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Abstract

This present work has studied the thermal performance of heat pipe with
RA0da refrigerant as the working fluid at 20%, 40%, 60% and 80% of the filling
contents of the volume of a copper tube (The Internal and external diameters of
heat pipe are 4.5 mm and 6 mm in size). Next, silver oxide nanoparticles and copper
oxide nanoparticles were added to further improve the thermal performance; the

ratios in this study were 2.59, 5%, 7.5% and 10% by weight of nanoparticles copper
oxide and 1%, 29, 3%, 4% and 5% by weight of nanoparticles silver oxide,
respectively. The angles of experimental setup were also studied to improve the
thermal performance. These systems were controlled by the heating power in the
range of 10-80 W. It was found that the optimum content of working fluid was at the
60% of the filling contents of the volume of a copper tube. In the part of the filling
nanoparticles copper oxide, the best combination condition was heat pipe filled with
the 60% waorking fluid in volume and the 5% of copper-oxide by weight with the
angle of 45° showed the lowest thermal resistance of around 0.036 °C/W at the
heating power of 80 W. In the part of the filling nanoparticles silver oxide, this study
found that the best combination condition was heat pipe filled with the 60% working
fluid in volume and the 3% of silver-oxide by weight with the angle of 60° showed
the lowest thermal resistance of around 0.033 °C/W at the heating power of 80 W.
Both conditions can improve the heat transfer performance of heat pipe up to
approximately 58% compared to the 60% filled content of refrigerant fluid that
without nancparticle.
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2.2.3 waslulgvieuluunsauy

wmaslulgviounuulessu (Loop Thermosyphon) Wiumsimiuiaussaususanaily
laviouBnguiuumils Tnsilnslnauesuadva vidomsvhenlugnmusvesvauazaniuzlans
hilwaaumaiu vlddsanilywnsifemsugafnvemeauosmailuvudulediddaaas
fu (Entrainment) uasiiumnundasirlums et ionive LA zd LA Lty
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Ussneumodyinssue Lazdiumuudy sanusmevedidossiunamiodevaunainiuniu
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2.3 VANNSHINIIYaIieRIY oy

Heat Pipe awivia 2 Suagmelu Fwssqueavasliftediuiansdunnimau
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2.3.1 adrAnnsvinnuaesvieanuiay (Performance limits)
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msluauuuliuves (Bubble flow) Wugtuwumslnadivswasfadngnzaroidu

07 madsluiugaevan WaraNTULTBIMaIITRelie

nslvawuuihuiou (Slug flow or Plug flow) L‘IJUSTJLLUUﬂTiIMan'J?Nﬂ”ITi“r’llli’d‘iw

ﬂawni“auimawarﬁnuuu Tnsfvosnardunarmdoufuiifrausdud e Tng
alRpnuifsrearan aamauwmmqﬁﬂni wefU

ms‘lwatmmﬂuiwsa (Churn flow) LﬂuiULLUUﬂﬁlwawmﬂiwfuaw&aamwﬂL‘ua'z"hJ

iewmnviesrafimnudhlumsluafisi Taeisunuumsiwanuuilaneeztaifinnséy

vawaamaﬂwmumawaufvm@Laumuguanmmaa=g

n1slwaLuualwiy (Annular flow) Lﬁugﬂtwumﬂwaﬁﬁmﬂwammﬁwwagﬂmmu nana

viellvesuouvandng Jsluluing uassasderiuilinslwaduiidimiinge

MTMALUURLIIUWSA (Wispy annular flow) iﬂuuunﬁlwamn'lﬂwawwumnwaa

LNUNEWVE iﬂawwﬂmwaaLwaa”l,mluﬂulﬂnumfamu"lmmmnuLUu nﬂunulﬂﬂ'aauav
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3U 2.4 sduuunisivaluviewihdnasbuiuais [7)

233 sunvunisinanialuvie
JUnuunislvameluvieniindanasluiuissdy waiwenld 5 gduuy fgud 2.5

1. milwawvuiandu (Stratified flow) Wusduwumsluasziimsuendisenainfuiiesstn
=2 o e 7 [ p=1 o \ 1
wsslgalasnigagivalumuiurisuazeesvanes alufiwnudrwewia
i\ - R 2 o et o
2. milvauuuuenduiianiiu (Stratified wavy flow) Wugduvumslwanifiannianasfie
' Wintusinguuuumstusuuuiendu ldiiesdiuiiuiithsesdesenihietueuvia
- dd =
. 3. mﬂwmwuwgaﬁa (Dispersed bubble flow) LfJugﬂLLuum‘s"Luamemm%n'wfﬂwaﬂzﬂu
{2 =4 @k 4!—’ T é od
lureawar Juwalivveslesigarsuiuisuuuvsswa Wessuvianmiilunisiva
‘ Induvlasmenenszanglaaitaus viniy
- EJ L2 73 i ‘J n
4, mslvawuuisuil (Annular - dispersed flow) Wugdiuumslnaiiadrafuvedioy
- ' ey H oo Y | Ve
TukwRwranmuivessiufiduszaivals TnsfmuguowionnuvuIvosuiuFdu
AN
1 . P W 1Y )
5. milwawuuiiuda (ntermittent flow) dusduuunsivatiudseonls 3 JULuUIBY
2, v [ 4 £ (7] ) a' ]
- mibvarvuituieu (Plug flow) dugduuumilwaiadeiuvistulurfudosuuy
FanuEiamuUL
& & = A 2 e
- m3lvawvuiliuiii (Stug flow) Wugdwuumstuaivesmatifiaawduguliuge
} 74 13 5 = [ &
uwtviatuaiiviesigusUuluse
= R 2, o o o & 4 a
- MslualuUea (Semi-slug flow) Lﬂugﬂuwmﬂwaﬂuﬂaqmmnmfuu TR sT

= P ' = 1 ar o ) i
Aau nerduligunsansnadududsuysauarlUlaiuvensedudasunsve
Muvula
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Disperosd Bobble
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mst1emanuieu (Heat transfer) fio nsdhomwemdsnuiiiniiinsainauliaunanis
AnuFouvesynaeyn Taodlonrudoutomanaagmmikiluiineanivestnsassin 1%
wiilisumnieudedlaansagosioampiigeiu sozgomaiiitgeiuiianinsnd urUszanam
seiurnufeuiivainqadulifmenserdumuddermmanudouvesaasiegdi niv
nalnmstammnuieusnmsmdemnisemanaieudtaiy g saliddanuves
nalamsdhomawieuladil nalnmsdromanutau fe 33n1sfinnueuAnnisiadsy
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uywdiAunuuddlegiu 3 38 fie mshauiou msur$ed way maweadeu Gdlutdis

[
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i 1 o < = a s 1w ter of & 5
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2.5 @svinanudi (Refrigerant)
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- emudhilasiuianden (zero ODP, low GWP)
- wilahevSanasiuniang

[P = (-JIJ n:t
guiimamesiulauntindisasnisiaoralu

- anuseudstumsnanaiiule (tatent heat of vaporization) g4

- qafien (boiling temperature)

- gumgiingd (critical temperature) Aaud1gs

- anwidlumsnanedule (vapors pressure) gendiamuiuusseinig
- _anudusuty (condensing pressure)Uaunans

- Ymssine (spedific volume) Tudatusuia Aoudas
Ussoman siaanadu '
®  LLUMIUATZUIUNTRAR
- Natural refrigerants (94 HC-600a (isobutene), HC-2%0(propane), CO,,
ammonia
- Synthesis refrigerants 1y HCFCs, HFCs

8  UUamnauiR
- Pure refrigerants 1du HCFC-22, HFC-134a
- Mixture refrigerants 1y HFC-407C, HFC-410A

& Lwmnagnsiall

- CFC (chlorofluorocarbon) Uszneume Asedu Waesiu uazaiueu i R-11 R-12
winlaen CFC-11, CFC-12

- HFC (hydro fluorocarbon) Uszaauds lelsstau vigeaTu wazaniven 19y R-407C
v3B8n1 HFC-407C uas R-134a wielsundl HFC-134a fhanldum R-12

- HCFC (hydro chlerofluorocarbon) dsznausae lalnsiau aaeiu Wgeadu uas
AU i R-22 wialundn HCFC-22 LLﬁaqﬁﬁaﬁﬁﬂaagumauagﬁeﬁ'}é’m zonlanly
aelud 2015

- HC (hydrocarbon) Usznausiy Talasiay saremdvay 19U Wy R-290 wiatiunia
HC-290 [9]

2.6 Ssvhuiidsueayntaualy

261 d@vsvhau (Working fluids) viwsihitdseuaiufeusinundsanudou
gumgiigiludumasaraiougamgimlnedlemsviuilegludiuissnsldsunnutou
MnuvasAsBugam)ligsivsfianmssamenataule Tnoguugifides Agaivinldans
vhanfanmssungeniugamgiidufifdenndestummusiumsluvieruiou Toasviie
filfnanmsssneasivaluddmamuniy LLazLﬁa"Laa'ﬁﬁwmé’uﬁaﬁ’ULﬂ?iamfiaﬁagj’lutma'q
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aieugamaiih Aezgudemmuieuliifunfenveriu tssmuunanaihwe sviar wén
Tnanduandeduauuiu

262 miﬁwmuﬁaqmﬂuﬂu (Nanoftuids) ﬁamwtﬁwummaaﬁﬁaqmm}m AU
TuwmsiiGonheymauiuveasawdifosgnesnuuan unussspaaasss syninuily
Miveunattug eymauluilldlunis Nanofluids Faias1est Nanoftuids fialuunAves
TawweonizsimsludvioviouTuniueussanarituguilusad i efidulnarea s
waz Nanoftuids Faflgnebwiivindulsdonilunslday Wy arssromanuieulu
ssuuBidnvseiind wadidawds nssuiummandeniTy aznadessudlavinfiduindou

frunTeunszuenafeuiiufulahiylunsdssndli-Narofaids Wit
msmanutaumdussAvinmsmmufeutesnisdomaruiouiisivurenaifiu 14
fusnsvhnauiiaymmnluerlieadiligaind fufunisinuiierfungdnssunisi
arndeudatiudehaydelilumsimuinun wssweiaafiugiu

263  Ru (Silver) fio mmiimneiauezney 47 wasdadnvaide Ae (udda
wandlunwaiudl Argentum Buifulavensuddude1du dgudinisinerufou
wastrtilsiinn Tussamndeereglunsdug vieogdass Guldlsdenilunisit wisy
rRanssiy mausulfizes AERREIUATIINITANYSY

ananUing lWmanmanvilanziu

oy
- SN alavezaay 47
s ot & [ L2 ) o o T
- uazdaanuaAe Ag (Wluddewandlumwaziun Argentum)
- GuiulavevsTugduy
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e Ahstract-Heat transfersperformances-of-a-pulsating-heat-pipe-(PHP)-having-internal-and-external————
' diameter with 4.5 mm and ¢ mm with various contents of refrigerant are experimentally
investigated. The working fluid as R404A refrigerant was filled in the volume ratios from 0% to
80% and the heat input was controfled in the range from 10 W to 80 W, Obtained results exhibited
the ability of R404A refrigerant can enhance the thermal performance in steady state condition. The
average temperature difference of the evaporating section and condensing section in the 80% filling
volume ratio decreased from 9.5 °C to 2.5 °C when the heating power increase from 10 W to 80 W.
The thermal resistance of evaporator and condenser decreased with an increase of the heat input as
well. For other filling volume ratios, the trend of temperature difference and thermal resistance was
similar to that of the 80% volume filling ratio. Considering the same heat input, the highest heat
transfer performance was found at the 80% volume filling ratio. Refrigerant with a relatively low
dynamic consistency can lead to relatively high velocity in the PHP that can reduce the temperature
difference between the evaporating section and condensing section.

Introduction

Heat pipes (HPs) are considerable heat transfer devices because they showed efficiently thermal
performance due to their phase change heat transfer. In 1990, new generation of HPs was pulsating
heat pipes (PHPs) were further exposed by Akachi [1], PHPs are highly efficient passive heat
transfer devices which have been extensively used in numerous engineering fields because of their
following distinct benefits: (1) simple siructure and low cost; (2) excellent heat transfer capability
(The same direction of liquid and vapor flows in a pulsating heat pipe.); (3) easy to realize
miniaturization; (4) high flexibility (arbitrary configuration in agreement with the application
situation) {2-4].

A PHPs, are partially added with a working fluid, are generally designed by bending a capillary
tube into several turns. They are formed of three main sections: evaporator part, condenser part, and
adiabatic part [5]. The evaporator part was input by the heating power to form the driving force in
PHPs. This causes the evaporation of the liquid film that encloses the vapor bubbles [6]. The boiling
phenomenen and condensation in PHPs result in an increase of liquid temperature and pressure in
the evaporator part and a reduction of temperature and pressure in the condenser part. A pressure
difference between the evaporator and condenser sections causes the movement of working fluid
and heat transfer between evaporating and condensing parts which occurs gradually at low heating
inputs [5]. Thus, an increase of the heat load results in higher temperature of evaporating part and
improve further the thermal performance of PHPs. Several previous works have been investigated
the effect of various parameters, for example heat input and filling ratio, on the
thermo-hydrodynamics of PHPs [7-10]. Importantly, the impact of the working fluid is becoming an
interesting research topic because there are several working fluids that were filled in PHPs such as

: water [ 11, 12], methanol [13], nanofluids {14, 15], ethanol, and so on.

Al ights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means wilhout the weitten permission of Trans
Tech Publications, wwawv. tp.net. (#87256152-17/04/17,16:56:56)
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Results and discussion

Average evaporating temperature is recorded in the current survey in order to present the startup
performance of PHP with the different contents of R404A refrigerant working fluid as explained by
Eq. (1). Average condenser temperature is noted during the experiment as defined by Eq. (2).

T - Ter t Tez + Tc3 + Tegt Te5 (1)
e-average 5
T _ Tc6 + Tc7+ TCS + Tc9+ Tcl() (2)
c-average o 5
45
+-20% W40 w60% 9803

& =
oouh A

&

2

o1 F

535 1

=

E

]

w30

&

<

o

o

Q

20 ey

(] 16 20 36 40 5 Gl 70 80 90
1Ieat input (W)

Fig. 2 Heat input vs, average condenser temperature at various filled ratios of R404A refrigerant.
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Fig. 3 Heating power dependence of average evaporator temperature of PHP with various amounts of

R404A refrigerant.

Study of various R404A refrigerant fluid contents has essentially importance. Variation of ratio
results in different thermo physical properties of the working fluid. The influence of various R404A
refrigerant contents and heating input on the average condensing temperature and the average
evaporating temperature of PIP is exhibited in Fig. 2 and 3. Considering the condenser
temperature, the average condensing section temperature of PHP with 20% working fluid content
increased from 31 °C to 39 °C when there was an increase of the heating power from 10 W to 80 W.
For the working fluid contents of 40%, 60% and 80%, the temperature trend was similar to that of
the 20% working fluid content. At the same heating power of 80 W, average condensing
temperature of PHP with the working fluid filling ratios of 20%, 40%, 60% and 80% was
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approximately 39 °C, 34 °C, 43 °C and 40 °C, respectively, For the evaporator temperature, the
average evaporating temperature of PHP with 80% working fluid content increased from 30 °C to
49 °C when there was an increasc of the heating power from 10 W to 80 W. This result was similar
with that of the working fluid filling ratios of 20%, 40% and 60%. At the same heating power of
80 W, average evaporating temperature of PHP with the working fluid filling ratios of 20%, 40%,
60% and 80% was approximatcly 61 °C, 48 °C, 53 °C and 49 °C at, respectively.

The temperature difference of PHP with various R404A refrigerant contents is shown in Fig, 4.
Considering the temperature difTerence of PHP with the 20% working fluid content increased from
5.5 °C to 22 °C when there was an increase of the heating power from 10 W to 80 W. This result
was similar to that of the working fluid filling ratios of 40%, 60% and 80%. Considering the heating
power of 80 W, the temperature difference of PHP with the 20% working fluid content showed the
highest value, white the 80% working fluid content exhibited the lowest value, when compared with
other filling ratios

25
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Fig. 4 Functional heating power and average temperature difference at various filled ratios of R404A

refrigerant,

To investigate the steady state thermal performance of PHP, the thermal resistance of PHP is
caleulated in order to show the heat transfer characteristics of the PHP at steady state condition as
following Eq. (3).

Te-Te )
Q

where, R is the thermal resistance, Q is the heating power to the evaporating section, and Te and T
are the average temperatures al the evaporator part and condenser part.

The thermal resistances of PHP with different working fluid filling ratios are shown in Fig. 5.
The thermal resistance of PHP with 20% working fluid content decreased from 0.55 °C/W to
0.28 °C/W when there was an increase of the heating power from 10 W to 80 W. The result agrees
with the movement of working fluid gets the balance between the vapor bubble result and effect of
pulsation, The tendency of thermal resistance of PHP with 20% working fluid content was similar to
that of the 40%, 60% and S0% working fluid contents. Considering high heating power at the same
heat power, the thermal resistince of PHP with 60% and 80% showed the lowest value when
compared with that of 20% and 40% R404A refrigerant filling contents. Approximately 5%
thermal resistance improvement of PHP that compared with 20% working fluid ratio was clearly
appeared when there was the lilling of 60% and §0% R404A refrigerant. This is observed that the
thermal resistance decreased with the increase of heating input which indicated the ability of 60%
and 80% R404A refrigerant filling ratios to significantly improve the heat transfer performance of
pulsating heat pipe.
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Summary

An experimental investication is successful to examine the thermal resistance characteristics of
PHP with R404A refrigerant working fluids at different filling ratios. The results exhibit that the
heat transfer performance of PHP with various R404A refrigerant filling ratios corresponded to the
phase-change characteristics and the thermal resistance. At high heating, the most proper filled ratio
is between 60% and 80% because the movement of working fluid gets the balance between the
vapor bubble result and effect of pulsation. Both filling ratios showed the excellent thermal
resistance was approximately 0.13 °C/W at the heating power of 80 W. Refrigerant with a relatively
low dynamic consistency can fead to relatively high velocity in the PIP and reduce the temperature
difference between the evaporating section and condensing section.
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Abstract

This work studied the thermal performance of heat pipe with the working fluid (the refrigerant type
of R-004a) at the content of 209, 40%, 60% and 80% of total copper tube volume. To improve the thermal
performance, the 2.5%, 5% 7.5% and 10% oy weight of nanoparticles copper oxide was considered to add in
heat pipe (the intemal and external diameters of heat pipe are 4.5 rmm and 6 mm in size) with fitled R-404a
refrigerant type and studied the angle as well. These systems were controlled by the heating power in the
range of 10-80 W. The best condition was found at the heat pipe with the 60% working fluid of the pipe
volume, the 5% by weight of copper oxide, and the angle of 45° showed the best thermal resistance of
around 0.036 °CAN. This condition can improve the heat transfer performance of heat pipe that was at
approximately 56% when compared with the condition of the 60% by heat pipe volume of refrigerant.
Keywords: Heat pipe / Nano fluid particles / Thermal performance
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Abstract

This work studied the thermal parformance of heat pipe with the working fluid (the refrigerant type
of R-404a) at the content of 20%, 409, 60% and 809 of total copper tube volurme. To improve the thermal
performance, the 1%, 2%, 3%, 4% and 5% by weight of nanoparticles silver oxide wera considered to add in
heat pipe (the internal and external diameters of heat pipe are 4.5 mm and 6 mm i size) with filled R-40da
refrigerant type, and were studied the angle as well. These systems were controlled by the heating power in
the range of 10-80 W. The best condition was found at the heat pipe with the 60% working fludd of the pipe
volume, the 3% by weight of silver oxide, and the angle of 60° showed the lowest thermal resistance of
around 0.033 °C/W at the heating power of 80 W. This condition can improve the heat transfer performance
of heat pipe that was at approximately 58% when compared with the condition of the 60% by heat pipe
volume of refrigerant fluid.
Keywords: Heat pipe / Nanofluid particles / Thermal performance
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