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Abstract

Recently, highly efficient small heat transport devices have been required. In particular, pulsating heat pipes (PHP) have come
to draw a lot of attention. The contribution of sensible heat transport and latent heat transport in oscillating working fluid,
which plays an important role in heat transport performance of PHP, has not been clarified enough experimentally yet. The
purpose of this study is to evaluate the contribution of sensible heat transport and latent heat transport experimentally by
making liquid column oscillate sinusoidally in the channel. The channel was initially evacuated, and ethanol was charged to
form a liquid column, which is called single component system. In addition, the ethanol was charged in the channel with air
in the gas phase at atmospheric pressure, which is called two components system. The effective thermal conductivity of latent
heat transport is determined by the difference between the effective thermal conductivity in single component system and that
in two component system. In two components system, that is sensible heat transport, the effective thermal conductivity
decreases monotonically as oscillation center moves to cooling section under the same amplitude, because residence time of
liquid column at heating section decreases. On the other hand, in latent heat transport, the effective thermal conductivity
increases as oscillation center moves to cooling section under the same amplitude, because liquid film at cooling section
becomes longer. In addition, numerical analysis was conducted for sensible heat transport in oscillating working fluid. The
comparison of the numerical results with the experimental results indicates that liquid film at the tip of liquid column would
enhance sensible heat transport.
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Fig.1 Schematic diagram of experimental method in the present study. Half-turn PHP simulates the thermal hydraulic
phenomena in an actual PHP
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Fig.2 Schematic diagram of sensible heat transport and latent heat transport in pulsating heat pipes. Sensible heat
transport is based on convective heat transfer between wall and working fluid. Latent heat transport is based on
phase change.

G0 - TR 1(e)D & D IZERRE L, BB — b T2k b BML L7258 oM 2 T 7. 72
b, Wi 2 MEL L P RES 2 A L 7 BRI PN O 1B OWEED B RN SV TRl B 7 Ak 2 3 e
BRZATV, A OB T DHEDOIRBEN S LRI, SUREEBEIY & EEHRE O RFR 2 di~72 (R
fitl, 2013). T ORE, WAER & & UGy OUFEANIRE) O J# & IR TS L OISR IELS RT3 58 7 E VR
SIS, WRERENC K 2 Bmos bl 2 & 0 BRI CIEiR 9 21203, (REOIREEBEL - IREIHRIE I3\ THIES A
DIRFEZ TRHIRE) ST FERBME L ZZ b, 22T, AL T, BRMEE b — b3 723617 2 Bk
BMEA RIS 2 Z L2 B E LT, X 1(d) 1RT & D ITINEES & AR 2 5 8 L 72 NI 38\ CHEBh (4 4 B
PRI IRE) S & T HEMRE b — 3o AT 2 5B & BnA R A B L, mdlE BT AR K Dk
IRENOBIZR R K OISR 510 2 JIE LI REWE T 5. S OICIREIT 2 MRS & 2 Bk k1T ©
BRI & I EENE O F 5 OIS 2 A PMREERIC L0 EBANEHME T 5. 2 2 CRAMmIAE, X 2() [TRT L
9 \ZUEHE N A AL 2 (RENR AR D INE CUEESEED D BV SZITHR Y, WS COOMEEE L DOBADIRRZ I LUV A
R CIRBEEEANZ T 2 L0 D SHEMR I T IE S < Bk (R — oA 72 Th o, —J7, EEmxT
2(b) TR T K O IHEENFRAR DS INEES Ciblifs - 7858 LInERD CHRAR~EENE T2, F 72 I3RS TR L iR REEL
{R3EF L OMAEOTEEARENC & 0 AR A~BD ML S5 &0 ) KIROMAIZ S Bt ThHh 5. Zo k9
7R BHENIRTE & I ENIGIE DT 5 OFIG TR D 7280, KHRD B 78I L OKRKUEFHTDZE5 & L THERZIT S .
S HIT, RHHRENC & 2 BREIE DU CRIEAFHT 217V, SRR & OBt 217 5 .

2. ® 5
¥ X))oy XF

A e A [m’] a EBRAEI AR []

c FE A [J/kg K] ¢) HEYR TR [-]
f WHAEAREE S [Hz] K B R [m?/s]
koo EMNR [W/m-K] v B [m’/s]
L RS [m] P B [kg/m’]
0 Bk B W] NF

S WAEARE RIS [m] ad WA

t 1534 [s] cond [HAFMRE

T R [°C] eff HEh

U WL [m/s] L AR

x (VAR [m] w it B BE



Vapor in single component system
/ Air in two components system Liquid column

C < P/ o )

<—Pressure transducer

<— Heater Copper plate Transparent
with a square channel ~ polycarbonate plate

/

Vapor
chamber

Al A2 A3
50 50
Heating ‘ Adiabatic ‘ Cooling __y Vacuum
section section section pump
Working =
[ @ : Thermocouple] fluid —— Bellows
.
E LSquare channel Piston-crank -\
e o
‘ [2x2] mechanism
[Unit: mm]

Fig.3 Experimental setup. The copper straight channel is square cross section. The channel is connected to the oscillator
via bellows. The oscillator is composed of piston-crank mechanism. These make working fluid in the channel
oscillate sinusoidally. The working fluid is ethanol. Position x is the distance from the end of heating section.
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Fig.4 The relationship between filling ratio in one-turn PHP and oscillation center in the present study. Half-turn PHP is
half of one-turn PHP. The filling ratio is percentage of working fluid to the inner volume of the pipe.
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Fig.5 Wall temperature distribution. Symbol @ is the result in single component system, where sensible heat transport
and latent heat transport occur. Symbol M is the result in two components system, where sensible heat transport
occurs. Symbol A is the result without working fluid.
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Fig.6 Relationship between effective thermal conductivity and oscillation center. In sensible heat transport, as oscillation
center moves to cooling section, effective thermal conductivity decrease monotonically. On the other hand, in latent
heat transport, as oscillation center moves to cooling section, effective thermal conductivity increases.
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AT, WAEDOBENEE I, 2l e bR o TERBIRIEORE ST KRT 5 2 ENAH BTV S (Aussillous and
Quérél, 2000). Z DHRMIE X OEINNC K 0 2% « BHEOBMEERITRED L, EEE DA EVMRER M T LT
WhHEBZDENTES.
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Fig.9 The analytic model of oscillating column in square channel.
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Fig.10 Calculation mesh and boundary condition of velocity field and temperature field in liquid column.
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4.4 HAEIRSNIC & 5 EAREE D BIERET

AEITIE, EFTERE RSN OB OFiE & IRESHCOW TEERT 217V, BT D& 5z
PRENRAE L K 2 BEENM S & ATEH £ COFBRIERZ i3 5. X912, EHLERmTE N CHRE 7 2 ki o fiftr £
TR T . ARFEATIZEBW T, WAEOFHERENC L 0 IS DRI B S, WAoo s 1 i Car
LU, EIEEZEHARE LTHRORD Z 2127 5. FEBRICE W T HIEE CHIE S 7R X HIEEER & 1%
FEE Lo D, FEET LV CIRIREE X O EZ MHEHERANCIER L, EBRCTOMBAHEmRIZE T 5K
DOFENTEH 2 A U7, IEGERRR AT « ERTEER A, WAEIRENRNG 28 , IR OIRBIFOIE X, B
L OMRENE N 1 1%, EBREE 5 2 THEZITV, T ORES SN 5 s &4 FEBRiER L k4 5. X1012,
Z DOWAEN DRSS & IR ES 2 < T2 O DR & FHRM 23, IR X 1 RRAEN 2 R & 3 2 in A miR
B, Y IIEEA R ETomS MR, Z 3R ATR R S TR ATE HIEEECTH Y, D ORI
LEBITBENT D, £z, KOS LRE H, RS L LT 2. Z HFMOFHEERR S, HOmEN
DAMDOIR (0SZ<H/2) £35. Fiz, MEER X OVEHEROWKEERE XEREIC L Y 5225 (REHIE A
OIEZE AV, WIfT5) 25, BrEERIISEERE IOV T, RIKEBEORI OBV A EZ[E L C, BEOIETHIRE
B AL .

TN Z AR EIREN 3 2 A EN OEEE Y IR O R RS L OB ARSRMEE, LTy Ths.

DO V-ou=0 ®)
8 1 *
Navier-Stokes 72z a—l; +(u-V)u= —;Vp + W 6)
L _or ,
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2L, u=(u v w)', v=(8/ax /oY 0/oz)", p' = HX ThD.
BE SRSt
X=0,L: wu=0, Y_o M_, L_, (8a)
oxX oxX X
Y=0: u=-U,, v=0, w=0, T=T, (8b)
Y=H: u=-U,, v=0, w=0, 6_T=0 (8¢c)
oY
Z=0: u=-U,, v=0, w=0, T=T, (8d)
z-H 92:@ 91:@ w=0, a_y (8e)
2 oz oz oz

2T, U HERREEE TH Y, WHEORETIRIES LIEHREE ) OERIE, 3 X OO R RO
B x2S E, RS x, 35 X ONEREEE Ukt CE 2 b,

x, = Ssin(2nft)+x, ©)
U, = ddxtL = 27/S cos (2mft) (10)

SHIT, WAEREKERRE T, 13, BIaAICB T —RTH D LUEL, 1 RodEEE ARG

w

or, o°T,
%m%6§=%%ag+%ﬁﬂ (11)

(2 &0 BRI EER T T, ORFRIZE 2R . 22T, A, \XEEEOWImRE, o, (ZREAMENCH DEOBE,
¢, \TEROLLE, &k (TOBMLERTH L. £z, O, (x,1) 1F x HIHALE S &7z Y OIRMA B ITHEE~DIRE R
ThHY, WMEROEEARIZLY,

HI2 oT oT
Qw(x,t):zj0 k(a—yl_odz Zj [—JZ_OdY (12)
THEz2bN%. 22T, KIMEERECTHLI = ) —LVOBMRERTHS. LLEOX 5)- X (7), K (1) 20
MBI Z D, HﬁﬁMﬁ%ﬁbé X (5), X (6) ITHESWTHEEL M BEIZIX, SMAC iE&E A X I —

RA v va A, BB 1 RIE EEZ Az, = xor =058 (7) ORFRHEIRTEIZ 1T Buler A Z AV,
BEDIEE HEMAE RO (11) ORFMRTHEICIXSERP2REE .

RS T L LT, BRI < B X ORI (X =0,L) fHETOHREL LONREZE(ENRBTH D Z Lhvh, BET
< B L OVMAERISGHLI Tl VA X&/h &< L, ZHBEERD BB DI DS A X3 —E D L3R CTHIN
T OAREREE T2 2, LUF TSR T, Y 5, Z FEORAME T A X% H/40 &L, X FHED
R/METTA X & HI2 &L, WTNOFIS BT A X% 1.05 O CELAREmICEM S &7z, 72720
A A ZOEKIEIL, Y AW - Z FIIZIXH/20, x FIANTIZI0H & Uiz, £7z, WiEmER 2 fF < 556 Ok
FHA XL, Ax=05mm & L7z, 7o, ZHOR/METIA X% LoD 1/2 & UCEHRAITo 72, (A8
DOFFEAERIHE VA XOEN L HHHEII R -T2, BLEORRIZE Y, BEHEFIRENSG DNk, Bk
O, ZATRD, EERE L O AT 572,

Qh = Qcond + Qhex (1 3)
=L
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(b) Observation in the experiment.

Fig.11 Relationship between heat transport rate and
oscillation center.

Fig.12 The shape of the tip of liquid column.

Qcond = _Awkw (%J (143)
X x=50mm
O =[O, (x)dx (14b)
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