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Two-Dimensional Analysis Model for Tapered Pulse Tubes
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Abstract

A two-dimensional model for pulse tubes with tapered cross-section was proposed. Net enthalpy flow
and steady mass streaming were investigated by two-dimensional analysis of mass, momentum and
energy equations of the gas as well as energy conservation of the tube wall. Steady mass flux profiles
show good agreement with the previous approximate solution. It was shown that steady mass streaming
can be reduced by tapering a pulse tube and by increasing the length of a pulse tube. Effects of the
velocity phase angle and frequency on steady mass streaming were shown.
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Fig. 1 Schematic diagram of a tapered pulse tube

@ ABFAL o7 Aol T, $5E FFoIT
(5) MEB s gdsol gk

A9 FHHES olgste] T AErxe AR
RE SERRE, QUARE, olA7|A WA
3 AEHEY A RENS e} BTk

_.Q+M)_ _l.i(l’@)_ =0 )
at ox 7

du du du 1 3/ du
(a:* ax+vé)r)“ ax+#r 67(%)

oT , oT
”Cﬁ( ot T %oy +”ar

p=pR,T @

oT, 3*T,
w at ""kw ayZ (5)

0.C

AN p, w, v T, pe T FAFsbs9 W
E, 29 &2 0y £52, 25, agu ¢
g3 vehiY, T,= 94%53¥y 22E vehd
o, AE@He A 2 g E Rol dlEo u)
S gfornz AFFAL Jauzya FHA&c
BEHL T4 tistd FolmE r=(°1A
o) AAZANEL Ju/dr=0, v=0, 3T/dr=0
ol ZF7txe WE@He FAW(r=R ET
y=DolA ZF7t29 HFAY 259 AR

& Zolol FER AAZAETL u=0, v=0,
‘T= Ty —kIT/0r=Fk,0T,/0vo1H, W5
9L Fdso ot HAFPLER y=(d
Aol BAZRAL §T./dy=0°Ith

#9] AupA A E9 sl 45 H(perturbation
method)& ©] &3t FE4ct HEHAM= BE
W go] thegd o] AT, 1348, 183
axgEY goz gPPG

P=Pntorto:t...

u=0+u tu+...

v=0+uv;+vy+ ... (6)
T=Tu+ T+ T+

P=buthitbot..,

To=Tumt Tt Tpt

21 £, 25, U, ¢rH e 143l

2 (6)2 BHEL AuigAA (1)-(5)) L3t
o 1AgET 2od g& Zo] 13 AujuA
Aeg T 5 gl

501 a(pmul) 1 (70,u01)

at ax ¥ ar =0 @

Gu __ 3 1 0 9w
P54 dx +#r ar( )

aT, dT,\ .1 8 ( 8Th\, K b
p,,,C,,( 3 + uy o )uk-l; (W)—'— T ®

or
p1=—me1/Tm+j%p1 (10)
3Ty, 8'Tu
ouCu gt =k an

1AgEL Aol g7 FrHoz vdsme
3 o] Bags YU AT + v
2ol B)5Q ojvlg zheth



HlolHE i HER 234 Y

wt

w(x, v, = u,(x, Ve
n(x, 7,0=0v(x, Ne™

bz, )= py(x)e™ (12)
Tix, v,H)= Tx, e™

wt

o1(x, 7,0 =p,(x, Me
Tulx, v,00= Tu(x,y)e™

AWEgHe] HE dukalsr] Yste weE
S o3 2ol FAdd & = Qe

=L o _ R
X = I ¥y = B R'= R,
t‘z_t w = U v
Vo ws o CUSa)R()/L
b =TI _ 0 3
p p() T TH e 0 ( )
A7 gy} pp A7t NEPET v EURo)

o Ry WEH Uy AR dolg AR
A A% dHolwZ 0% 00 2 &% e
WEde] Bxgoz RS R, Alole BAE
Tt g

1L @ [, L L. OV
Ro 2[}r\,otaanr\/4 B(Rotanz)] (14)

sopT x=091A 8 AHR{FL dAA A8
Hel®z 0F 0° 2 3518 w9 wWe o=
O A3 go] dd

2
sw&:(%’) 1s)
nadsE £ 25 dxne |HHEL T&
A oohga go] BEH=H A4Eu 2R
ou|g Zet

;Sall 1 a/p1
TyMd® b, dx

("] e

ui(x", r)=

671

i) =g pflm
[r +*1”+—Efx( )] %Lz—) pf;;'
XZ Zﬁl 7= £
+ 1(;:{{)1()1/“{(51)) £ — 1+ B

_ Z(SCI)/L) R d2p1
2yMa® o), dx*’

(sa/l) | dR" dbi . .
+ Q’Maz p:n dxt (ix. fz(r ) (17)

= fL7)]

Tf(x*,r')=_2’___1_,1’_3[l_M

1+e&,
___(Sm/LV _l_ﬂf_ﬂ[l_
Ma®: o, Pr—1
<yt FEEE A o)
(18)
pila", ") =— ;.’." T+ ;,,1 (19)
74
___ R _ .
A= Vound o 2o V(T (20)
b= @1
" V21l (pyw)
) JLGE=1Dpr"]
M) =D T G-DA @

LLG—-1)BY Pr7']
]o[ (l“ 1)/3“ Pr]

(23)

$lr)= (i— 1B/ Pr

N ]o[(i_].)/gr‘]
A = = =) (24)



672 WA F .
o LG DB Y LLG—1B]

A = G- DAY @)

L) =)~ AT = R(7) (26)

1oy JL G DAY o

JLG—1)AVPr]

V kponC
=iy

A G= DA Prl/ 1L G~ DB/ Pr]

tanh[ (1+ 4.1
(28)
_ I
b= V2l Cutd )
_ [17:00)]
Ma—m (30)
_ T _dun
b= 2 dT, (31)
ojt},

A (10), (16), (18)% ©ol &3t AF7k2=9 13
AFREA (Mol r& Fato] 0FH R7A AL
&3 13 e aEA A(wave equation)d T
&3 Zol 7 F At

£ = £
(1—Pr)(l+e)

&p1 _ 1
dx'z 1_fu(1)

-1

dT, db;
+ (D - (1+b)f3(1)]T. e

M2 1+ O-DAW/A+e) B
(s/L)? 1=#(1) Ty

1-7(1) R dx* &

A5 PAAs) AAZAEL THE BT Aok

3 e &
( dj’i{) . iowrMa’
& ) GalDU=ADNRY)
(33)
( db} ) _ oM’ (sm/sq) ~i¢
& ooy GalDU—ADNRE)
(34)

Agge] Az @5 Ure FFRA
of gk A2y fss ZF aa# sk —,—-z]—%_fs]r%
2x Av|dEdHEe TaH gy Fo] BF
#ch

ey Sall 1 J__L_i_')i _db p
¢y =gk L sl (B )

M_l)_
x(1_7“(1)" (1+6;)(1+Pr))]
3
1{Sa}y' 1 1 _ 1

+z( L) 72 Ma® 1-Pr
(R dTn _dp _dp
o @ e dr Im| 7.1)

N (f (D) — 7)) U +es1)/f (1)

(1+e)(1+Pr)

_ (R/L) (RY g2 3
28°Pr(sq/L) [1+2 2 Pr(R )
0,Cu 1 . dT,
pOCﬁ p,;n(R*):} ]pm dxt (35)

A7) A < >& AR FS Ve
22 AMZETE X AREED ESYREY
2 GERREAL ALHTE Ao FAL
shak s o
1l 0 (7" au:)zz e _CU__]._ dp;
¥oar ar Ma® L o), dx'

+ ﬁz— Re[ A'———a “ ]
ox



HelME zh dzde) 249 ey 673

+BZiL@}51—,Re[8* 8“1]

1 ar'
+ B onlm| 01 %, "]
b ol 9 [ eaedu]
o Re - 67'(r T P )](36)

ut FAUSE 93 24 £ Y
€ WEaE, pie FAdstE 23 geel g4t
e w9 AAZAL S =144 =0,
r"=094 dui/ar'=(o)uk

AEEe ¢ " Bisle A AR S
FArggstd ohga go] gEdd

* w 1Y ! . 4 P g
m;=2R )Zfo[pmus-i—(plul)]r " (37

AN phuie EWT 24 &= Ao
% AFAFOIL, (pludt VY 1AEE
S 134 Axol oy AvAB4EE e
€G22 2y AFHIFA N E 1F
#o) o WHe BAaE AulAREEL 00 H
ook BBZ mi=00]c},

3. X ol A 2y

17 ghg o] BA4NEg 387 geto] 2 (32)
2 (35)9 #|E 4 Runge-Kutta %88 A3t
Al T3tk Fol Heee

T'=T(x"=0) tate]l " =19M9 &
E2A T, ("=D=13% ¢d9 AAzAR
G4l EF wEg dzix] Yrjdgs (H) 9
x*=000X9 k8 5 1(x"=0)2 BN ,*
=00 x*=174A] A4S wHE g

27 Y S29 AR L= 4 G0
fraabRstel 7T 4 @M FF 400t
AV dBRFA ONE WEY AAA Bl de
&g JHgstol wE Aasigic

4. 23 & E9

£ a7 Aol A Fad Wssy v
Txae Sa)/L*O-], Ro/Lto-l Pr=0.7, 7:5/3,
Sm/5p=0.3, ¢=90°, O=5°, @=100, A,=0.5,
Tc'=06, x’=0.50Ich, Tt Algg 72
4E py =IMPacl X 7| FLE T,=300Ko]H, &
e HekE  p,=0.850]ch,

Fig. 2= HolH2t @7} Amdgf5o v)x
T 9G¥ RAFED gy7h 103 209 A Sojis
o7t FIHstel wet Fuldgs gEo| Frtsin}
7b Huigtel RRE F pisle AL B 5 9l
o2y, g7t 509 FeelE o7 ARSE
Arjdg e fgol Tt g7k 102 A=
o7t -1° Rl Awdedst Hejrt g
Bo7t 204 ZfoE @7 0° BZA Aulql
@37t Ho7h H AL B $ Qo

Hol®Z} @7t 49 JFLEE T nHE
Y2 Fig. 390 vehdiie @7} Folges 9
TEEY e Foistn Ho7l He 94Xt
ALIngs] Fgoz olFde AL B 5 9
oA @35M € F e ANY =R @
dHs FHEE Ardedase AEsiad

=EEl @ ArdgAFFA 3599 ¢
9 A AL F UA FHn H5pus 3gs)
29 dy=o] ¢ AudAGE(A 359 9w
o A WA e goz A WEHe 9
He gyt sgEglons MEn 3

1.010

1.005 : S
A" 1.000}
‘N

0.995 _:._.1,‘.7""'{.'.- pnn

*>f<H

0 0990 [/

<H

0.985

0.980

0.975
-5

Fig, 2 Effect of taper angle on net enthalpy flow
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Fig. 3 Effect of taper angle on mean temperature
profile
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