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Abstract

Project Code: MRG5180120

Project Title: Visualization Study of Internal Flow Patterns of Horizontal Closed-Loop
Oscillating Heat Pipe

Investigator:  Asst. Prof. Piyanun Charoensawan [Faculty of Engineering, Naresuan
University]
Prof. Pradit Terdtoon [Faculty of Engineering, Chiang Mai University]

E-mail Address: piyanunc@nu.ac.th or piyanun c@yahoo.com

Project Period: 3 years

Two-phase flow boiling of working fluid within a closed-loop oscillating heat pipe at the
horizontal orientation (HCLOHP) was visualization studied. HCLOHPs were made of Pyrex glass
tube in conjunction with silicone rubber tube. The inside and outside diameters of glass tube were
2 and 7 mm respectively. The evaporator, adiabatic and condenser lengths of HCLOHP were 50
mm. The internal flow phenomena were carefully investigated at the various numbers of turns,
evaporator temperatures and filling ratios of working fluid. Three working fluids i.e., distilled water,
ethanol and silver nano-particles solution with 50 ppm concentration in ethanol were tested.
HCLOHP was installed on the cooling and heating plates and the two-phase flow patterns were
recorded by the high speed still and video cameras. The rate of heat transferred to cooling water at
the condenser was qualitatively evaluated. It was found that the vapor bubble velocity related to
the rate of merging, breaking, expansion and contraction of vapor bubble. The local variation of
fluid working pressure was more corresponding to the fluid motion characteristics than that of
working temperature. The time interval of moving and standstill fluid per minute was attained by the
analysis of the operating pressure variation along the time accompanying with the flow visualization
of working fluid. The vapor fraction of working fluid with a constant filling ratio can be changed by
the influence of number of turns and evaporator temperature. It also relates to the time interval of
moving and standstill fluid. The number of meandering turns extremely influenced the operation
startup of HCLOHP. The maximum thermal performance occurred at the number of 10 turns for all
evaporator temperatures since the vapor fraction and the time interval of moving fluid were
distinctly minimum and maximum respectively. The majority of flow patterns within all HCLOHPs
were slug flow. The annular flow and bubble flow were rarely met. The nucleate boiling was
discovered in HCLOHP filled with water and completely vanished for HCLOHP filled with ethanol.
The maximum thermal performance was occurred at the 50% filling ratio of water because the

nucleate boiling and the longest time interval of moving fluid were attained.

Keywords: Horizontal closed-loop oscillating heat pipe; internal flow patterns; visualization study.



1. UNW

1.1 anadranuazianvasilymiininsise

YadnaausInue (Performance limit) TumsvinanuuasviannufoumansaLied
ldnanagtuuy [7] wailasmliuan %ﬁ‘hﬁ'@ammu:ﬁwﬂﬁmnﬁq@ﬁa Fasnaentaans
(Capillary limit) %aLﬁ@%uLﬁaImaa%ﬁﬁaQWEu (Wick structure) lianunsasinvasinai lna
Faunsuandidinizng ldagmaiissussainans  dawiulasnasug fe desna
MIL@aa (Boiling limit) Aadnaanunia (Viscous limit) Ias1nan13viaa (Flooding limit)
WazAug flzymmshf:a'mLﬁ@%uvlﬁ'l@ﬂmwwzazmﬁaLﬁaLﬁumug{uﬁﬂmamﬂuﬁaﬁmm@
Wwnang feszavlulasiuas wlevieanlaans (Capillary tube) LT% viaaauSausnsu
ssnsaNuTauLazmuguaminiigUnsaldianiniindauwaian g WoniTywunaniaale
fmsnannrasuiausialwiduEenin neanuieusiiads (Pulsating or Oscillating
heat pipe, OHP) [1] é‘ummlugﬂﬁ 1 OHP & nnviemTaan3enunnianve ldaunvin
\AnlfaiRead% (Meandering turn) lasdmendagwan uszmsluusrmsvihauliom
witel3 Taemaldsansouds oHP 16 3 Uszinn [16] Aeviaanufausfiasuuuulasdads
UmeviarssasdnsTansnaini (Closed-end oscillating heat pipe) éﬁgﬂ‘ﬁ 2(n) iaANy
Sowrfiaauuuunisauidendmenigesinsasvadndrsiwiuwigsey (Closed-loop
oscillating heat pipe, CLOHP) éfagﬂﬁ 2(1) wazHanNIaUTRAFHLLLITELARNSIU
naulasfimsdendirunauBluaseseaud 1 dadwly é’agﬂ‘ﬁ' 20) ialwsarhem
Twad sl luianmafisimuae ldagnemass (Closed-loop oscillating heat pipe with check
valves) aghalsfiany annmsdSoufiey OHP msusiafiiudnu veanudousiiadu
WUL938UWID  CLOHP ﬁWﬁﬂ%ﬂ’)’]&J%ﬁ]uﬁq&LLQZ&WNWEH&%’]G%%vlﬁd’]ULﬁE]Lﬂ%UULﬁUUﬁU

P A
FAITUATLNRD

3UN 1 viemnuiausiiasu [1, 2]



(n) Uaneta

Condenser Cond. , Adia., Evap.
D
- - (
Adiabatic —
-
D
(-
Evaporator 2 Py -
Qout Qin
(n) CLOHP (2) HCLOHP

gﬂﬁ 3 YA NS UTHARULLUIITAU

CLOHP a‘i”mnﬂviaL€'1'm"?'iﬁf*um@LéTumugmsTﬂmmw’LuLﬁﬂmﬂ6] WazEN WA
saldswallmnsznisunsdlianusanussunassneanaion  uanfondsonigestng
vasriadidneiu  lasfimeluviedeadugyamenewduamsiausinanisdnly
LLa:msﬁNwm:L'ﬁ@msﬁmé‘ha;ﬂugmm\maamm (Liquid slug) uazwasla (Vapor
bubble) Hlasannuaaanssiing Usznaudasiwinszine (Evaporator section) &34 L43
NITNENANNTDN (Adiabatic section) LasEIUAILLLL (Condenser section) ﬁdgﬂﬁ' 3(n)
dfafvasriannuiousiiaiae fausrnuznItnomanuIougs sretulding sansaea
ldsnraldnunzauivauldine  uazsansanuldliihdvaszniandosiaulag
AuLTEdy uih CLOHP azfvszlomifinndinanandradu wddimnannujansesiui
mmma‘ﬁmzmé’ﬂmiﬁwmmm:ﬁnmmmmimmamw%au"tﬁamagnﬁamaz"ﬁ'@LﬁmLﬁa
IFoanuuy CLOHP lTumsdszyndldinuais Garnlugag 10 Diruandeimiduaiis
Aunfureanusouriiaiideudroun wisaulnaiduwnuisofioaty CLOHP vl

LIRS (JNLDEI 90 BIFNNUITZAL) wIolNaNLUUIA a93Ln 3(n) I@m&’m‘ﬁﬂs:msag



fNIEImMILLEL § WU CLOHP finsdaluuminenlaaddanrinsstnauas s anaiuusis
aglui:ﬁULaﬂdﬁu (Horizontal closed-loop oscillating heat pipe, HCLOHP) ﬁdgﬂ‘ﬁl 3() £
ﬁﬂ’ayjamsmaaa@iauﬁnﬁamt@ﬂaﬁmau ilasandasinalunsSudunisring (Start
up) 189 HCLOHP Fsvihlwinuisusaulng [10-13, 17] wudmshaululwiszausadvia

v a Q/Q é/ v 1 a v 1 1 v ¥ v
mmiau"ﬁu@ﬁmwﬂ@mﬂ amavl,iﬁmummﬁmwmamunau%mﬁ [2, 9] LLﬂz%aHﬂ

¥
=

Nt lardsaliisa g & [3-5] vlRwudn HCLOHP anansavihanuasansanuianle
LA TAINULANANIVBINNNA Y LD DNAITERINIFIRAILLUWLATRIUTINTERY  WRZIIWINLAS
\887 (Number of tumns) fmanzan lapazSaniwiuldudoadiganvild HCLOHP
sansnvimiuguninidamsanuiaulduuit Suanldaduainga (Critical number of
& o L o o ' o ° A
turns)  iududsnIunvsnaiduiugudnaameluvia  uazaulifvessavhaudag
n:i' a o ‘:3'01 R o 1 ;:l'::l 1
wWasuudaseuganniniavhau wenandidildfnmnavasdiudsdngg Nldaaurinus
NMIENENANNSTEUVDY HCLOHP Lﬁanﬁqam’azmﬁa LRZRIIRN A TRARNNUSTLTINT
naaay  (Nondimensional  empirical  correlation) — IINTBNANANIINARDITIUIU D
(Quantitative results) ﬁL%aﬁavl,@“LugﬂﬁaLLﬂi"l%ﬁ@@mG] Ve MW B AINITENEIANNTa%
989 HCLOHP WAz neIuningnIdnIon waasandsliiandazadluannsh 69vinlw
RINTDFNILAN BTN TLAREUN LAWY ANTTNNNTFIENBANNT U BIaN IRl UYIe
W& =1 1 1 1 v dl Q/QI/ tﬂ‘ Y A v dl Qs o
lemsazinadadimItnumanuToui lannas taliiaanudnlatngInunIIvinawuad
HCLOHP  adwgndaadafiald vhldmsfnsifsiudnngnsaimsivavesvadlng
mulw HCLOHP fivhandagldsdlauazaansndunang@nssunisafeuivassnvinam
meluriale El'aml,ﬂuﬁﬁaamia%i %aamﬂuiﬁ]Haﬁa‘htﬂuéw%’un’mﬁ’mLLUUf{haaamo
dd’ v 1 v a ' v dq' va = s £ 1
nejfinndasdaly  udhnuwitodeuniildlinsd@nmndinagduuumslnainudy  ud
faulng [10-13, 17] azmansasanalsngnisoinylwanmealu CLOHP ﬁa%ﬂuum@aﬁa
Tnanuumwiaslaivinms %30 HCLOHP azwuin biiianistafaunvasansinanuwnglure
o ' L o o A = A A o o AV
Ml hignansnastnuanusanld Gadluweanianndaw lunsSuawinmw iz sy
Q 1 U U QI/ 1 =3 a o 1 Fé A o v Cg/
aInaTIFunued adnalsnanuluauddounsdin [9] T HCLOHP Rdruiuldaaed
annddinga ildmwnsadinagduounisivanisly HCLOHP amedstinaauian
9/::§ 1 =} 1 [ 1 Aav & @ 1 L% g: n:l'n:l
ld@aznanmeazidualudindaly winsidpidshiaseuaguaiulmanuaiinanszny
@iagﬂuuun’ﬁ"lmmﬂu HCLOHP Tagitin lNuansenuuadsnwinla LR aLyinhs
dl' v a v A 1 d(' I a e n:%'d 1 v al' o = a
waldwddnlanudaitiosazduszuy 9 widsiRagauiuiinsyiimafinesias

o ¢

viend (Visualization study) fazuuuumsinazaszasiwanislu HCLOHP aaugluiunis
Jenzdamatnamanuian LﬁadmﬂwamzﬂwawﬁLLﬂS@m6] Ao amnnEInizivg
suldaden Mo ussdasinsiduansinene Belundin owiseiiaslatins
ﬂizqﬂ@“l“ﬁmaﬂmmh (Nanofluid) [ ug3v¥nauene 1ieRnsansmemMIaaaniiuasss

fnuAMNTaUVRIENITRARIL HCLOHP iiavsanniduradmaiamainusonsialninden



10
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AAUEAL  LHa99IN CLOHP MY anyiaunandawlAanIsuansin ke suunn bt e e
wiadaadluasnanas Jsimahrisuiianaaldainlilegudiudieg asun 5 udr@sihun
danulasldiviossTalan (Silicone rubber tube, Temperature application: -118°C to

316°C, Tensile strength: 10 MPa) Lival e CLOHP fiflanusnidiuinseineg (Le) diuwlal
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Inmstnomanuian (La) WazdIumILLUs (Le) winnufia 50 mm waziisnuinldaien
' A o o o o o A
@199 auninue snsuihlunagau av3Uhn 6

222 uwnasldanuFauvas HCLOHP 1dlvanusanunsiwinszinavadviannd a319
INLHWNDILAIAYT 10 mm ﬁ'lmﬁ'@Lm:i'aaslﬁﬁé'ﬂwmzﬁagﬂﬁ 7 uaz I T aaLaaThULLHY
Y NUAANULHUNBILAINIFD IR Lﬁaﬁwmmi”amhul,wiumaLLmﬁwl,ﬁJifd HCLOHP 71%in
NNV LLazeiaﬁmma%ﬁL“ﬁ’lﬁ'uLmﬁiar"né’ﬂﬂﬂ’mi:Ll,aaé'mm:m%aamuquqmwgﬁ
(SIGMA, SFN72) %ammsnﬂ%’umqm‘mgﬁmuﬁﬁzmUVL@TmuﬁéTaams

2.2.3 WREITTLNUAMNTaUaI HCLOHP 145118017050 kanna a1 U wiiuaadvia ki
HCLOHP Usznauane Lﬂ%aaﬁwﬁuﬁuﬁﬁszumauquqm%nﬂﬁuamw’mzmzjmwé”aumﬁ
S = ' oA o ' ° o ' =K o A
WL IARE1 L FTIFTIINLHNWNAILAIRKT 10 mm mmﬂ@Léﬁ'}:saﬂmaﬂmmzmgﬂ'ﬂ 8
lagudulnadnnaasnisina 1 Umin (Uni-pure, z-3001 with +0.3 /min accuracy) Wa

GRIEET 20°C

Iﬂm b

v 4o

3UN 5 vieumnihanvaduluaiud19 9

7 mm

AN e i
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Pyrex g
with 7

3‘1Jﬁ 8 WHUITUNHAINNToUVDI HCLOHP

25 m
224 WHNARDUYIAANTON MRINIUAAAITIaLA? HCLOHP s'wﬁ'uq@qﬂmfﬂﬁ

anufau uazgaguniniszuisanuia Gﬁammmﬂ%fuqmﬁmmawiamw%fauvlﬁ WaE
mmsnmaaaé’am@lgﬂuuumﬂmmama HCLOHP Vl,éTafJ"m%'@]LﬁmLLazLﬁuia%m@m6] o
aufinua

225 TAENEIVIH g msudumminnusdluraanuseusfiaquuunissond

v £§’ v oa dl o
sivtuluanmgyyinma Wlddanmanuiinua
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226 nassinunwedanlriuazn wiis (Samsung, R10 and Cannon, D500) 14
ﬂuﬁﬂmwgﬂLmumivlmmﬂlu'ﬂ'amwi”amﬁm?mmmﬁau

2.2.7 wmoiludtida lunsnasasldinesludlidasiia K (Type K) 8%a Omega §i179
mMyiagunniagizning 40 asmiaalBoatie +1,200 aseLoaTus Towdaidniunias
tufindramnnd (Agilent, 34970A with £1°C accuracy)

228 WIRIRINTIUENALAaT (Pressure  transmitter) LT lun1Tiaanuawnaluie
mm%’auuuué"maiau (Sensys with £0.08 mA accuracy and -1 to 1 bar measurement

pressure range) lagaalNNULATBIUUANAIAINNAK (Wisco with £0.02 mA)

2.3 A5mInagau

SruaeunssolUi

2.3.1 aﬂéiv'aq@qﬂmmﬁlﬁmm%au qﬂqﬂnitﬁizmmmmi’au Waz HCLOHP LNAUWYI%
NANDY LLazﬁJ%fmgmﬁmvl,ﬂﬁﬁwu@

2.3.2 fassmamaslualidadnny HCLOHP waziniu Lﬁai'@qm%nuﬁ@ms]

233 fanunsmaainiuaiained (Pressure transmitter) AlElumyiannuaunisln
g liTnstnamanufousasmaanuouUUEwIITOU

2.3.4 a@@T’am’%aaLaumiﬁwmua:ﬁuqzyzywmmﬁwﬁ’u HCLOHP

2.3.5 a@éaaqﬂﬂsm‘lﬁuam’m naasthnwile uazndastanwedonlng iialdlu
MITUANAWYUSHAINITNARD

2.3.6 LANsTN9maslu HCLOHP 1dléUSanmanufifiimue

237 Wandslwinduanedesinindulnariuudunasuasszuisanuoudism
AU UVAI HCLOHP

238 Dagindlinszualni lnaruuiuiained iashenufouiuudunasuasly
S9EIUNIzIRevad HCLOHP uazdiudgmmnnidininszinediuganiugua mwnyil

239  tufinnngdunumslwazessnsrinaunislu HCLOHP Avnsnasaua
mwadonlwinaznnile

2.3.10 ﬂuﬁﬂ@hqmﬁgﬁﬁmmLLa:éT@]s'mﬁVmeaufnﬁu o ldAiezdnsdiom
aNusouas HCLOHP Aldvinnsnasay

a

o :' a 1 Qs 1 & v
2.3.11 fmIneasstilagnisduaraiudsminaaasdns g ddsznaveas annd
FIUNIZAY BATIMIRUTIITINIG Uazs WIULAILERLD
2.3.12 Fnmsdienzidningmsains azesansinumeluvaanaseuaivg v

FNITOUSANTENLLNANNTEN LHDINNNANTENUVBIA LU TLRA
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3. Namsvmaaauazﬁms'wﬁwa

3.1 qmé’num:maﬂ"na\|é‘uuaxmsmé‘auﬁmmmaa‘lmaﬁﬂmu
Vl@i”ﬁ'm'ﬁﬁmmmsmﬁauﬁmaqmaﬁ’mm”swﬁumima"wuﬂmqmﬁqﬁua:mmﬁu

MSNWANIEALATIIN TN els  HCLOHP  anwaenmsindenfivasadlng

Usznaudiy  snmzmIduw myluaion LLa:qu@ﬁa Fsazfialunnenasanms

YPILAY MIRAAT NIITINGI UAzNIILANAUaINaI laTaIrIIVINIT

3.1.1 3duuuvlasle

suuuuvaslatsznaudin MIzeNBE? MIKAd? MITINET LAzNITUANEITaINEY
la wasleaziAamsuenuda (Bubble expansion) é’agﬂﬁ 9a) TodunsuaimIszing
nanetdulave INaUURIRAILAZABUVBILART HIBWTIZIIWAINUANNSaunaluvaInas
Toriadurnlwanuenlafindudas nmsnadrveswasle (Bubble contraction) usaslaes
31U 9(b) tRanNMIMmILLLTBIEIIRInamue la liusnuzeamnan wiawasan
ﬁﬂmamﬂmLLuuéTmmuﬁumaamsﬁw’mlwiaﬁaga@ﬁu Waslasudmosnosinliaz
Hansnududidetwiadunaslomides (Bubble merging) éﬁgﬂ‘ﬁ' 10(a) Hao9
mm@;maagﬂuuuﬁﬁa nsmusnad lagasnasiiianams nasunmenunsainanisms
Tnaaunuuddanud laivinu ﬂ‘sn‘iﬁaamaﬂaaaawaaﬁaga@ﬁmﬁmmsmmuﬁwm
msvamonaodinlavesmannaiinem uisafamsdoudans gﬂﬁ 10(b) WEAININNT
wandzasnaslosnuiivrg 1unadleseswas (Bubble breaking) srgNRAaIUuLY
Wasladt LﬁaamnmaammﬁwmuﬁgnLmuﬁoﬁ”ﬁﬂWaa"I,aLﬁ'mﬁﬁwé’wmméhua:m%aﬁﬂé‘a
indoufiliamsnusduduteusasnaiuazuonnoslodugaswas wiaiflasanms

aundnraInadlosnfaduitauvasnainuiineslosnuasd liiiluzasnasle

ju
| |ﬂ
I 400G
| m |
Evaporator Adiabatic ' Condenser Adiabatic
(a) Bubble expansion (b) Bubble contraction

gﬂ'ﬁ 9 MIVLYAILATNITHAGITIN DI 1D
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A |(@

= =

Evaporator Condenser

(a) Bubble merging

]

Evaporator Condenser

(b) Bubble breaking

gﬂ'ﬁ 10 MITNMUAZNILANAIVaINaI La

—-a— Merging,Vertical —=— Breaking, Vertical

- -4 Merging, Horizontal —-»- Breaking, Horizontal
S 45
S w0 =
1%}
§ 35 ~ .
= 30 #—~ \ A
b ~
— ~
2 25 SN
2 20 -~
[+ ~
o ==
m 15 <
S \N
S 10 A =
g’ 3 . e - — o d
=R % *
E T T T T

80 90 100 110 120 130

Evaporator temperature (°C)

UM 11 8aTINITINALAZUANG (50% filling ratio of ethanol, 10 turns)

gﬂLLMUWaavl,ammf:ﬁlzLﬁ@@imﬁaaﬁ'u%’%aw%auﬁ'u Ltaztﬂumm@paaé’nmmzmﬁu
My lnaian LLazmsvsq@ﬁwawaﬂmﬁwmu maedenfizasvoslnasndulumainem
289 HCLOHP LLazﬁm%'mm’i%'ﬂ‘f:ﬁmjaLﬁuvlﬂﬁmmL‘%’ﬂumimﬁauﬁmaawrﬁﬂa (Vapor
bubble velocity) LLaz'*ﬁ’mnawawaa"lmmﬁauﬁmmq@ﬁa (Time interval of moving and
standstill fluid) Turiawi? @S INeIlaeRUANUTALEATINTIINGY LANG VINUAD LA

nadaInedle BATININUANIBLANGL (Merging or Breaking rate) Sfienuiiluduin
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aSiwasnInusvsauandaswaslada? Taomiuimuassmaieminuavie
msuandvesnaslomsluriods 3 Taaasn TaoRaNToNNIsIWNTEIAY FIRAILUIHLAS
snliinsiiamanuten wasanswidueasdawnd Seiiniaedn asouiz T
Ren LLazwaﬁ"L@TLLamsLugﬂﬁ 11 é’rm%’uLL@'az@‘hme;ﬂuLﬁmmsﬁ'mu DATINITINAIURE
wanervasnaslovslinainiiontn tude SmMiLuWIsD dasmInuiLssuanaasd
@h"lajfiamﬂ?imuuﬂammaﬁmmgﬁmuﬁﬁzmaﬁgafﬁu LAFIATLLIIRS BATINTTINRILRE
LL@méf’maaWaa"Laazﬁ@i'la@mazi’mmﬂLfiaqmmgﬁmuﬁ’mmsll,ﬁ'uga%u 2ANITVLNLA
%387AA3 (Expansion or Contraction rate) ffenuiumaasustasanuanveslade
SwniilagRasanrssiwinsme saumuwinuszdinliinsinomanuion nasansis
FmImeaigasdanmzgesiussrasivadle Soesdwiamin cmis uszaiile
LLﬁ(ﬂ\‘llugﬂﬁ 12 luvhuaadennu sanmsgnoaussnasivasnasloasldnafingantin
PITLLARZAURUIYLBEIN TN Wufa FWSULWITEAY 8ATINIIVLNLEILAZHAG)
maaWaﬂam:ﬁmLﬁ'wﬁuasmmﬂLﬁaqmﬁgﬁmuﬁﬁ:mﬁgﬁu WAFIRSLLIIRS Ba3IMT
°umﬂé’hLLazmﬁnzﬁmvmﬁamﬁﬁ'ﬂuLLﬂammqmeﬁmuﬁ’mmUﬁgq“'ﬁu 2ATINTIINA
LANe? 2E10A7 uaznasvasnaslazas CLOHP fivhauansdluuuifs azﬁ@hgaﬂ’jﬂu

WUITEAU Dh qmﬁn‘]ﬁmuﬁﬁ:mﬂﬁmm

— -A— Expansion,Vertical —=— Contraction, Vertical
— -4 Expansion, Horizontal — > Contraction, Horizontal
£ 30
IS
2
% 2.5 =
= —4
]

5 20 SN R ——— — —n
,g A
E 15 -%_ - -
o .- - -
U ---- - - -
sl 00— e
c e ¢« —" X
s ¢ .- . -
B 05 g L= X
C P
<
o
|_|>j OO T T T T

80 90 100 110 120 130

Evaporator temperature (°C)

3UN 12 §aTMIVNBAMAZRA (50% filling ratio of ethanol, 10 turns)

A lunsiefannvasnadlafe srazninwasnanisiafauidaiui laams
@ & a4 A a ' ° ' A '
mg@quﬂnmwmwaa"lamﬂaaluu,ﬂmvl,ﬂﬂmnmmums:mmta:mu"l,mmﬁmﬂmmm
o @ /P = & A A A ' & =
Fau “aIaNHRINAIANUSTaINed lanNdruaaILadis TIintTlu cm/s NaUaIANLI)
Waslafgunniisuriizingdna g LazyuBeIn I uuWITRALULAZUINGS URAIGIZLN
13 auﬁu"lﬁiﬂﬁLL@ia:qmm‘]ﬁmuﬁﬁ:mﬂ mml,%wladvl,aém%’mg‘mﬁmmiﬁﬂmuumaa

ﬁlzg\‘lﬂ’jﬂul,m’aizﬁuasiwu'm NIHD1ILLBBINIINN BATINNTIINGD LANAD VLIUAY RS
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mé’hmaawaa"la’l,uumaaﬁﬁﬁhgaﬂ’hé’anﬁm ﬁm%’mgm’ﬁmmiﬁwm‘luum?ﬁ AU
waavlaﬁ]:amaLﬁaqmﬁgﬁmuﬁﬁ:mmﬁwﬁu Lwia:ﬁml,ﬁw%mrmqmﬁqﬁmuﬁﬁs:mU
FWMiumTey  Se1aszatneldi dengmssinmsmaduszuandazevaslassiing
dannusneslevas CLOHP fivhauluuwids mmzﬁﬂs’mgmsfﬁmsmmU@T’JLLazmﬁ’a

gasnadlaszidannuisivastaluiuiszau

—&— Vertical mode — & —Horizontal mode

5.0
@ 45 T = " -
E \
235 —
3 30 - 3
g
@ 25
% 15 ——*"
— —_— ’0—
(o] —_— —
> 05

O-O T T T T

80 90 100 110 120 130

Evaporator temperature (°C)

317 13 anwisamlasle (50% filling ratio of ethanol, 10 turns)

‘ — Vertical mode = = Horizontal mode ‘

0.2

-0:1 _—

0.2

g 03 // e
04 =

05 e

-0.6 -

_0-7 T T T T
80 90 100 110 120 130

¢ pressure (bar)

Adiabat

Evaporator temperature (°C)

gﬂ*ﬁ 14 Naﬂs:ﬂumaaqmugﬁmuﬁﬁzmﬂLLamqlmﬁmﬁﬁ@iammé’uﬁﬁmu

(50% filling ratio of ethanol, 10 turns)
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‘—Adiabatic pressure = = Adiabatic temperature‘
0.000 - o ; 55.5
CLOHP with 90°C T4, ang vertical mode
- 4 - 4 r55.0 ~
= 0.002 L NS PN O
o} R BY4 Al L ~
£ .0.004 .. %45 @
£ i - 540 B
2 -0.006 ' g
£ vl W 4885 €
o -0.008 A -0 ! et
= ‘- - 53.0 2
a i ©
% -0.010 L 505 g
< S
-0.012 ~ L 52.0 <
Oscillation ——{«—— Standstill ——«—Circulation
'0-014 T T T T T T T T T 51-5

0 5 10 15 20 25 30 35 40 45 50 55
Time (s)

gﬂﬁ 15 ANNFNABTIZAINNITLARDUNVBIVDI PRALRT NI BLUIANNARTINI

(50% filling ratio of ethanol, 10 turns)

3.1.2 AAAWHINBYaIE T wAa lunia
anuauiNuzasssinwmeluialdudianuawna - w o dawldiinsanom
AuTan  (Adiabatic pressure) ﬁ]:“‘ﬁruagﬁuqmugﬁmuﬁﬁzmmmzqmﬁmmiﬁnmué’d
meslugﬂﬁ 14 Lﬁaqmmﬁmuﬁﬁ:mmﬁ'uﬁumﬂ 80°C luidlu 130°C anwaurinuas
Rududoan -0.43 lUillu 0.14 115 dmiuwids uazan  -0.65 ilu -0.27 10§
fRTUUUITZA mmé’uﬁnmmawaﬂmmﬂuﬁaﬁa’mé”;LLmaaﬁ]:ganiﬂmLmszé’u
wua ™ N9 fgmnnidiwinive wananiisssanafinii GAVEHTDITEEE ePYR)
3zmmm:ag:uLﬁmmiv‘m’mﬁt\immﬁ?u FEWUANUFUN USRI N NI Ao uTTD4
maa"[mﬁ'umil,ﬂﬁUuLLUmmmﬁuLLazqmvmuﬁﬁ'mumwwzﬁ;m’mnm éﬁgﬂﬁ 15 lutgae
wsnEFsnaiumM I dauiiuuduvesvedlnarinen  (Oscilation) G9dlunsauiiiadn
lasa9ursrasnad-WaslefiSusdmasudaiiiasiu wazlLounagn (Amplitude) Rer N
lainofi I@mﬂugﬂLLuumiLﬂﬁauﬁ%ﬁﬂmawaa"h&aﬁwmuﬁwmﬁﬂﬁmﬂq@ At
i ﬂ'&"ummé‘muﬁ@msé‘uazm"fi’@l,ammm:ﬁa:ﬁﬂm,ﬂﬁwuﬂmmaoqmmﬂﬁﬁwuﬁnﬁaﬂ
Tugeft 2 a:é’ammﬁmaﬂm%q@ﬁaﬁuﬁ (Standstill) Tslupniziinnueurinnuazai
@T’mu@iqmﬂgﬁﬁaﬂal,ﬂa"yuuﬂml,m:ﬁaﬂ6] AARI Iuﬁaaq@ﬁw ardanaiumaafouiinuy
Inaruvasvaslnariiens  (Circulation) %aLﬂugﬂLLuU“?‘iwmﬁuvLﬁﬁamm:ﬂﬂaauﬁ@%ﬂu

& \ g o o ' ~ a { { o o '
IR ) I%ﬁﬁdﬁﬂ’]ﬂ’)’m@]%ﬂ’ldﬂuﬁwﬂﬂﬁl5] AR TIDNAUNAMNMILAROUNFIILNUDILN

YaglnanazNad Lo wNIFLTaINIIRETALa 0T atNIdaLiiag LARNE I NTURD WA
qmwnuﬁfazﬂ'\‘immﬁauﬁ'ﬂuma‘ﬁLﬁ@msmﬁau‘ﬁuuué’madmiﬁﬁmu QIS

Wasnulasanuanineuuas aa"l,viamww:fgmzaamﬁaaﬁué’nwmzmimﬁauﬁ"uaw [l

vl,mmnﬂiﬂmil,ﬂﬁwuﬂaaqmﬂgﬁﬁnmu
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= - Moving fluid,Vertical —&— Standstill fluid, Vertical
=& Moving fluid, Horizontal =+ Standstill fluid, Horizontal
70
60 p— [rempe— — — —_
| -+ T T T T e —
@ 50 el
= Tt
c 40
3
c
‘s 30
E
— 20
- - -
10 e
oi‘_‘____b___ii:__,x—-" /I
80 90 100 110 120 130

Evaporator temperature (°C)

P ) a P a
gﬂ‘n 16 ﬁUGLJNWTBG‘IﬁaLﬂﬂﬂWHLL&Z%&IQ@]‘H,\‘]

(50% filling ratio of ethanol, 10 turns)

3.1.3 nsiadanfizasansrinswnsluie

lesan  nomsedeuiinuuduuazmstnaeufinuylwaiusasvas nasnstaoufia
mIdsEnEANIYeUIas CLOHP euin anwmensindeufivasasinaoiaudsldiinges
gnzae vovlnadouil (Moving fluid) S9saumIsmuuas/miemsinaruwdndenn uas
maa"l,m%q@ﬁa (Standstill fluid) IWTE M TIe e M asuul asa s wrinuany
LaMTTUnNaRInue agnumsdnsidaiaiiisnmlnazasmnainu ldaanm
waTaaMTiavadndazgn ML IUIUA  (Time  interval)  @aT39L3aNNTUBANKG
ﬁmmlwﬁamﬂﬁﬁagﬂﬁ 16 o gunnNEIUIzIALEN Y LLﬂ&&J&JLamﬂ’ﬁﬁ’]d’luLLWJad
WATULWITZAL °1mnmmaa"lmam'&"auﬁgaq@LLa:"ﬁNnmmaﬂﬁaﬂq@ﬁw’iﬁqmzlﬁﬂﬁu‘luﬂﬁ
'v‘i'muLLmﬁoﬁqmmnﬂﬁmuﬁ'ﬁzmal 80°C-110°C lasififntszanas 58 uaz 2 w1l
ANEAL Lﬁaqm%nﬂﬁmuﬁﬁ:mmﬁwgaﬁu Frgnmaasinaedaniinely CLOHP 7
uluumifsazansadnias  uazazanasagsundgwiuuwiszeulasianizagnsbaie
pamniisurizinain 110°C lunasiiudia °1mnmmaa"lmavaq@ﬁaauﬂ'ﬁmﬁﬂﬁas
z%m%‘ml,ma'aLLa:a:Lﬁ'w‘fuaammn‘luumi:ﬁmmqmﬁgﬁmuﬁﬁ:myﬁgﬁu Tuz9
gunniisIuriazing 80°C-110°C Fr9maad naedaniiluuwifsasuanarsanluum

o I3 % ] [ o] [l -dl' d' n' 1 o
TLAULANRDY WERAIIIN 110°C TV IRaLA N LI A9z wIWA I LI TzaL

3.2 Nawaaa"']mu'[ﬁ'aLﬁmuazqmwgﬁd'mﬁﬁ:ms

\8931n HCLOHP nfidwinldaduavan s suuuunasleasnandisduluiada
nawwiBeziielnlaves  Seildmaefeniuuusunio lswielnlasnn  aou
Usngmanims navasansrhauiasanuasessiwinlaadaes (Number of tums) uaz

pampiisurizing wxjiinldiisesdulidayda Frnmvasivafeniivazngaile
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% 1 o dlql =Y o &
uaz FasuWadlara9r1Ivn laglRanLEaINaLaNIZNaAIINNTLANENITINY 50% 9
a:Lﬁuwaﬂszwwaaﬁ’aLqummﬁ“Emﬁmﬁqm LRTNNININTNANTENUVBIA LU L e

AORNITOUINIIANNITOUAE

—e- -2 turns - # 6 turns —A— 8 turns —> 10 turns \

(50% filling ratio of ethanol)

100

.
/— i

.
80 - k-2

-—
-
-
,_-__.’/A/

- -

L 4
M
= -
e A
)—_— -
60 IR

Vapor fraction (% of total fluid volume)

40 T T T T
80 90 100 110 120 130

Evaporator temperature (°C)

Eﬂﬁ 17 gaaunaglaraiznIvinawniels HCLOHP Naasnnsi@a 50% 1adlaniwas

90°C Te 110°C T 130°C T

gﬂ"?’] 18 Namaaqmﬁgﬁmuﬁﬁ:mﬂﬁﬁ@iaﬁ@muwaa"l,a
(50% filling ratio of water, 2 turns)

3.2.1 dnarwaslavasansniien
fas1uW a9 lavasanIvineu (Vapor fraction) ienuidu sanaiuszninedsunasvas
. & o A . & = a '
Waslanmeluraninuenuisuiasmeluvanivue dslunisvmdsanmaasnaslanisluva

& o aa A ' '
‘n\‘mum:aam@]mﬂ’miamwma\‘mLaauvlmmi‘ﬂmaama 9 LLNZLL&@]GQWI%E‘U“HQG
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WasidudvastIainasneluraninae  waIaaEIwNIANRIIINwITHA1AIN  ua
a?@muWaa"LammsauJ'tSiUuu,ﬁmVL@TLﬁam’]ﬂwamaﬁwmuIﬁGL'&'mua:qmﬂgﬁmuﬁﬁ:my
™ { & 1 ™ 1 o { Q a
aa3Uf 17 Sauaasdrdadiunadlomarhnunely HCLOHP AfdanmIlin 50% wadia
3 U A a o (o] s 1 o [ J
nuan  nglaziAningmnglidiwiezime 80°C dadiuvedle a Swaulduds
& A A o & A4 a £ A ° A &
ninuaaziidnag sz 52.5% nasnnuuazldnfstuaugurniisiuiznongadn
' = o a & o A v X o A o
a9 laAaN aaTMIRNTwIaIFas wNadlaas HCLOHP 71 10 Tddaen azdilatiey
NUN 2, 6 waz 8 ladlaw ﬁwlﬁﬁqmmgﬁmuﬁ’mmﬂ 130°C &aawwadlagnsvinaun 10
I@Tuﬁmﬁ@h@‘hq@ﬁa 68% uazn 2 I@TﬂLﬁyaﬁﬁﬁgaq@ﬁa 85% @INWLNOTIWINIAILELD

A X o AN o a ¥ A ) o A
LNV ﬂ’]a@ﬁ')%ﬂﬂﬁvlafﬂza@]a\‘] I@UNQVIVL@"HZNLL%?I%NL%N@%ﬂuVJﬂa’]?W'N’]% El]qﬂ 18

Aa o

mewmlaaqmﬂgﬁmuﬁﬁ:mmmaawmuﬂaﬂamaq HCLOHP 7#aamsdy 50%

a o

PaINAY Lz 2 Iﬁatfé‘m WU qm%nuammszms 1300C azé’ammﬁuvlamsﬁwm

U

LNOUARBAAINENIVIONIANG

‘ —e- -2turns i 6 turns —A— 8 turns — 10 turns ‘
s 60 X «(50% filling ratio of ethanol)
w
2 50 —
=
£ 40
>
£
s 30
IS
5 2
c A
‘v -t ——=—= A==
c 10 g===== B g - - - | NPy ——
e it
0 T T T T T
80 90 100 110 120 130

Evaporator temperature (°C)
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TWO-PHASE FLOW ANALYSIS of A
HORIZONTAL CLOSED-LOOP
OSCILLATING HEAT PIPE

Pongsak Kiedcharoensiri?, Piyanun Charoensawan® and Pradit Terdtoon®
& Department of Mechanical Engineering, Faculty of Engineering, Naresuan University,
Phitsanulok 65000, Thailand
® Department of Mechanical Engineering, Faculty of Engineering, Chiang Mai University,
Chiang Mai 50200, Thailand
Tel.: +66-5596-4215, Fax: +66-5596-4000, E-mail: piyanunc@nu.ac.th

Abstract

Two-phase flow boiling of working fluid within a closed-loop oscillating heat pipe at the horizontal
orientation (HCLOHP) was visualization studied. The closed-loop oscillating heat pipes were made of Pyrex
glass tube in conjunction with Silicone rubber tube. The inside and outside diameters of glass tube were 2
and 7 mm respectively. The evaporator, adiabatic and condenser lengths of HCLOHP were 50 mm. The
internal flow phenomena were carefully investigated at the various numbers of turns, evaporator
temperatures and filling ratios of working fluid. Two working fluids i.e., distilled water and ethanol, were
tested. HCLOHP was installed on the cooling and heating plates and the two-phase flow patterns were
recorded by the high speed still and video cameras. The rate of heat transferred to cooling water at the
condenser was qualitatively evaluated. The flow phenomena of working fluid viz., vapor fraction, vapor
bubble velocity, flow pattern, forming rate of annular flow and time interval of moving and standstill fluid,
were analyzed accompanying with the thermal performance consideration of HCLOHP at normal operating
condition. The number of meandering turns extremely influenced the operation startup of HCLOHP. The
maximum thermal performance occurred at the number of 10 turns for all evaporator temperatures since the
vapor fraction and the time interval of moving fluid were distinctly minimum and maximum respectively.
The majority of flow patterns within all HCLOHPs were slug flow. The annular flow and bubble flow were
rarely met. The nucleate boiling was discovered in HCLOHP filled with water and completely vanished for
HCLOHP filled with ethanol. The maximum thermal performance was occurred at the 50% filling ratio of
water because the nucleate boiling and the longest time interval of moving fluid were attained.

Keywords: Closed-Loop Oscillating Heat Pipe, Horizontal Orientation Mode, Two-Phase Flow

1. Introduction operate as a heat transport device was defined as
the critical number of turns. Moreover the effect
of various parameters on thermal performance of
HCLOHP was quantitative investigated. The fluid
flow and heat transfer mechnism was able to

estimate from the interpretation of the attained

A horizontal closed-loop oscillating heat pipe
(HCLOHP) is the closed-loop oscillating heat
pipe operated at horizontal orientaion. The
majority of previous research (Lee, W., 1999,

Tong, B.Y., 2001 and Khandekar, S., 2002 and
2004) was able to investigate the flow phenomena
within the closed-loop oscillating heat pipe at only
the botttom heating mode. It was found that the
working fluid within  HCLOHP completely
stopped moving and HCLOHP could not operate
as a heat transport device. However some research
(Charoensawan, P., 2003, 2007 and 2008 and
Khandekar, S., 2003) has proven that the
operation of a HCLOHP was possible if there
were the proper saturated temperature difference
between the evaporator and condenser parts and
the optimum number of meandering turns. The
minimum number of turns at which HCLOHP can

dimensionless parameter. In addition, Khandekar,
S. (2003) found that the internal flow pattern
within a HCLOHP was only slug flow. Heat was
transferred because of the movement of liquid
slugs and vapor bubbles. Since the effect of
number of turns was only concentrated, the
influence of other parameters on the operational
behavior of a HCLOHP was absent. Therefore the
visual study of working fluid flow phenomena
accompanying with the thermal performance
consideration of a HCLOHP is conducted by
varying the parameters i.e., working fluid, filling
ratio, number of turns and evaporator temperature.



2. Experimental setup and Procedure

The details of experimental setup are shown in
Figure 1. The tested HCLOHP was made of Pyrex
glass tube with inside diameters of 2 mm. The
evaporator, adiabatic and condenser lengths were
50 mm. The condenser and evaporator sections of
HCLOHP were attached on the cooling and
heating copper plates respectively. The evaporator
section was heated by electric heaters that were
placed on the heating plate and connected to the
AC power input source and temperature controller
(SIGMA, SFN72). The condenser section was
cooled by cold water that was passed through the
cooling plate at the constant flow rate and inlet
temperature of 1 I/min and 20°C respectively. The
water was circulated from a cooling bath and its
volume flow rate was measured by a floating rota
meter (Uni-pure, z-3001 with 0.3 I/min
accuracy). Two thermocouples each (OMEGA
type K) were placed in the coolant at the inlet and
exit of cooling plate to measure the average
temperatures. The temperatures of evaporator,
adiabatic and condenser sections were also
measured by installing two, four and two
thermocouples on tubes of these sections
respectively. The temperature recorder (Agilent,
34970A with *1°C accuracy) was used to
continuously monitor all temperatures. The
average working pressure of working fluid was
measured by placing four pressure transmitters
(Sensys with £0.08 mA accuracy and -1 to 1 bar
measurement pressure range) inside four tubes at
the adiabatic section and continuously monitored
by the sensitive recorder (Wisco with £0.02 mA).
The video camera (Samsung, R10) was used to
continuously record the flow patterns of working
fluid at all parts of HCLOHP and the digital still
camera (Cannon, D500) was used to record at
specified times. The thermal performance of the
HCLOHP was qualitatively evaluated by
calculating the rate of heat transferred to the
coolant at the condenser part.

The experimental variable parameters are
summarized as follows:

e Number of turns: 2, 6, 8 and 10 turns

e Evaporator temperature (Te): 80-130°C with
10°C increments

e Working fluid: distilled water and absolute
ethanol

o Filling ratio: 20%, 50% and 80% of total
internal tube volume

| Cold bath I

Cooling plate

[=]
I

Digital

Figure 1: Details of experimental setup.
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Figure 2: Vapor fraction of working fluid within
HCLOHP with 50% filling ratio of ethanol.
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Figure 3: Dependency of vapor fraction on the
evaporator temperature.

3. Result and Discussion

3.1 Effect of Number of Turns and
Evaporator Temperature

The fluid flow phenomena was concentrated at
two influential parameters i.e., the time interval of
moving and standstill fluid and the vapor fraction
of working fluid. In order to understand the
influence of number of turns and evaporator
temperature on operation mechanism of
HCLOHP, the appropriate filling ratio of 50%
was only considered.

l camer/video



3.1.1 Vapor fraction

The vapor fraction of working fluid was defined
as the volume of the channel occupied by the
vapor phase divided by the total volume of the
channel. Although the filling ratio of working
fluid is kept at a constant value, its vapor fraction
can be changed by the influence of number of
turns and evaporator temperature. Figure 2 shows
the vapor fraction of working fluid within
HCLOHP with 50% filling ratio of ethanol at the
various numbers of turns and evaporator
temperatures. At the evaporator temperature of
80°C, the vapor fraction was found at about 52.5%
of total fluid volume for all numbers of turns.
Then the vapor fraction was increased with an
increase in the evaporator temperature for all
numbers of turns. However the increasing rate of
vapor fraction of HCLOHP with 10 turns was
relatively low compared to that for 2, 6 and 8
turns. At 130°C T, the vapor fraction of working
fluid of HCLOHP with 10 turns was 68% and it
was 85% for 2 turns. Thus with increasing the
number of turns, the vapor fraction was reduced.
This trend was also seen for all the HCLOHPs
filled with water. Figure 3 shows the dependency
of vapor fraction on the evaporator temperature of
HCLOHP with 50% filling ratio of water and 2
turns. It was seen at 130°C T, that the whole
channel was almost occupied by the vapor phase.

3.1.2 Working fluid motion

Because the local variation of fluid working
pressure was corresponding to the moving and
standstill conditions of working fluid, the time
intervals of moving and standstill fluid per the
whole time of one minute (At, and At) were
evaluated by the analysis of the operating pressure
variation along the whole recording time. The
time interval of moving and standstill fluid of
HCLOHP with using ethanol at 50% filling ratio
are shown in Figure 4 and 5 respectively. The
larger the number of turns, At,, was longer but At
was shorter for all evaporator temperatures. The
maximum At,, and the mininum At were occurred
at 10 turns and their values were approximately
52 and 8 seconds respectively. The At, were
about 14, 9 and 7 seconds for 8, 6 and 2 turns
respecitvely. The At were about 46, 51 and 53
seconds for 8, 6 and 2 turns respecitvely. The At
and Ats were nearly constant for each number of
turns when the evaporator temperature was
increased. However for the number of 10 turns,
Aty tended to be reduced and At tended to be

increased with an increase in the evaporator
temperature. This trend was also exhibited for all
the HCLOHPs filled with water.

It may be explained that the vapor fraction related
to the time interval of moving and standstill fluid.
Since if there are much vapor phase of working
fluid within HCLOHP, the amount of working
fluid in liquid phase was small at the evaporator
section. Thus the formation of vapor expansion,
contraction, merging and breaking was restricted
and the working fluid movement was unavailable.
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Figure 4: Time interval of moving fluid of
HCLOHP with 50% filling ratio of ethanol.
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Figure 5: Time interval of standstill fluid of
HCLOHP with 50% filling ratio of ethanol.

3.1.3 Thermal performance

Figure 6(a) and (b) show the effect of number of
turns and evaporator temperature on the thermal
performance of HCLOHP filled with ethanol and
water respectively at 50% filling ratio. When the
number of turns was increased, the thermal
performance for each fluid and evaporator
temperature was improved especially at 10 turns
so its thermal resistance obviously reduced. The
thermal resistance was minimized at the number
of 10 turns and the values were about 2.4 K/W
and 3.1 K/W for water and ethanol respectively.
For both fluids, the thermal resistance of



HCLOHP with 2 turns was approximately four
times of that for 10 turns. Because the vapor
fraction and the time interval of moving fluid
were distinctly minimum and maximum
respectively at the numbur of 10 turns as
mentioned before. Thus the working fluid can
well transfer the heat from a heat source to a heat
sink and HCLOHP completely operates as a heat
transport device at this condition. Although for
the number of 2 turns, the thermal resistance was
insignificantly diffirent when the evaporator
temperature increased. But for the numbers of 6, 8
and 10 turns, the thermal resistance tended to be
increased with an increase in the evaporator
temperature. This may be because at the high
evaporator temperature, the vapor fraction and the
time interval of standstill fluid tend to be also the
high values then the operation of HCLOHP is
restricted.
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Figure 6: Effect of number of turns and
evaporator temperature on thermal performance.

3.2 Working Fluid and Filling Ratio

In order to understand the influence of working
fluid and filling ratio on the HCLOHP operation,
the flow pattern, working fluid motion and
thermal performance of transparent HCLOHP
with 10 turns and moderate evaporator

temperature of 110°C were considerated as
mentioned below.

Flow direction

Flow direction
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Figure 7: Feature of vapor bubble.
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Figure 8: Forming rate of annular flow at the
various working fluids and filling ratios.

3.2.1 Flow pattern

There were the different features of vapor bubble
between water and ethanol used as working fluid
because of their different surface tensions. The
value of surface tension of water is more three
times than that of ethanol. The feature of vapor
bubble of water is shown in Figure 7(a). There are
the different contact angles between the bubble
head (in flow direction) and the bubble tail
(against flow direction). For a long vapor bubble
as shown in this picture, the vapor liquid interface
was usually wavy and eventually the liquid film
was collected to form a liquid slug. Figure 7(b)
shows the feature of vapor bubble of ethanol.
There is the symmetrical shape between the
bubble head and tail. The wavy interface of liquid
film was not found in ethanol.

The majority of flow patterns within HCLOHP
were slug flow for all working fluids and filling
ratios. The annular flow and bubble flow were
rarely met. Figure 8 shows the forming rate of
annular flow encountered within HCLOHP at the
various working fluids and filling ratios. The
annular flow almost disappeared for water with
the exception at the 50% filling ratio. For ethanol,



the annular flow was scarce and its maximum
forming rate was only 1 time per minute at the
50% filling ratio. In case of a bubble flow, the
bubble flow in tube filled with water was raised
by the nucleate boiling within the tube and the
break of annular flow to become slug flow. For
ethanol, the bubble flow was only happened after
the annular flow took place in the tube. Figure 9
shows the internal flow patterns of HCLOHP with
50% filling ratio of water. The picture on the left
hand side show the slug flow and bubble flow and
that on the right hand side show the annular flow.

———

Annular flow

Slug & Bubble flow

Figure 9: Internal flow patterns of HCLOHP with
50% filling ratio of water.

For HCLOHP filled with water, the nucleate
boiling was discovered at the evaporator part of
tube at the 50% and 80% filling ratios as shown in
Figure 10. After it was risen, a small vapor bubble
was suddenly expanded and the bubble diameter
became as same as the tube inside diameter. Then
the oscillating movement of working fluid was
happened. However the nucleate boiling
completely vanished for HCLOHP filled with
ethanol. This might be because the evaporator part
was usually occupied by a long vapor bubble and
the sudden vaporization of liquid film that moving
into this part was occurred.

3.2.2 Working fluid motion

Since the main flow pattern that was the
oscillating motion of slug flow was the same for
all HCLOHPs, the interesting parameters i.e., the
vapor bubble velocity and the time interval of
moving and standstill fluid were investigated. The
vapor bubble velocities was obtained at the
various fluids and filling ratios as shown in Figure
11. It was observed that with an increase in the
filling ratio, the bubble velocity of water
continually increased. However for ethanol, when
the filling ratio was added from 20% to 50%, the

bubble velocity also increased and it reduced after
50% filling ratio. At the 20% filling ratio, the
bubble velocities of water and ethanol were
insignificantly different. The vapor bubble
velocity of ethanol was higher than that of water
at 50% filling ratio but it was lower than that at
80% filling ratio.

Figure 10: Nucleate boiling discovered in
HCLOHP filled with water.

(10 turns and 110°C T,) | —&—Water

:g 1.40 —a - Ethanol
S 1.20

>

S 1.00 —
2

2 080

2 AN

2 060

E a
5 0.40

> 0.20

10 2‘0 3:0 4‘0 5‘0 6;0 7‘0 E;O 90
Filling ratio (%)

Figure 11: Vapor bubble velocity at the various
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Figure 12: Time interval of moving fluid at the

various working fluids and filling ratios.

The time intervals of moving and standstill fluid
per the whole time of one minute (At, and At)
were attained for each fluid and filling ratio as
shown in Figure 12. Although the influences of
working fluid and filling ratio on the At,, and At
seem to be tiny, the At, and Ats at 50% filling
ratio are relatively long and short respectively
compared to those of the 20% and 80% filling
ratios. The time interval of moving water was
longer than that of ethanol for all filling ratios.



3.2.3 Thermal performance

The effect of working fluid and filling ratio on the
thermal performance of HCLOHP is shown in
Figure 13. The thermal resistance of HCLOHP
filled with water was always lower than that of
ethanol for all filling ratios. Furthermore when the
filling ratio was high, the thermal resistance of
water was much lower than that of ethanol. This is
because although the time interval of moving
water was always longer than that of ethanol for
all filing ratios, the nucleate boiling was attained
within the tube filled with water at the filling ratio
of 50% and 80% and the vapor bubble velocity of
water was also higher than that of ethanol at 80%
filling ratio. Due to a strong influence of the short
effective length of tested HCLOHP, the vapor
velocity slightly affected its thermal performance.
For ethanol, the maximum thermal performance
was occurred at the 50% filling ratio because of
the high values of time interval of moving fluid
and vapor velocity attained at this condition. For
water, the maximum thermal performance was
also found at the filling ratio of 50% since at this
condition the nucleate boiling was happened and
the time interval of moving fluid was longest.
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Figure 13: Effect of working fluid and filling ratio
on thermal performance of HCLOHP.

4. Conclusions

The number of meandering turns extremely
influenced the operation startup of HCLOHP. The
maximum thermal performance occurred at the
number of 10 turns for all evaporator temperatures
since the vapor fraction and the time interval of
moving fluid were distinctly minimum and
maximum respectively. The majority of flow
patterns within all HCLOHPs were slug flow. The
annular flow and bubble flow were rarely met.
The nucleate boiling was discovered in HCLOHP
filled with water and completely vanished for
HCLOHP filled with ethanol. The maximum
thermal performance was occurred at the 50%
filling ratio of water because the nucleate boiling

and the longest time interval of moving fluid were
attained.
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ABSTRACT

A closed-loop oscillating heat pipe (CLOHP) was made of glass tube with 2 mm inside
diameters. The evaporator, adiabatic and condenser lengths were 50 mm. The absolute ethanol
was used as a working fluid at 50% filling ratio and the number of turns was 10 turns. CLOHP
was tested at both vertical bottom heating mode and horizontal mode. The evaporator
temperatures were 80°C-130°C. The vapor bubble velocity related to the rate of merging,
breaking, expansion and contraction of vapor bubble. The local variation of fluid working
pressure was clearly corresponding to the fluid motion characteristics. The time interval of
moving and standstill fluid was attained by the analysis of the operating pressure variation along
the time accompanying with the flow visualization. The main flow patterns were always bubble
flow, slug flow and annular flow. The dispersed bubble flow that was found after nucleate
boiling only occurred at the vertical mode and high evaporator temperature. A long time interval
of oscillation of slug flow with moderate bubble velocity and nucleate boiling is the importance
flow phenomenon that induces the well thermal performance of CLOHP.

Keywords: Closed-loop oscillating heat pipe, Fluid motion characteristics, Working pressure



INTRODUCTION

A closed-loop oscillating heat pipe (CLOHP) is made of a long capillary tube that was
severally bent between the evaporator and condenser sections to form the meandering turns. Both
two ends of capillary tube is joined together as a closed-loop type. It was invented by Akashi, H.
et al. (1996) in order to eliminate the thermal performance limits of a conventional heat pipe with
a small inside diameter. The working fluid within CLOHP was arranged in form of liquid slugs
and vapor bubbles over the total length of tube. In order to clearly understand the operational
principle of CLOHP, the behaviors of working fluid motion within the transparent test setup
were continuously investigated (Khandekar, S., 2002 & 2003 and Lee, W., 1999 & 2000). The
majority of previous researches (Charoensawan, P., 2003 & 2008 and Khandekar, S., 2002 &
2003) analyzed the oscillation of outer surface temperature of both metallic and nonmetallic tube
walls and tried to compare it to the oscillation wave and circulation of working fluid inside the
tube thus the reliability of obtained results were doubtful. Although Lee, W. et al. (2000) studied
the influence of frequency and amplitude of local pressure oscillation of working fluid on
thermal performance of CLOHP, the exhaustive results of working fluid motion were inadequate
and only the vertical bottom heating mode was observed. Therefore this research aims to study
the influence of pressure characteristics on working fluid motions within the transparent CLOHP
at both vertical and horizontal heating modes as shown in Fig. 1. The vapor bubble patterns, two-

phase flow patterns and thermal performance of CLOHP were also investigated.

EXPERIMENTAL SETUP AND PROCEDURE
The details of experimental setup are shown in Fig. 2. The tested CLOHP was made of

Pyrex glass tube with inside diameters of 2 mm. The evaporator, adiabatic and condenser lengths



were 50 mm. The absolute ethanol was used as a working fluid at 50% filling ratio of total
internal tube volume and the number of turns was always kept at 10 turns. CLOHP was tested at
both vertical bottom heating mode and horizontal mode. The condenser and evaporator sections
of CLOHP were attached on the cooling and heating copper plates respectively. The evaporator
section was heated by electric heaters that were placed on the heating plate and connected to the
AC power input source and temperature controller (SIGMA, SFN72). The condenser section was
cooled by cold water that was passed through the cooling plate at the constant flow rate and inlet
temperature of 1 I/min and 20°C respectively. The water was circulated from a cooling bath and
its volume flow rate was measured by a floating rota meter (Uni-pure, z-3001 with £0.3 I/min
accuracy). Two thermocouples each (OMEGA type K) were placed in the coolant at the inlet and
exit of cooling plate to measure the average temperatures. The temperatures of evaporator,
adiabatic and condenser sections were also measured by installing two, four and two
thermocouples on tubes of these sections respectively. The temperature recorder (Agilent,
34970A with +1°C accuracy) was used to continuously monitor all temperatures. The average
working pressure of working fluid was measured by placing four pressure transmitters (Sensys
with £0.08 mA accuracy and -1 to 1 bar measurement pressure range) inside the tubes at the
adiabatic section and continuously monitored by the sensitive recorder (Wisco with £0.02 mA).
The position of thermocouples and pressure transmitters installed in CLOHP is shown in Fig. 3.
The video camera (Samsung, R10) was used to continuously record the flow patterns of working
fluid at all parts of CLOHP and the digital still camera (Cannon, D500) was used to record at
specified times. The thermal performance of the CLOHP was qualitatively evaluated by

calculating the rate of heat transferred to the coolant at the condenser part. During the



experiment, the variable parameters were the inclination angle of zero degree and 90 degree from

horizontal axis and the evaporator temperature of 80°C-130°C with 10°C increments.

RESULTS AND DISCUSSION
Working Fluid Motion and Pressure Characteristics

The working fluid motion within CLOHP was studied accompanying with the local
variation of the operating temperature and pressure of working fluid. The fluid motion
characteristic which comprised of the oscillating, circulating and standstill conditions was
consequently occurred by the expansion, contraction, merging and breaking of vapor bubbles of
working fluid.
Vapor bubble patterns

The vapor bubble patterns consisted of the bubble expansion, contraction, merging and
breaking. The vapor bubble was expansible as shown in Fig. 4(a) that was a result of
vaporization of liquid film and liquid slug or because the higher its thermal internal energy, the
vapor pressure increased. The vapor bubble contraction as shown in Fig. 4(b) resulted of the
vapor condensation to be a liquid phase or the opposite flow direction of working fluid in
adjacent tubes. The vapor bubbles were merged together to form a long bubble as shown in Fig.
5(a). Two reasons was seen i.e. one is for the case of two original bubbles, they were in
countercurrent flow or their velocities were not equal in co-current flow. The other is that after
two vapor bubbles were enlarged by the vaporization of working liquid then they bridged. A long
vapor bubble was split into two bubbles as shown in Fig. 5(b) because the working liquid that

was replaced by the expanding and/or moving vapor bubble was collected to form a liquid slug



between two vapor bubbles. Another reason was that the vapor condensation rose a liquid slug
that broke the long bubble into two bubbles.

These vapor bubble patterns were both continually or simultaneously occurred and
caused the fluid oscillation, circulation and standstill fluid. The fluid movement is necessary in
an operation of CLOHP and for this research, it is emphasized at the velocity and time interval of
vapor bubbles movement in glass tube. The bubble velocity related to the rate of merging,
breaking, expansion and contraction of vapor bubble. The merging or breaking rate was defined
as the number of times of bubbles merging or breaking per mintute and their results are shown in
Fig. 6. The bubble merging and breaking rates exhibit the same trend for each operating
orientation mode. These rates for horizontal mode were slightly different with increasing the
evaporator temperature but steeply decreased for vertical mode. The expansion or contraction
rate was defined as the difference of bubble length due to vapor bubble expansion or contraction
per second and Fig. 7 shows these data. Similarly the expansion and contraction rates also
present the same trend for each mode. These rates for horizontal mode clearly increased when
the evaporator temperature increased but were only insignificantly diffferent for vertical mode.
For all evaporator temperatures, all rates of vapor bubble patterns of CLOHP with vertical
bottom operating mode were higher than those for horizontal mode. The vapor bubble velocities
of tested glass tube CLOHP for the various evaporator temperatures and the vertical and
horizontal heat mode are shown in Fig. 8. It can be seen that at each evaporator temperature the
bubble velocity for vertical mode is obviously higher than that of horizontal mode. This may be
because of the higher bubble patterns rates for vertical mode as mentioned above. At the vertical
mode, the bubble velocity tended to decrease when the evaporator temperature was increased.

On the other hand the bubble velocity for horizontal mode increased with increasing the



evaporator temperature. It may be explained that the bubble merging and breaking phenomena
influence the vapor bubble velocity of CLOHP operated at the vertical mode and for horizontal
mode the vapor bubble velocity depends on the bubble expansion and contraction rates.
Operating pressure of working fluid

The operating pressure of working fluid depended on the evaporator temperature and the
inclination angle as shown in Fig. 9. When the evaporator temperature was increased from 80°C
to 130°C, the operating gage pressures also increased from -0.43 to 0.14 bar and from -0.65 to -
0.27 bar for the vertical and horizontal modes respectively. The working pressure of fluid at
vertical mode was always higher than that of horizontal mode for all evaporator temperatures.
Moreover for all evaporator temperatures and orientation modes, it was observed along the local
time that the fluid motion characteristics related to the operating pressure and temperature as
shown in Fig. 10. At first, the fluid oscillating movement was observed. This was the self-
oscillation of the vapor and liquid slug train with uncertain amplitudes and was the major
encountered fluid motion. It was seen that the pressure wave clearly fluctuated as the
temperature fairly changed. Second, the standstill fluid was found. The operating pressure was
completely constant but the temperature still changed and also gradually decreased. Finally, the
circulating motion of working fluid was observed. This was rarely occurred and usually occurred
in a short time. The pressure gradually decreased step by step. This may be because the alternate
movement of vapor bubble and liquid slug continually passes the pressure transmitter. However
the working temperature still changed as it happened in the fluid oscillating motion. Therefore
the local variation of fluid working pressure is more corresponding to the fluid motion
characteristics than the variation of working temperature.

Working fluid movement



Since both the fluid oscillation and circulation enhance the operation of CLOHP, the fluid
movement characteristic may be separated into two main conditions viz., moving (oscillating
and/or circulating) and standstill fluid. Because, the operating pressure variation was analyzed
along the total recording time accompanying with the flow visualization of working fluid. The
time interval of each condition that was a portion of the whole time of movement characteristic
of one minute was attained as shown in Fig. 11 for various evaporator temperatures and
operating modes. The maximum time interval of moving fluid and the minimum time interval of
standstill fluid that were approximately 58 and 2 seconds respectively was obtained at the
vertical operating mode and 80°C-110°C evaporator temperature. With an increase in the
evaporator temperature, the time interval of moving fluid of CLOHP with vertical working mode
slightly decreased and steeply decreased for horizontal mode especially after 110°C evaporator
temperature. On the other hand when the evaporator temperature increased, the time interval of
standstill fluid slightly increased for vertical mode and clearly increased for horizontal mode. For
the evaporator temperature of 80°C-110°C, the time intervals of fluid motion were small different
for vertical and horizontal modes. However after the evaporator temperature of 110°C, the time
interval of fluid motion for vertical mode was relatively long compared to that of horizontal
mode.

Two-Phase Flow Pattern

The main flow patterns of tested glass tube CLOHP with 2 mm inner diameter, 10 turns
and 50% filling ratio of ethanol were bubble flow, slug flow and annular flow for vertical and
horizontal orientation modes and all evaporator temperatures as shown in Fig. 12(a-c). The flow
pattern was slug flow while the fluid was oscillating and/or standstill as shown in Fig. 12(a).

After the working liquid was vaporized at the evaporator section and the vapor bubbles were



expanded and merged. Instantaneously, the flow pattern became annular flow as shown in Fig.
12(b) and the circulating movement of working fluid was simultaneously achieved. The fluid
circulation cannot be fixed in either direction. Thereafter the breaking and contraction of vapor
bubbles took place and the flow patterns became slug flow and bubble flow as shown in Fig.
12(c). At that time, the oscillating and/or standstill fluid was encountered again. In addition, it
was found for vertical mode that nucleate boiling was occurred in the upper portion of
evaporator part at the high evaporator temperature of 110°C-130°C as shown in Fig. 13.

The forming rate of annular flow per minute was detected as shown in Fig. 14. The
annular forming rate for vertical mode was steeply reduced with an increase in the evaporator
temperature but gradually increased for horizontal mode. At the evaporator temperature of 80°C-
100°C, the annular flow often took place for vertical mode with the average forming rate of
about 3 times per minute whereas it was found at only 1 time in two minutes for horizontal
mode. However, at the evaporator temperature of 110°C-130°C, the forming rate of annular flow
was approximately 1 time per minute for both modes.

Thermal Performance

Fig. 15 shows the effect of evaporator temperature and operating orientation mode on
thermal performance of CLOHP. For all evaporator temperatures, the thermal performance of
CLOHP operated at vertical mode was always higher than that for horizontal mode especially at
the high temperature of 110°C-130°C. This may be because the bubble velocity, time interval of
moving fluid and forming rate of annular flow of CLOHP with vertical orientation mode are
totally higher than that of horizontal mode and the nucleate boiling is also achieved at the high

evaporator temperature.



With increasing the evaporator temperature from 80°C to 130°C, the qualitative heat
transfer rate per unit area was steeply increased from 3.7 kW/m? to 6.4 kW/m? respectively for
vertical mode and slightly increased from 2.1 kW/m? to 2.8 kW/m? respectively for horizontal
mode. Since the time interval of moving fluid of CLOHP with vertical working mode was
insignificantly different with an increase in the evaporator temperature but the forming rate of
annular flow that related to the fluid circulating movement was steeply reduced. Thus the higher
the evaporator temperature, the main flow pattern for vertical mode became more the oscillating
movement of slug flow. It may be concluded that a long time interval of oscillating movement of
slug flow with moderate vapor bubble velocity accompanying with the nucleate boiling of
working fluid is the importance flow phenomena that induces the well thermal performance of
CLOHP.

For horizontal mode, the forming rate of annular flow was rather low for all evaperator
temperatures thus the oscillating movement of slug flow usually existed in tested CLOHP.
Because the main flow patterns did not changed, only the bubble velocity and the time interval of
moving fluid affected the thermal performance of CLOHP at horizontal mode. Although the
velocity was increased with increasing the evaperator temperature but well below that of vertical
mode, the time interval of moving fluid decreased. Therefore the thermal performance slightly

increased.

CONCLUSIONS

It can be concluded from all the results as follows:
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- The bubble merging and breaking phenomena influence the vapor bubble velocity of CLOHP
operated at the vertical mode and for horizontal mode the vapor bubble velocity depends on the
bubble expansion and contraction rates.

- The local variation of fluid working pressure was more corresponding to the fluid motion
characteristics than that of working temperature.

- The time interval of moving and standstill fluid per minute was attained by the analysis of the
operating pressure variation along the time accompanying with the flow visualization of working
fluid.

- The main flow patterns were bubble flow, slug flow and annular flow for vertical and
horizontal orientation modes and all evaporator temperatures. The nucleate boiling was only
occurred at the vertical mode and high evaporator temperature of 110°C-130°C. Moreover The
forming rate of annular flow per minute was detected.

- Along time interval of oscillating movement of slug flow with moderate vapor bubble velocity
accompanying with the nucleate boiling of working fluid is the importance flow phenomena that

induces the well thermal performance of CLOHP.
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Figure 1 Closed-loop oscillating heat pipe.
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Figure 8 Vapor bubble velocity.
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Figure 9 Dependency of operating pressure on evaporator temperature and inclination angle.
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Figure 12 Slug flow, annular flow and bubble flow patterns. (Vertical mode and 100°C Teyap.)
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Figure 14 Forming rate of annular flow.
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Figure 15 Thermal performance of CLOHP.



	1
	2
	3

