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Abstract

Effects of oscillatory flow upon heat transfer characteristics have been studied experimentally
for oscillating flow in a circular tube. The experimental apparatus was designed to simulate the
heat exchangers of the Stirling or Vuilleumier cycle machines and the test section consists of
heater and cooler. Measurements were presented of heat flux, axial wall temperature distribution,
and radial temperature profile of the working fluid for several cases of oscillation frequency and
swept distance ratio. The influences of two main parameters, frequency and tidal displacement of
the oscillation were investigated. Then the heat transfer coefficient at the heater is obtained. The
experimental results were in accordance with the results of an earlier analytic study carried by
the authors with a assumption of oscillatory laminar slug flow.

NEdy vtk e 23 [m]
D e WA[m] T &=[TC]
Gr : Grashof <, (gBATD? /.* Voo AsHV]
FocodAE —%[W/mK] a  Womersley 4, a=RJw/v
L, :7bede] 7o][m] 8 4% Womersley 4, g=RJ/o/x
Ls a9 9872 [m] 7 AN 9k g 23 p=r/R
Nu %3 x&¢ 54 Zol2 & Nusselt 4 kDA 3AL A4 [mY/s)
Qsp - 7FE N BT AR BHW] An D 7FER Aolo ek YE A o] u
Quoss © 7FdF AEAB[W] v FAHA4 Alg[m?/s]
g" A FE[W/m?) ] T &=
Re @ AE5& 54 #Hol2 ¥ Reynolds b Y Wex
R 1] % WAl E(m], AGAY AAG SEF5 25 [rad/s]
(W] O RURE, D=2 grar
*3d, Agdida ey
39, T EATY AALTE CARAE, g=a [(edr

s, Aedata AA g 2m e



1960 u}aba)

~ el WuHE, g gdr

st}
R
e

:34
LM B
a8t VM i7ish 2e A4Y AelF

3

(regenerative cycle) & Qg oz AT Fa7l o

L7\ E FEIAA 59t g Adg e

2 Fzlxn glek AR o|eldt rIrle] AA A

J5 Al F4

Quigp 5ol G ARE @el ofddn sk

e oleldk A Al Axte e AL A

MA" 71718 A & Aol ehd

£ 7o ey & dA}eS

3 A4S @ Ao ZRasle]et §

£ 717)o el 2 AFE #

747} woh &P o]2{ g zelol ofeistA el

glovt F7 Aud FA4REIN} dEFFolMe
]

>
N ;

2

£ u) dAdg E4o] MR Aoldly] wiFel,
283 Alo]Z 717]9} FAFEE Helo A @A whell
gt Aad=x o F25 Hwang and Dybbs®¢] o ¢
Z E 4 9tk o]Ee 2B | dugr] F
A7) e AGE Bl Aol BEFF F7
Zo WAz A vf o, A g
kU & 3 BojFAE Rk of
a‘f&‘%-?: e o FabEl oste] AlE
F5oll Ao oA gl
Faha ek 40 A
Fol gl A A Etel e oA
1‘5‘ °|7<}°ﬂ" —}%%Z‘ﬂ-ﬂ 24 9oz Amgr e
e 9l 27,
Mg LA
2R, od 43
BHA st Akl A

(7

r-{o
o 2
o
p
T o

o

B
X orfe T o
fo i

J}‘t o)
W ofn
- o
do
32
2 o
D
m\oé.
ET
£ K
e
N
o
o £

olr
_?L
£

g oldd 3 s} Adshz
A48 dWLHYE o
7\ #ako] oy REFE
& FoalAde vy

N
o

NI
N
u2
2L
it
o

N

=T
==

30,
lo
g
A
o
L
Y
o2
ol

®o olH o Tolae] o Fuwted
Bajed, dadelel Aol
AY #AL AeE 2o
elAlel daw sge A
weba o] dmsrlelAel AHPE FAFEFT]
gabo] ohet AfEAS dnsl Aol vl
o o] &3}A ek,

2 ATFolAE 28 AbelF 717)e) L]t

A AgAAE FAste] Hexgrel AR
#e HAsArt. ozt SEFEFaet 4%
FEAYu 7 Aol wlAE JFE nAED o]
thed 5@ sMalzye T3 Astet wla AE
shodeh, ek shdRol Ao wbd Wike ze] A
LruygZ ZAzn, FAFE7HA (slug flow

&
assumption) ol 2]} s Ao} wjamste] Fo] Hb.
7Hubgkel] o) Eale A Aslrte zoldE E o)
%

449 %
ol YA

A7) %

< 26 71719 05413‘&71041 23 ol
ub Amgrle| W FAE i
& uiA 3] Hsted dudr] AL

i3

£ 5 AN A, et WAy ko
oozl AYAANE T4k wehd olojel
s®o] ajagh v} ol A Wshsh gl Aol
Aol Sagsol & 9D AY wazt Ay
siaich & AFold Adstnt s e Fig
Lol vhebd s ek @4 Rel A#Y dmE)
Wol 4 27} okl Wl ofstel ¥
Fobg w, BAAR Lo $X55E WAste] 7
Qiola WAYE dALE Fdde uE A
% AeetdA SeGEelde] AHLE Aol
b @ FisA XY Aol gAY AnP
Ao e $Ey Amys) el LY HIEA
g Agson shofab o] Bo Auy

Oscillation

angular velocity: »
swept distance : Lg

~—Oscillatory Flow—=a

Cooling Heating
(Const. Temp.) {Const. Heat Flux)

Circular tube with radius R

The experimental and analysis model in this
study

Fig. 1



!

2. Moo A

£ VM Aol 778 ASgAzE
o) o] g5 AT £ 4Y
Az Aol 3718 4939
D

T d3e vAe z3E

Aol
= Pr=0.72 A9 %3

%%"EOIVH FR-GR Aole duUH A4S
Eobe &y {40 FriHez dstzz, Ffel
A bR Aelsta, A wbRIE £Wste SR
e Fge] Fr14er dwasE 5HE sk
& Felb FFF Rl meh A o 3
Aol H4jo] wepAlre Aolrt v o
dojubrt s AL dlf Tadske, FAAA %
BfFoll o] el g AdFe olHel AFHo

E}- 2}
P «

Tew and Geng® o] 7|& AT7425 @
£-ub8 Aoleddzt Simon and Seume® 7} A e]3
71Ee 2¥7 7 VM slo]ZF 7]719] 7td7)gt
7t719] At wWelE wlasted Fig. 2o vieb
o}, aelA 3%e Womersley 4 aolz, %2
£ 333 Reynolds %o]c}, Womersley ++ <
z= 2314 35t8 Ao g Stokes 73 A Zol
g kAol wlg oulel, vlaz ZAE AE
ole] ol A5l ofdte] AL MolHES e}

Holel, AA 71719 AN sFdrier W
7l e] fEz7A] FE FR-F Aeladodel
10° 3 —r——rrrrr 7
F Fully Turbulent Limit E
104 | =
Re ]
y Fully Laminar Limit
103 E_, P -
F E riment Operati i
R:E\Sel . olpt:'; :nggirr?egson ]
102 N I S S " Al 4 LS 8L
1 10 100
a
Fig. 2 Operating region for the heater and cooler of

the existing Stirling machines, transition map
of the oscillating flow and experiment range
of the present work

o
ES)
o
e
o
ofat
2
B
ru

oF 4 am 2ol & Aol

SO
ta
of
o,

o fir

! [o3v#)
2 o

ol)
u

fo

ne

Al Koo
gt T

R
e
2
o =

RN
T e
g

o
rfm}’._&

y du o2 -
1o &
L
v
=
o O

o e

T 4
e
3
ot
o,

. B
rle

g oi T
Ho
2

[ A T
o o r
ox
=L
o
o
Hu
Y
s
O
ol
ol
2
Y,
2

3 f.‘. _{y
_\‘i
Jo
B
=
wlo
&2
2o
o fZ rjr ”
X

N
4 @l
kY

pL!

il
rj\_o‘
e
® o
o .
L
o
o T
lo
FU -l

n

Nk e B9 b

2
I
rgl_‘

e

o
oo ¥
= o N oalo (2 4
R
P 2
> i
o =
o% o
Pkl
fu
h
X

ok
g N
gﬁ)_

i o g
ol
®

L LA
=1
ne
_?L
o X

o
b

Lo
£

440l Ad drgel 4
dofdet, waha &
o] £ AFsbaoilg
Andrlel Aol F

<

Lo
=
$o odgpo] Amz AFslddeld
Q
.

2 o M
2 2 2
N
2
2
£
Hu
fo
oﬁ.

N
2L

W o N oo o R (R

Yo ode at du o i R o R
o 2
o Lo o
A O

>

Ide o4 A5 &OL—;——;— 22 5]
o (swept volume)-§ 124c od .87]
o] W74-g 14.8 mme} 24.4 mm2 7}4 7% 519
) 3 7‘]7(3]"] AA ASwet axul, A 9
i A

ol
u

E

-

&+ vA = FIgA e(EE 8 8
=a Pr”z)% ABGFEFar] HYE A3 A
A 717] AWl 2 =HEEF, olw A
A FAFE I A Aol wel oh2ul, 14.8 mme
7% 50~500 rpm, 24.4 mme] 7$ol= 150~800
rpm Ao}, otz o] AAH AY HAE

Fig. 20 #%& AAdoz ZA3qc, = loﬂ e}
vhZo) W7 14.8 mme] Aol ga5 HolA
Aol 7t dojrtr) A =Fsta, W7 24.
< ax20 lﬂi—r*ﬂ Aol 3°ﬂ %3] l %n} W7

ol

4 K

2 Aol &8s 4R E Fig 3ol Az



1962 A - ol - e gEt
o2 A A¥AAE ¥ 28Y E o — N\
ZeslA 2Ag Fig 1o sidciae 72 4 { ﬁ'""ﬁmﬁc """ % \,
UAEE Aslgict, W7ol 2A3 Uxy a9 : :<—GuardHaater : :
okl A7t % A E Adxjsle] z2AEKAE ||:;]| Sleeve 'EF:]:
FUFEA7 2, dAcizde ez Jay, s Ul H
drg dAside 2En IR HAdL [| | HeaTina HEATING! || |
Az sk, vy *a‘a]ﬂ Zof| AU Yt} 7} I !
!
A9 difel HEE wdeluc, FuE A }E_]' dh
R S e HEL ot =y
2 o] #3g whado] B A4S ne AUdE [ oue
A" & 9l weba ofrtell ARlisb wiHE A COOLING COOLING
A Y 71719 dndr|E 2" = ko
43, hEY adn 99y el ABEe 59 = et 3
dAsE W7 H3led, HlZEoz 94 LeEvE
A ZHsle] ALE-3hed Adol ALgm 7ld, Y7t CYLINDER
¥, Aeivie] A19¢ Table o] Felstact | ()
Am B FUY AL Folsl Astel ¥
S77F 0.5 mmel AwQle)~ oz azegich — = "
ool oL = oé;qq].e_ °J374-9] SL]tE}ﬂ:lo!] u Timing Belt
Holo) 2% & d dANE A Hol| % Rotary-Encorder
3l 5 2 A T IR} ) . .
Heted FAsge Ml eRE AN, v Fig. 3 Schematic plot of the experimental apparatus
Tabel 1 Specifications of the experimental apparatus
Working Fluid Air
Operating Pressure 1 atm
Operating Frequency 135~820®®) 45~500 rpm
Operating Temperature 10~20°C
Tube Material Stainless Steel
Inside Diameter 2.44®® 1 48 cm
Heater Outside Diameter 2.54® 1 58© cm
Length 4.00, 26.6%, 1.48“cm
Heating Wire Resistance 497™, 605, 454 Q
Tube Material Stainless Steel
Inside Diameter 2.44@® 1 48©@ cm
Cooler
Outside Diameter 2.54@%® 1 589 cm
Length 38 74 em
Bore 5.65cm
Cylinder Stroke 4.95cm
Swept Volume 124.1cc
(a) : An=0.86, (b) . /lh=1.0, (C) =/1w=2.0
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A/D Converter

Data Translation,

Model DT2824-PGL
Max. Input Channels 8 DI/16SE
Input Range +20mV (£400 °C)

Resolution

12 bit(0.24 °C)

Max. Sampling Rate

3.8 kHz/channel

Accuracy +0.03%FSR
Multi-Channel Recorder
Model Yokogawa, DA2550E

Max. Input Channels

60 channels

Scan Cycle Time 2s~24h
Resolution 0.1°C
MReference Juncti

sference Junction +0.5C

Compensation Error

+(0.05% of rdg.

Accuracy +0.7C)
Rotrary Encorder
Data Translation,
Model Autonics, ENB-200
Pulses/Revolution 200
Response Frequency 4000 rpm)
Accuracy of RPM Max. 0.25%

AC Voltmeter

Model

Keithley, 177 MI-
CROVOLT

Full Scale Range

200V

Accuracy

+0.07% FSR
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