4,604 B Phipl _deg
2 id3zE-02 2 |L| a1 37s
—33. 984 D Phl g
-Bal). 05 E Hdﬂt L
-GG, &k I Wark ]
0. 1017 G Reid)
gameas 0 Gas type 1.6111 H Im(Z)
ideal Splid type K. Gﬂ I T K
____________________ N — N —_——
ISEUU T Durngy duzt uzed to gel input 3Inpe*t &3 315
L OO0 & Area 572 3.1120F-05 4 (3, Fa
L o000 b Perlm mn 0.0000 7 Fhips deg
0. 0004 o Length m ROZTEE-03 C O m 3's
0000t a4 Srouen 49 434 0 PRIl eg
aaR. 70 E Hdax ]
samees 0 Gas type a0E, 70 F Work ]
Iiﬁfal Solid tyoe - 0 0ot & lisdelc ]
fPNTARGET  Streaning mass flox in gransﬁscc izl
0.0 a3 Tarzet r N.7H38 & RPHwal
rho A8F * Ga / 1000 *
! S —— e —— e A —— — a— —— - d__l'J
BEGIN reset temp at KX input 40
gameas (2 a Mean P Fa
samess 08 o Freq. bz
3% 30 c T-aeg K
saneas 334 d |p:@) Pa
sameas SEH = Phipld dup
zameaz 3AC & ([l @ o 35
saneas 3N g PRADO deg
swens G fas type
IideaI Solid trpe i
TEFRST Mein rooe Leap weter HI 42
2 AR3INEI a Avea o 2 3. 114B2008 A |p P
0.3583 b Goshdd -5, HATSE-DE [ Paip) _deg
2, D4Q0E-DZ ¢ Length n 4 GTLER2 € T m 3s
1. 27H0E-03 © radius m - 6. 168 T PRI drg
-4 B e HeatIn ¥ G -139, 14 [F Hedet: ¥
3M.00 f Est-T X (2 50368 F Work ¥
sameas O [as tvpe ~B47. BB { Hent ¥
stainless  Selid type 249726 Il MetalT i
Sl 4%
bThBUCT Degen cold =nd_dead space due to ribs 42
2. (OCE-93 2 Area m 2 3. L149C 03 & |pl Fa
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Meé— TERES NP
0,300 b Perim m -f. DORIE-02 E Phin} deg
2 iTalE-03 ¢ Length m 4 aT48E-03 C m 3
1. 1000E-0% o Walla E 2 43958 0 PhOD deg
=139, 14 E Hdoz ¥
503 65 F Work ')
319,30 G T-heg K
zamezs 0 Gaz tyoo 337,81 H T-end K
Iﬁtainless Sclid type 5 5, 1227E03 [ StkErk ¥
STESCREEN Regenszator | 43
2. 4830E-03 A Area mZ 2. TA4REE+IS & -p I'a
0. 7199 & Volfor -1. 5309 B Phip) .dep
7 3C00E02 ¢ Length i L GEI&E gz 'l a3
4. 8M0E05 4 t H m —f. 9191 [ Phil} dpg
0. 3000 o KsFrac -139. 14 E Hdot ¥
1479, 2 F Work w
197 &1 G T-heg K
sameas [ [as cype 1124. 8 U T end £
sta*nlcss Snlid 1yne » GTa. L2 | Stk®¥rk [}
RPVTERGET Bgtimared hea leak througk Insulater mazerial 44
0000 & Target ot KEX AT f RPhval
A0 AT - VB9 & 430 VT3 - 1, L1E4 + [ 123 - #
- Y
INSDUCT 411 regen hot end dead space 15
2 4B20E-02 a Area m 2 2 THRSE DS A& |pl Pa
1.00090 b Perim 1 -1.5455 B Phip) _deg
8. 7TOO0E-03 ¢ Length m LOBSTEO2 C |11, m A/
6. DGONE-04 d Stough -l 99 D PhiL deg
-139. 14 F HloL ()
samens 0 Gas eypa 1474. 5 F Work L}
Isminless Snlid type i 0. 000§ Heatin ¥
HIALL HHY heat afer are uzedfnot acoustic arzea 'lﬁ
2. 4630E-03 a Area o 2 . T416E4HC5 & p
0.7000 b CasAsh -1.5813 B Phips deg
3 8000E-02 & Lengli ® 1. 1057E-C2 E A o 3/
FoOODGE-NS d vD m -21.414 Ph{U] deg
1599. 8 & Heatin ] G 1460, 7 E Hd=t L
800.90 T Est-T K (t 1434, 1 F Work ¥
sameas [ (Gas tvpe 164G, B [ Heat ¥
Istainless 30lid 1ype 1155, 6 A KeialT E
! —— ———— 47 = —
STRDLCT  HHX dead space , AT
2.0000F—03 a Area m2 2 TATSE+OS A [pi Pa
N. 2000 h Ferim m -1.585% B Phip _feg
2 EBI0E-03 ¢ Length m 1. 1146E-02 £ 10| w s
1, 650003 d Wa'if m 23 —22.153 D P deg
1480. T E Hdot WV
1433. 6 T Fork )
1124, 8 [ T-beg K
sameas [ Gas type 1132.0 H T-end i
stainless 3Solid type 0.5194 T SthiW¥rk )
r —
STRELCT 1st straight sectioh of pulse tube 48
2. 4890E-03 a Area w2 5=-2 2 T4G1E'Q5 A Tp fa
0,176 b Perin @ Frc (48a) -1.6334 B Phip: _deg
7. LOBUE-92 ¢ Length m | 36T2E-02 C |U B 3is
4. AOUDE-04 d Walld m 2 =42 208 O Phill} deg
1460, 7 E Hdot L
1425 8 F Work ¥
1122.0 s T-heg K
sameas 1 Gas type 920, 17 H T-end K
rscainlcss Solid Lype 1 =7, 7228 1 Stk¥rk L
STHOONE Taperred section of pulse tube 14
sameas 483 A Areal m Z 2OTI42EH0L A I'a
samens 480 b Periel m = -1 B0E B PthW de

11#



T EM LR &, PEEHEEAEINETHA TR 2001 % 5 1

0. 1460 ¢ Langth n 2.3TIBE-02 C |U m 3
3. 1074005 o AreaF W 2 5=-1 54. 628 b P2 dee
0. 19¢f e Per mf m Frei40d) 146007 E Hiot 1
4 4000E-03 f £ wall 1419, 2 F Work "
420, 1Y L T-beg K
sameas b Gas type 298 83 H T-cnd K
stﬂinless QGlid type -6 4814 T sthirk ¥
al
RFHTARG:T Calc mingr loss resistor for 96 to 63 expander L]
8. 0RO A Target i) 300, 24 4 EPMNwal
U 424 rho * 450 * 494 / 49d S §la *l
N TR e = 3l T T T T T e T et -
IMPEGANCE  Minor lnss resistor for &6 tu 63 expander al
sameus SUA A He?ﬁa} Fa-s/m" 3 2ov341EHE A |y Fa
0.0000 3 ImiZs) Pa—uim 3 -1.7089 B Phiy) dey
: 2 2T33E-02 © L ] m 3 s
-B4 628 [ PhiL) deg
1419.2 E Hdot ]
samexs O {7as tyoe 1419.2 ¥ ¥ork L
Iiu:IEE.l Solid type - =0.15932 G Heatln ]
I S
STROUCT gad sTreight se tion of pulse tube Sa
2. 4893803 a Area o2 2 TALEE+DS 4 o Pa
0.1769 b Perim m -1.8339 E FhlpJ deg
1 Z030E-0Z ¢ Length n 2.36687E-32 C N m 33
4. Z000E-4 4 Walla o 3 -£5. 730 0 Phil) dag
1219.2 E Hdot ¥
1116.8 I Worl L)
295, 83 G T-beg K
sdanmas 0 Gas Lypae 290 28 H T-end [
gtsinless Sﬁlid tyoe -0.3022 T StkWrk L}
|——— —————————— — 53 —_—————————,— —— ———-
RENTARGET Capture a2l Rere 24
00000 a Yarset i) o2 TOG4EHGE, 87550 TOA
ol
1 7,
BPHTAAGET ¢alc minor less resisioar Lor [low nLLnLHhLE‘ o4
33000 a targst Lt B 92a2R+0a A BPMva’
ﬂ 424 rho # 50C + §2d F BEd S S4m =
—_— 5-] e e —— e —— i e e ——
"IMPEDAMCE  Miror foss resistor for flow straighier _ ah
wameas 244 a Hedss) MPa s/m 3 IRANCICE A gl 2
G.000OC B Imi2s) Pa—sdfm 3 2.280¢ B Phim _deg
2, 4667E-C2 T T, m 3
-B5.TE% D Phill deg
11A3.49 E Hdct ]
mameaz 0 Gas bype 1168, & F Work L}
ideal solid type . -24%_ 35 i Heatln L}
[ - 5 —_— e —————— - -
THLAST Sitall water Hees o5
2 4R30E-0% A Area m2 £ BEATEAS A 7l Fa
0, 3530 T Cashdi 2. 1101 [ Phip) de
2, UDGOE-02 ¢ Length | 2 3008E-02 O T m 345
L. RO0OE-03 o radius m ) -h. TR? T Ph{H) Arg
-150, 00 e Heatln L 3 1153. 0 L Hdck ¥
290,00 f Est-T K ~hREHT 1163 2 F Wurk L]
samezs 7 Gas tvoo -4.931% G Heot W
ideal Svlid type 240, 00 H Metal® 4
e ————— ':-T o ——— T T — e i —— —— —
'RPYTARGET Calc minor loss resistor for 2nd CHY &7
1.2000 2 Targe: (L) 1. GEISE:0S A RPwval
U 121 rho * 1bC * uﬁa nﬁh * qqrd I 57z *
IMPEUHHEE WNinor loss reqlstﬁr fur 2od EHI a6
sumess 574 8 RelZs) Pa-—s/m_ 2 2 RCOLE+DE & |p. Pa
00000 o Im{7s) Pa-s/m 3 29636 B Phlp deg
2. s0u8E-02 £ | m 3 s
-G6. 162 D Ph{U} dog
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& TEFETMEIRL G

1115.5 E Hdot )
cameas 1 Gag Type 11.5.3 F Work L]
Ifdeal Sulid type - -48.425 G lleatln ]
[ ——— 3 et
[EQDUCT FT comnector | a9
2, 4395Hﬂ a Ares m2 7. 5903E+05 & |p| Fa
0.1763 b Perin m 2 8224 B Phip ey
6. S000E—02 e Length m 2_BILTE02 € |1 m 3/5
6, IME4 d Srough 9,505 I Phill deg
1115.4 E Hlut )
saneas 0 Gas Lype 1113. 4 F Work w
Istainle55 Solid type 0 —2.133 [ Heatln )
RENTARGET Cal velocity im arter union fur miner loss £t
.00 a Target (t] 0. 1084 A RPNwal
DQD E?D - pos 99C % 390 - sqrd :QDE?TD — zin 59C * zqrd + sqrt
RPNTARFET Ca” minor loss resistor for PT to resonatcr il
0. 9100  a Target {rl 1. J287E' 05 A RPMwal
ﬂ 444 rbo * BOA sord * 59C 7 o8 SEE"' S dla =
LHFLU&NLL Ca. winnt loss resistor for PT to resonmator 0z
zameas 614 a Reids) Pa-sim 2 2.OTHEEEDA A po Pa
00000 b Tei7s) Pa—s/m 3 3.6154 B Phip) _deg
2 83L7E-02 L .0 ® 35

—60. 506 [ Phil) deg
1060, 1 E Hdot L

gameas [ as ryoe 1080, | F Work ¥
idesl Soli1d lwpe " -531. 314 G Heatln )
! —— e ) ——
LMTON Rejoin ) M)
37000 a TenuSe 2 8T92E+05 4 g Fa
2. 5792E+05 b [p!End  Pa  =6347 4.6194 B Phip)  deg
3.B194 ¢ Phip)E  deg 26307 01024 (U] m3/s
H4. 741 D PhiLD deg
400, () E Huont L]
samcas 0 Gas type 400, 00 F Worlk ¥
Iideal Solid type 5 0.0DOC G Hewtln w
FREETARCET Power cutput it
400, 00 a Target 6447 400, 1) & FrasT
ﬁHF b Resﬁdr
_________________ — {"I‘E e e e — __ —
RPNT&REET Regenerator pressure drop fia
G QOO0 2 Target () o, ITYEE+G4 A RPNwal

=1. GZRZE+0d B HPMval
rEEﬁ BAF sin #*  3IBA B34 EEE roR k-

BPNTARGET  Yet pump pressure drap &6

B DOBD & Target {3} 1932 8 A EPNval
1. 3023E-04 B EPNwal

| B4 BB sin # 84 8B cos x 4 - 67

APNTARGET Normalized jp#regen pressure drop iy
0. 0000 - a Target ftl [ 0. 1822 -1 7RTIE-0Z] &

GO AGDL [ # + GOA BGE I # 1 + QA

| ———————— - — &8

RPNTARCET tau-1 GA
0004 a Target () 2. 5228 A RPbival

430 426 /7 1 -

! -—=— fl

RENTARGET ¥load G4
0, 0G4 3 Target [t} 3. 0518E-05 A HPNwal

Ada 400 —

L ————— i"u —_—

"RPNTARGET Diss from hhx to chx 70
g 0000 a2 Target {1 525 38 A RPNval

ATE T O38F - 46F 62F - +



i g A &5 hiuEl A SRS i B R Mt EFA

EPNTARGET Regerarator luss
0.0000 a Target {2} 148 64 A RPNval

42F 43R 430 7 & 43F -

' The restart information below was gensrated by 4 previcus run
! You may wish to delete this infommaiion bofore starting a run
. where you wi' 1 {UinteranTively) specify a different “teratinm
Pweele. Edit tbis teble only 17 wde reslly know your model!
S 1 1 1 | 241 246 3

TARLS 495 BEY ZARY 364 L

SFECTALS b 21 -3 34 -2 25 -2 34 -2 45 -2 49 -3
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x= MBI ealRkR (R XEAFR

FHESLHE, £ES (St B 27 CFF ITH, #8 s8 (EP 2 2o g
Ay, Er&#STE 278, &N TF 15E, §—FF U g, BE_HF e R (ED 31 BSHLE
—EE) Bl ESCIKBRTEIE, BIKR2E, SIPHESE. A4FEUT:

—. Wb EE

!. Chen G B, In. T Experimental investigation on the onzet 2nd damping behavior in the thermoacoustic
oscillation. Crpopenies, 1990 39 (10): R43-846 (SO, BT B

2.Chen G B, Zheng I W, Qiul M. Bai X, Gan Z H, Yan P I, Yu J P, An T, and Huanz Z X. Maditication
test of staged pulse tube refngerator for wmperaute below 4. Crpogerics, 1997; 37 (9 520.332

(SCT ¥ Fe)

1 &3, PRI, IR, BRARA. B SE RS PR TURRIE RS ATa TR 1999, (4); 5054

3 EFE B, S, HEL, BREE, T Rijke W ASESE T B M. FELE S 1998 26
{3): 4246

5. 210 BEIE, AR, E T A ERAES BT, FE SR 1999, 27 (2% 49

6. & # BEE, MY, HEEENREAARR S5 58S 1900 27(3) 49

T e EEAL SR kT REEI UL @ & 0T S T 1990; () 27

3 &E, WEEE, WG, A, HEE RS TRERF RS PmEREE. S8 582 1009, 2710
37

9 2R WEHA HEE R SN REENNERN HE SEF 1999, 27(3): 18

10, E¥, BEE, WEE, §EC, DN R FESERERTITEAT H£LTE 2000 (1) 27-
£}

[ s, PREA. S8, HE4E, ik s A Ea ik E T IUmn il B 2 i@ it AL 4F, 1959, (4):
3742

12 8, &5, RS 3SR e . A SE S, 1997, 25 (4) 10-17

13, BREEE, £, 48, R BT hHEs g s R BT A5 A 1997 (31 511

14 A, MR, &0, FEE L, HEE g, 5E5F £BF 4K Q4T LER TR
& 3T, R FEFEH, 1997, (3 V17320

15 6P BRER £ FELE HT. SFEAPNERAZENEW. A0HF & 20003 17-22

16, (ki BRE R, 4%, EO5 A Ral R e Bne. MBS 8, 2000, (2): 1-5

17. B4R, BER, 57, BRE, £8 38 —HiRER2AE0R D E. 48 S8 1996; 24
i4): 6-10

18. AL, B8, HE% AR, &8 BET, Z2E, £8F £55 MslEE ER TR
MES W FE THE 1997; (3% 15

19. ARE, FEA, BHE, H8E, 06, Ak 8 AR, 68 ET4KEF T 8K
EHPEULTS R TE 1972014

20, MR, BRI, BR B AR, HE S, piE, AL, 30 2B T, A5F &SRR
EAAEEA 1997, (4); 14

21 EERE, BES, 88, HE 813, AL, 2, EF, £8P i TEE £ 8RS
LR EHAT R, LS 1997, 25 (1% L6

22 BN R AR N 8 BEE QE SR SE FEER CHERKEHHY
WA HPFHEAR, 1997, (3): 14-47

13 BRRT, O 5, R E ., SRl ofa, BB, 8, 3T, AEE. D HER CHE RS
T T8 TH 1998, (2): 14-17
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24 [in T, Chen G B and Shen Y. Study on thermoacoustic prime mover and its application to pulte tube
refrigeration. First International Workshop or Thermogcowsiics, the Netwerlands, Aprl 2601

15, Chen G B, fin T ¢t a). Experimentz] sty on o thormoasoustic engine with brass seéroen stock matrix
Adv Cryo fing, 1998; 43 (b): 713-T18 (ISTP 3

26, Clen G B, 5in T. Pysteretic loop in thermoacnustic ascillatinn. ddv Crowo Kag, 2000 47 {a) 753-79
(CEC-P9, Quibd:, Canada, July 199¢)

27 Bai X, Jin T, Chen G B. Experimental stuldy on a thermuacoustic prime mover, Proceadings aof JOTRGR,
Hangzhou, Chiny, [1598- 532325 (E1, ISTP #13#)

8. Bal ¥, [in T, Chen G B, Experimental stady on a thermeacoustic driver Proceedings of i Sth
Japaness-Sine Joint Seminar on Doweanler and ity Application (A5-5), Osaka, lagan, 1997: 205-205

2% MHang 'P, Chen G B, Fn T et al. Discussion on resonance frequency of standing wave thermoacoustic
shgines, First Inerrahonal Warishen em Flermnacosiies, the Nether lands, Apol 2004

IR, 1996 217-22
3. Chen OO, Gan 2H, Yu J B, Iin T And Yan P D, Sudy on two-component gas mixture in regenegative
refdigeretors, fOECI7, England, (998 197-200 (ISTT* M)
32 Chen G B, Yo It Gan 218 e U Vxperimental investigation on pitise Dube refrigergtor with binary
mictuns, Adv Crpo Eng, 2000, 45 (af {53137
J3.¥u )P, Chen G B, Gar Z H, En T and Yan P 0. Discussion. on regenerator performance improvament
wilh binary wes mizlura, FOEC] 7, Enpland, 1998: [17-122 (ISTPMIR)
34 EPR, BRER, S T, 8 SRl TR ERN R NITE. S s S THE A
FLEIN. JEIT, 1996; 5134
35 Chen G B, Giu L M, Zlenp F Y, Yan P D, Bai X, Gan 2 H, lin T, Experimenral study on s JK two-
stage pulse tube refriparator with couble orifices. Proceedfngr af the 3rh Japarsge-Sing Jojrt Seming:
ooy Lirprrsrenier awd i Apalizotion (S555-3), Osake Japan, (997 2[-46
3 QLM Gan 2L Chen G B, Zhene J Y, Bai X, Yan P D, Hn.T, Yu J P ot al, Comparisan rests of tise
lrpes Deo-sace pulse tube relrgeralors, Proccedinge of the Sth Joparese-Sine Joinr Somar o
Cryacooler ard jts Applfication (G5A5-31, Osake, lapan, 1997; 142-140
37 Chen G B, Qin L &, Zhenz F Y, Yan P 1, Gan 2 H. Bai ®, I T 3K deoble-orifice tvu-stage pulse
tube refrigerator, 4o Crvo. Erz. |D98; 43 {F1 2063-2068 (ISTR 3D

=. BRrE

38 Lo T, Clin G B, Shen Y etal. Crvogenic-temperature themmoacous ically driven pulse twbe refrizarator.
CEC.Z000, TSAL July 2001 CEif. EFH)

1% Jin . Chen G B and Shen Y, A thermoncoustically driven pulse fete refrigerator capable of working
below 1Z0K. Crpogeniey, Anil 2000 (FEH)

1. B TE AR, B 124K RS M ahix TR A0 #EENE 2000 5 (ERED

Y. @0 WE S, bR TIRIEE A S TEMGE R ARE L E 20013 (HER)

2. h, BEF, EEE, 2EF EN Hear B L XN SRS SRS, &8 75
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R 7 ki

ftEN SR H R E A

WE ZAE. BFHEENES ST RN - A T SERR. T AEEEERHEEETH
EelH, FEMGES— FEMA . SERE (1996-199%)

i BEEEA (ESFRAEIN £FHN R OB NIRRT RE, &1 TRH RN
LEhB A EREMIY, BREFETEE. TR (HATMISH. Fek. THRARE (X
HEXE#LUELTIRSE M) s, Bm. 80 - FH008E THEEWAiE. Sk &
i1 T fF T E A A T R A BT LR E RS & i AN EM AN . BB LR EE AN
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