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PREFACE

During the last two decades there has appeared a large number
of investigations about the heat pipe since the growing in the

deficiency of energy has been accelerated at this time.

This thesis is about the double-walled concentric heat pipe
which has a difference from conventional heat pipes in the geometrical
aspect. It includes developments, theory, design, manufacture of
heat pipes and experimentation of a constructed double-walled

concentric heat pipe.

I am indebted to Dog.Dr.A.Feridun Ozglic for his invaluable
suggestions and contributions. T should also like to thank to Miss.

Emine Birinci who typed the manuscript.
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Pressure (N/m?)

Surface Tension (N/m2)

Radius of Curvature (m) or Thermal Resistance (°C/W)
Contact Angle (Degree)

Density (kg/m3)

Dynamic Viscosity (kg/m.s)
Liquid Velocity (m/s)
Permeability (m2)
Area (m?)
Length (m)
Porosity
Surface Area (m2)

Heat Transfer (W)

Number of Layers or Grooves
Latent Heat (kj/kg)

Mass Flowrate (kg/s)

Convection Coefficient (w/m2 °C)
Temperature (°C)

Heat Flux (w/m?)

Thermal Conductivity (w/m°C)
Axial Vapor Velocity (m/s)
Radial Vapor Velocity (m/s)
Efficiency

Kinematic Viscosity (1/m)

Radius (m)
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SUBSCRIPTS

c : Condenser or Capillary
e : Evaporator

a : Adiabatic

1 ¢ Liquid

v ¢ Vapor

s : Solid

g : Gravity

1 : Inner

o : Outer

i : Inlet or Inertial
e : Exit

w : Wick

r : Radial Coordinate

z : Axial Coordinate
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SUMMARY

In this thesis, it has been studied about a heat pipe with a
new configuration, namely "double-walled concentric heat pipe".

The double-walled concentric heat pipe consists of two concentric
pipes of unequal diameter attached by means of end caps creating an
annular vapor space.

It transfer more heat due to increasing in area and increasing
in wicking area although its outer sizes are constant. 8o, it may
be used in anywhere, especially for the cases where space is at a
premium.

A double-walled concentric heat pipe with 400 mesh SST wick was
manufactured and experienced in the laboratory. The results showed
that the concentric heat pipe may have better performance than the
standart type which was accepted so by applying no heat transfer in
or out of the inner pipe of the constructed double-walled concentric
heat pipe.

This thesis also includes the theory, design and manufacture of
the heat pipes generally.
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OZET
KONSANTRIK ISI BORUSUNUN TEORIK VE DENEYSEL ANALIZI

20.yiizyilin sonlarina dogru herseyin basi olan enerji problemi-
ni ¢Ozmek igin g¢aligmalarin yogunlagtifi gbzlenmektedir. Enerjinin
bir yerden bir yere tasinmasinda ayrica ©Onemli bir problemdir.
Enerji konusunda geligtirilmis g¢ok basit bir ybdntem bile c¢ok
Onem  kazanmaktadir. Bundan dolayi islevi agisindan Dbakarsak
1s1 borusununda deger verilmesi gereken bir ytntem clarak duslinlile-
bilir. Ayrica wuzay ¢aginin baslamasi ve elektronik sanayinin
gelismesi bir a1sai transferi cihazi olan 1s1 borusunun ©&nemini
artirmistir. Oyleki, Groover ve arkadaslarinin 1964'teki ‘'"gok
yiiksek 1s11 iletkenli bir yapa' adli makalesinden scnra 2000'den
fazla calisma yapilmis ve 5 kadar kitap yayinlanmistir bu konuda.

Is1 borusunun bes esas islevi vardir. Bunlar (1) gok yliksek
1s1l iletkenligi, (2) Evaporator ve kondenser alanlarinin orantisini
degistirerek 1s1 akisi doniligtlrlicisii olarak g¢aligabilmesi, (3)
sabit sicaklikta calismasi, (4) degisken iletkenlikte bir cihaz
haline getirilebilmesi, (5) tek yonlu galistifindan 1sil diod
veya =anahtari olarak kullanilabilmesidir. Bunlardan tabiki en
bnemlisi 1s11 iletkenlifin c¢ok yilksek olmasidir. Oyleki 150°C'de
suyla g¢alisan bir 1s1 borusunun 1sil iletkenligi ¢ok diyi bir
iletken malzeme olan bakirin iletkenliginin ylizlerce hatta binlerce
kati olabilmektedir.

Bir 1si borusu, esas itibariyle bir akigkanin faz doniiglimi
esnasinda en yiitksek enerji tasima prensibinden yararlanir. igindé
belirli bir miktarda galigma sivisi bulunduran kapali bir yapaidir.
Akigkan, yapinin bir tarafindan isiy: alar, buharlagsir ve hiz
kazanarak bir bagka tarafina gider. Isiya burada barakir ve
ycgunlasir. Bu yogusmus akiskani tekrar eski yerine getirmek
icin gesitli ybntemler mevcuttur. Ornegin, g¢ok eskiden beri
bilinen termosifonda (bir 1sa1 borusu cesididir) yogusan akigkan
yercekimi kuvvetiyle eski yerine gelir. Diger yo®ntemler; kilcal,
merkezkag, ozmotik, manyetik, vs. kuvvetleriyle yapilan ytntemler~
dir. En c¢ok kullanilan yéntem kilcal kuvvetlerden yararlanmadir.
Bu kalcalligr veren pek ¢ok gbzenekli malzeme mevcut olmasina
ragmen, endlistriyel milhendisligin en g¢ok kullandifi ince gGzenekli
elek telleridir. Clinkii bunlar g¢ok genis sicaklik araliklarinda
galisabilmektedir,
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Bir 1s1 borusunun cg¢alisabilmesi, yani akiskanin silrekli
faz donliglimi yaparak g¢evrim yapabilmesi igin belirli sartlar
yerine gelmelidir., Bunlar, 1si1 borusu g¢aligma Ilimitleri olarak
adlandirailar. Bu limitler, sekil 3.1.1'de g&sterilmistir. Bunlardan
en Snemlisi, kilcal kuvvetlerin, bir 1si borusunda meydana gelebile-
cek basing kayiplarini karsilayacak kadar biliyilk olmasi gerektigidir.
Yani,

(0P¢)pax 2 AP + APy + APg

olmalidir. Isi borusunun kapasitesini artirmak igin, esitsizligin
sol tarafini biliyliltmek yada, sag tarafini kligliltmek gerekir.
Kilcallagas artairmak igin, daha ince kilcalligil gozenekli fitilden
kullanmak gerekir. Ancak, bu seferde fitil igindeki sivida basing
kayiplari artacaktir. BSyle durumda optimize yapilmasi gerekir.

Teorik g¢aligmalarda, fitil igindeki gbzenekli bir malzeme
igindeki, sividaki basing kaybinin hesabinda, Darcy denklemi
kullanilmaktadir. Bu denklem, Fanning denkleminin aksine hiz
dagilimini lineer kabul eder. Bu varsayim, deneylerlede dogrulanmig-
tir. Brinkman, Ergun bu denklemi dahada genigsletmislerdir. Ancak,
bu denklemler fitilin homojen gbzeneklere sahip oldugunu varsayar.
Dolayasiyla, buradaki olayi tanimlamada daha ¢ok ampirik ifadeler
kullanilmaktadir.

Buhar ig¢in yapilan hesaplarda, bilinen Fanning dJdenklemi,
yahut ta en genel olarak, Navier-Stokes denklemleri kullanilabilir.
Teorik galigmalar, daha ¢ok buhar lizerinde yapilmigtirlar. Bunun
gesitli sebepleri vardir. En Onemlisi; termosifonun normal bir
151 borusundan daha ¢ok 1is1 tasimasi ve termosifonda en biliyik
basing kaybinin buhar fazinda meydana gelmesindendir.

Isa borusu teeorik hesaplarinda diger bir iizerinde durulmasi
gereken husus siavi buhar araylizeyindeki olaylarain tanimlanmasidir.
Degigik fitil yapilari ve geometrileri igin, degisik sinir sartlari
kullanilar, '

Is1 Dborusu ¢ok gesit geometrilerde (liggen, dikddrtgen,
halka, elips, vs.) olmasina ragmen en gok kullanilan sekil silindi-
riktir. Bundan dolayi silindirik olmayanlarda 1si borusu olarak
adlandirilmaktadar.
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Isi transferi kaynaktan kuyuya kadar alti g¢gesit prosesden

etkilenir. (1) 1s1 borusu duvara boyunca ve fitil-sivi-buhar
araylizeyi boyunca olan 1s1 tranferi; (2) buharlastiricadaki,
sivi-buhar arayilizeyindeki sivinin buharlagmasai; (3) buharan,
buharlagtiricadan yogusturucuya borunun orta kismindan gitmesi;
(4) yecBusturucuda, buharin sivi-buhar araylizeyinde yoBusmasai;
(5) sivi-buhar ara ylizeyinden, fitil ve borudan gegerek radyal
yonde 1si1  transferi; {6) kilcallikla savinin yogusturucudan

buharlastairiciya donmesi.

Isi1 borusu dizayninda ilk yapilacak is, galisma sicaklifina
uygun olarak akiskani segmektir. Sonra, uygun boru ve yardimci
elemanlar secgilir. Dizayn ve imalat esnasinda dikkat edilecek
hususlar; cgaligsma sicakliginda uygun akiskan segilmesi, akiskanin
boru malzemesi ve fitil ile uyusabilir olmasi, basing kayiplaraini
yenecek kapasitesi olan fitilin segilmesi, iginde yalnizca galigma
akiskani kalacak sekilde doldurulmasi ve sizdirmazligin saglanmisg
olmasa istenir. Ayrica, imalatinin kolay ve ucuz olmasi istenir.

Daha ©&ncede belirttigimiz gibi, 1s1 borusunun en biyik
ozelligi, 1s1 akisinin ¢ok biiyik olmasidir. Yani,gok kiigiik
alanlardan g¢ok biliylik miktarlardaki isiyi1 alip, yine g¢ok Kkiiglik
alanlardan transfer edebilmesidir. Sanayide, bir cihazin kaplayaca-
g1 yer ©nem kazandiginda, cihazi biiylitmeden kapasitesinin arttiral-
masi gerekebilir. Bunu yaparken, ucuza ve daha kolay gergeklesti-
rilmeye g¢alisilair.

Konsantrik 1s1 borusuda, b&yle bir amacla A, Faghri [1]

tarafindan 1988 yilinda ©Onerilmistir. Diger aisi1 borularindan
farki, yalnizca geometrik gbziikmekle birlikte aslinda esas farki:;
bir tane degil iki tane 1isi1 borusunun yan yana getirilmis olmasidar.
Akigkan, iki boru arasinda bulunmaktadir. Yazar, 1989 yailinda,
konsantrik termosifon Uzerinde deneysel go&zlemler yapmigtir.
Burada yapilan 1si1 borusunun farki ise, digstaki borunun ic ve
igteki borunun dis kismina fitil ilave edilmesindedir.

Deneysel c¢alismada, ikiside 46 ocm uzunluBunda ve biri 5
cm ig¢ ¢apinda, digeri 2.3 cm 'i¢ c¢apainda iki adet bakir boru
segilmistir. Kalin borunun ig¢ine ve ince borunun disina, 400
mesh lik paslanmaz (316 tip) g¢elik elek sarilmistar. Paslanmaz
¢eligin bu tipi, suyla, 150 °C den sonra uyusmamaktadir. Ancak,
burada sicaklik 100 °C yi dahi gegmediginden uyustugu kabul
edilebilir, Daha sonra, i¢ kisimlarina dis agilmis, piring
bir kapakla kapatilmislardir. Bir doldurma tesisatinda standartlara
yaklasik uygun bir gekilde doldurulmus ve 0.5 cm capindaki doldurma
borusu, bir mengene aracilifiyla, hava girmeyecek gekilde, ezilmig-
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tir. Borunun yogusturucu Kkisimlarina ceket sistemleri yapilmisg,
buharlastirici kismina ise, elektrikli rezistanslar monte edilmig-
tir. igteki borunun yogusturucusu ile buharlagtiricisaini ayirmak
igin adyabatik kismina cam ylinii sikistirdiktan sonra, lastik
tapalarla kapatilmis ve bunlarin etrafi, silikon igerikli bir
malzemeyle sizdirmazligi saglanmigtir. Daha sonra, 1isi1 borusu
hazirlanmig bir test diizenine tasinmigtair. Burada; digtaki
ve icteki 1siticilara giren enerjiyi kontrol etmek amaciyla,
her biri icin birer adet ampermetre, voltmetre ve varyak (ayarli
transformatér) kullanilmistar. Yogusturucu kisminda ise; sabit
seviye tanki, debiyi &lgmek amaciyla kalibre edilmis bir tank,
genis hacimli bir bosaltma tanki ve sabit seviye tankini beslemek
amaciyla, kligiik bir pompa kullanllm;stlr. Sicaklik dzagilimina
Olcmek amaciyla Kromel-Alumel termoeleman c¢iftleri kullanilmigtair.
Boru lizerine agilan kiiglik yuvalara sockulan uglarain borudan ayrilma-
sini onlemek amaciyla  yapistirilmisdar. Sicaklik  okumalara,
multimetre araciligiyle yapilmistir.

iki ayri deney yapilmistir. Birincisinde, her iki 1siticiya
elektrik verilmis ve soButma her iki borudan yapilmaistir. Bu
iglemde, 5'er dakika araliklarla toplam 30 dakika sicaklik degigimi
gbzlenmigtir. Ikincisinde ise, standart 1s1 borusuna benzetmek
amaciyla, sadece dis borudan isi verilip alanmig ve yine bH'er
dakika aralarla toplam 30 dakika icindeki sicaklik degisimi
gozlenmigtir.

Elde edilen degerlerden her iki deneydede sicaklik profilinin
yaklagik ayni egimde oldufu gdzlenmigtir. Oysa ki; ikinci deneyde
verilen 1si1 miktari daha az oldugundan sicaklik profilinin daha
yatay olmasi beklenir. Buradan g¢ikarilan sonug, ©&nerilen 1isa
borusunun daha kapasiteli calistigi olup, teoriyede uymaktadir.

Ayrica, konsantrik 1si borusunun verimi, yani c¢ekilen isinin
verilen 1siya orani, standart 1si borusu olarak kabul ettigimizden
daha blylik gikmaktadir. Bu da, konsantrik 1si borusun daha yiiksek
kapasiteye sahip oldugunun belki bir ©6lgiide gostergesidir. Tam
bir gbsterge olarak kabul edilmemesinin sebebi, standart isa
borusunun tek borulu olmasidir. Gergekte, tam bir kiyas yapabilmek
igin, igteki borunun gikarilip test edilmesi gerekir. ‘

Sonug olarak, konsantrik 21si1 borusu, dar alanlarda 1is21
borusunu bliylitmeden kapasite artirilmasi gereken yerlerde verimli
olarak kullanilabilir. Imalati zor defildir. Ayrica, pek fazla
bir ek masrafda gerektirmez.

Bu tezde; birinci bdliimde, genel olarak 1isa borusunun ve



"tez konusunun bir tanaitimi yapildiktan sonra, ikinci bolimde
181 borulari ile ilgili gelismelerden bahsedilmigtir. Isi borusu
teorisi, tiglinci bolimiin  kapsamindadar. Dordiincii bolimde ise,
dizayn edilirken dikkat edilmesi gereken hususlar anlatilmigtar.
Besinci bolimde, ©Onerilmis olan konsantrik 1isi borusu ayrintil:i
bir gekilde tanitildiktan sonra hazirlanan bir deney tesisatindan
ve yapilan islemlerden bahsedilmistir. Son b&lim ise, sonug

boliimiidiir.
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CH.d . INTRODUCTION

The heat pipe is a heat transmitting device of very high
effective thermal conductivity, which is several tens or several
hundreds times as large as the thermal conductivity of the same size

copper rod. It has received a great deal of attention in recent

years.

The principle of heat pipe operation is essentially based on the
exchange of latent heat of a pure working fluid associated with its
evaporation and condensation in the enclosure. Therefore, it can
transport, in its steady state operation, a large amount of thermal
energy from one end of the pipe (evaporator section) to the other
(Condenser section) even when a small temperature difference is

applied to both ends.

. : 3
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— «— heating
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Fig.1.1 Thermosyphon and heat pipe



The heat pipe is similar in some respectsto the thermal syphon.
They are shown in Fig.l.1. 1In thermal syphon which has been used
for many years, condensate return is achieved by gravitational
force. The heat pipe makes use of several methods of condensate

return as shown in Table 1.

TABLE 1 Methods of condensate return.

Gravity Thermal syphon

Capillary force Standart heat pipe
Centripetal force Rotating heat pipe
Electrostatic volume forces Electrohydrodynamic heat pipe
Magnetic volume forces Magnetchydrodynamic heat pipe
Osmotic forces Osmotic heat pipe

The heat pipe is characterized by [2]

(1) Very high effective thermal conductivity

(2) The ability to act as a thermal flux transformer
(3) An isothermal surface

(4) Variable thermal impedance or VCHP

(5) Thermal diodes and switches

Heat pipe technology had has a remarkable developments in the
last years. The applications of heat pipes are expanding in many
fields (e.g.for satellite, industrial and home use). In many
applications space is at a premium, so any increase in heat transfer
for a given pipe size will be important. For this aim, Faghri
proposed a new configuration, double-walled concentric, and

experienced wickless type (thermosyphon) of heat pipe.
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In this thesis, it was aimed to manufacture a heat pipe with a
new shape similar to that tested by Faghri , except being
wickless, and to evaluate its performance comparing to standart heat
pipe. First, some knowledge about the heat pipe was given, and then
the double-walled concentric heat pipe was described. Finally, the
experiment and its results obtained on a heat pipe constructed as
having the introduced configuration. The results show that its

performance would be higher than that of the standart heat pipe.



CH.2. DEVELOPMENTS IN HEAT PIPE

Heat pipe design, theory, and applications have developed
quickly over the 20 years since the invention of the pipe by Groover
et al. [3]. This is evidenced by more than 2000 references, five

international conferences, and more than five books on heat pipes.

It has been used in many areas such as in

- space applications

— cooling electronic circuits

- stabilization of the pipe works

— recovery of waste heat

- preheating of the combustion air

— cooling the brake systems of air planes
- temperature control

- solar energy systems

- geothermal energy systems

- storing the energy

— heating inside the vehicle by the exhaust
- thermionic power generation

~ preservation of permafrost

- stirling engines

~ and many other areas

These come into a number of broad groups, each of which
describes o property of the heat pipe. These groups are:

(1) Seperation of heat source and sink



(2) Temperature flattening
(3) Heat flux transformation
{(4) Temperature control

(5) Thermal diodes and switches

The heat pipe concept was first put forward by R.S. Gaugler of
the General Motor Corporation, Ohio, USA. Then an extensive
programme was conducted on heat pipes at Las Alamos Laboratory, New
Mexico, Under Groover, and preliminary results were reported in the
first publications on heat pipes. It followed in many countries such

as England, Italy, USSR, Germany, Japan, Czechoslovakia, etc.

By now the theory of the heat pipe was well developed, based
largely on the work of Cotter, and a wide variety of heat pipes were
commercially available from a number of companies in the developed
countries. Unfortunately there has not been any company in Turkey

even availability in these country since 1970.

The most of the theoretical investigations has been done for
the wickless type (thermosyphon) heat pipe since analitical
solutions desribing the flow are easy to find comparing the standart
heat pipes, and it has larger heat transfer capability than a wicked

heat pipe.

Investigations have usually been focused on the aim of
improving the performance by extending their operating ranges, i.e.
operating limits. There is a growing number of studies on the
thermosyphons. Fukan, etal,[4. ]Jpointed out that the last
correlations of the critical heat flux by using new parameters such
as height of the Liquid pool and the buble kinetic energy. He
concluded that the operating limit of a thermosyphon is not only

caused by flooding but is also dependent upon the liquid lumps
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generated by boiling in the evaporator. Chi, et al. [ 5] suggested
dryout, burnout and flooding limits. Dobran [ 6 ] showed that the
sonic heat transfer limit is affected by the working fluid, vapor
flow area, manner of vapor introduction into the vapor core region
of the evaporator, and lengths of the evaporator and the adiabatic
regions of the high-temperature heat pipes. J.E.Hart [7] observed
some oscillations that reflect quasi-periodic flow as well as a type
of periodic chaos. There has been also some fundamental
investigations about the effects of geometry and positions of heat
pipes or thermosyphons. For example, Lock and Liu [8] did an
experiment showing that the length-diameter ratio's effect is
greater than that of heated-cooled length ratio at low Rayleigh
numbers. The influences of the inclination angles between 5-45°
determined as by capillary limit and between 45-90° by both the
capillary and flooding .limits are the conclusions of Glrses [a].
Thus under the tilting mode, gravity affects considerably the heat

pipe performance [10] .

The dealers of heat pipes should also interest with the areaof
porous media, especially who works around the capillar wicked heat
pipe. A fundamental approach namely a continuum model for the phase
change in the porous media in the presence of coupled head flow,
fluid flow and species transport processes was presented by
Kececioglu and Rubinsky [11 ] . Although the Darcy's equation
has been still used in the design of the heat pipe, many authors
have been studying about the aparture from this law. Two of them
are about the thermal dispersion effects on non-Darcy convection in
porous media bay Lai [12] and non-Darcian effects on the wicking
limit by Ozglic et al. [13] which are both based on Ergun's model.
In the wicked heat pipe many types of porous media has been used. An
interesting one is the cornstalk experienced by Kim [14] for the
aim at the application of waste heat recovery in the lower

temperature range of 40 to 60° C.
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Looking at the aspect of heat pipe from the thermodynamical
view, we'll be face to a new cycle proposed by Kobayaski [15). This
cycle can be applied for engine and heat rejecting systems as in the
case of heat pump. The author called it as heat pipe engine or heat
pipe refrigerator. It is composed of two adiabatic and two
constant-volume changes in two-phases thermodynamic condition. the
author said that a theoretical thermal efficiency of this ideai
engine cycle will be inevitably low owing to its intrinsic nature
that it is intended to be operated at low temperature ranges with
small temperature differences. On the other hand, head rejecting

systems utilizing this cycle are expected to be highly efficient.

Although the most practical configuration used in industry is
the cylindirical standart heat pipe geometry, of course, various
'configurations may be designed such as shown in Fig.2.1. Broadly
there are there are three classes of closed evaporator-condenser
devices. (1) Heat pipe (2) Thermosyphons (3) Heat transfer devices.
The capillary heat pipe, two phase thermosyphon, and electro
hydrodynamic heat pipe are the kinds of heat pipe, thermosyphon and

heat transfer device, respectively [16] . Fig.2.2.

- 9
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Fig.2.1 Some typical geometries of the heat pipe
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Fig.2.2. Classification of closed evaporator-condenser devices
I, Heat pipes:1, osmotic;2, capillary;3, vapor-dynamic with an
osmotic hydraulic lock;4, vapor-dynamic with a capillary lock.
IT, Thermosyphons;l, centrifugal;2, two-phase; 3, vapor~dynamic with
a centrifugal lock;4, vapor-dynamic with a gas lock. III, Heat
transfer devices:1, electrohydrodynamic heat pipe;2, electroosmotic
heat pipe;3, vapor-dynamic thermosyphon with an electrohydrodynamic
lock;4, vapor-dynamic thermosyphon with an electro-osmotic lock.



CH.3. THEORY OF HEAT PIPES

3.1. INTRODUCTION

The heat pipe is a novel device that allows the transfer of
very substantial quantities of heat through small surface areas. In
order for the heat pipe to operate the maximum capillary pumping

head (AP must be greater than the total pressure drop in the

c)max
pipe, i.e. pressure drop in liquid and vapour phase and sometimes

gravitational head. Otherwise, it will not operate. Thus,
(8Pc)pax > bP] + APy + APy (3.1.1)
This is one of the limits known as viscous or capillary limit.

There are also some other limits which would be evaluated

empirically due to wick or pipe structure, They are shown in

Fig.3.1.1.
© B: boiling limit
%
Rt W: wicking limit
i
£ E: entrainment limit
[
< S: sonic velocity limit
‘s
o
=
<g
{
i e
' [
! 1
1 v
-
N

—
3

Fig.3.1.1 Heat pipe operating limits
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3.2. SURFACE TENSION AND SURFACE ENERGY

Molecules in a liquid equally attract each other in all
directions experiencing any resulting force. But, at or near the
surface, an unbalance of attraction forces occurs. Because of effect
a liquid will tend to take up a shape having minimum area. In this

case, a liquid surface behaves like a membrane.

In order to increase the surface area work will need to be done
onthe liquid. The energy associated with this work is known as the

free surface energy.

When a liquid is in contact with a solid surface mdecules near
the solid will experience forces from the solid molecules. Depending
on attraction or repulsion liquid solid surface will curve upwards
or downwards. When the forces are attractive the liquid is said to

"wet'" the solid.

The condition for wetting to occur is that the total surface

energy is reduced by wetting.

Og] + Ogy < Og

Where the subscripts s,1,v refer to solid, liquid and vapor

phases respectively, as shown in Fig.3.2.1.

N
_rilfl\\ j‘i ? . 7,’:,';_'_:'.' .
wetting non wetting

Fig.3.2.1 Wetting and non-wetting contact
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(AP¢)pax depends on the working fluid and the shape of liquid

channels, i.e.R,. Various configurations with R, value of them are

shown below.

(1) Cylindirical Pores

Re = r

(4) Semicircular Crooves

Re = % ¥

(w=2)

(5) Square Mesh

Re = (6+d)/2

(2) Rectangular Grooves (3) Triangular Grooves

R, = w/2 Re = w cos@ /l-sina

(6) Packed s heres

Fig.3.2.2 Cases for which the effective pore radius can be estimated.
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Consequently, a pressure difference occur on the curved surface

related to surface energy 0] and radius of curvature of the surface,

such that

Ap= 2 0y/R (3.2.1)

If the surface has two radii of curvature at right angles Ry,

Ry, then it becomes

AP= 97 (1/R; + 1/Ro ) (3.2.2)

That is the basic driving force for standart heat pipes.

Due to this pressure difference, if a vertical tube, radius r,
is placed in a liquid which wets the material of the tube, the liqid
will rise in the tube (Fig.3.2.2.) by an amount of

h= (20/r Cos @) 1/p) g (3.2.3)

Where Py is the liquid density and € is the contact angle. It

has a maximum value when Cos 9® =1,

d
\{ |
/ — T

Wetting fluid Non-wetting fluid

Fig.3.2.4 Capillary rise in a tube



-13-

3.3. PRESSURE LOSSES

3.3.1. PRESSURE LOSSES IN THE LIQUID PHASE AP;

The flow regime in the liquid phase is almost always laminar.
Due to complexity of liquid chanuels, a correction factor is used to
modify the Hagen-Poiseuille equation. Three principal capillary

geometries are;

(1) Porous wicks

(2) Open grooves

Porous Wicks. In order to calculate APy, Darcy's law including
a correction K to take account of pore size, distribution and the

tortuosity. Darcy's "law" is written as

AP =pjp w3 /K (3.3.1)
or
AP1= u, leffm/py K A (3.3.2)

where leff = 1, + (1o + 1.)/2

K : the wick permeability (which is easily measured)

A : the wick cross-sectional area

But Darcy's law can not describe completely the behaviour of
the liquid motion, especially for the cases of high permeability,

[17] and Re >1

For high permeability, using Bringman extended Darcy model

derived from Navier-Stokes equations for reverse flows, C.Y.liu
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et al. [17] analysed the flow to account the frictional losses

for cylindirical heat pipe.

2 u

My (92w 1wy dp1, 1, (3.3.3)
dr? r dr dz K

The other equation given based on the Darcy Brinkman

Ergun model takes also the inertial terms into account.

P u 2
0= — dpl _ _fl_wl._ 1 fwilw + 1 vy (3.3.4)
dz K i €
Where
k=3 / (1~ ¢€) g & , Ki= €3/ (1-¢) g5 S,
Sy ¢ specific surface area of the wick

g1:8> : two empirical constants

€ : volume of voids/volume of body

But, in the case of standart heat pipe, these two terms,

frictional and inertia, can be easily neglected.

Axially groove wick: Axially grooved heat pipes are at present
among the most widespread HP modifications including gravity-assisted
pipes characterized by high technological effectiveness, reliability
of parameters, high heat transfer properties. For this type,

pressure drop in the liquid is given by:

AP1=81u; Q1 / Trd NP L (3.3.5)

where N is the number of grooves and
re = 2 Flow area/wetted perimeter.

(some wick sections are shown in Fig.3.3.1.)
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Screen wick Channels covered Open channels

with screen

© O

Annulus behind screen Artery Corrugated screen

Fig.3.3.1 Some wick sections

3.3.2. PRESSURE LOSSES IN VAPOR PHASE

The total vapor pressure difference is the sum of the pressure
drops in the three regions, namely the evaporator drop AP,., the
adiabatic section drop AP,., and the pressure drop in the condensirg
in the condensing region AP,.. There has been some theories due to

compressibility or whether is one dimensional or two dimensional.

In the simple one dimensional theory (in compressible flow),
the flow velocity is assumed to be small compared to  the velocity of
sound C, i.e. V/C < 0.3. This is true except in the case of high
temperature heat pipes or during start up. This theory suggest that

the inertial term will have the opposite in the condenser region and
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should cancel out that of the evaporator. The total pressure drop
in the vapour phase will be due entirely to the viscous terms. 1In
the adiabatic section the pressure difference will contain only the
viscous terms which will be given either by the Hagen-Poiseuille

equation or the Fanning equation.

Hence the total pressure drop for laminar flow and with full
pressure recovery

8P =8 uy i [(1g + 10)/2 + 1,) /o r (3.3.6)

This is however broadly correct. A considerable number of
papers have been published giving a more precise treatment of the
problem. For example, one of them by cotter who made an earliest

theoretical treatment obtained a pressure recovery value of

AP = + 4 me /n2 8 Py ré (3.3.8)

His full expression is

4P,= — (1-4/72) ©2/8 ré - 8w, m1ly /7opy rd  (3.3.9)

Another case, two dimensionality, shows that, especially in the
condenser region, the temperature and the pressure are not constant
across the section in practical heat pipes. The most important
result about this problem is the possibility of reverse - flow at
high evaporation or condensation rates, as in the case of radial

Reynold number, R.<-2.3. [18].

The effect of compressibility of the vapor is important in high

temperature liquid metal heat pipes and during start-up.
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3.4. HEAT TRANSFER IN HEAT PIPES

Heat can both enter and leave the heat pipe by conduction from
a heat source/sink, by convection, or by thermal radiation. ‘The
temperature drops in a heat pipe can be represented by thermal

resistances and an equivalent circuit as shown in Fig.3.4.1.

In order to provide an indication of the relative magnitude of
the various thermal resistances Table (3.1.) lists some approximate

2 .
values/cm= of a water heat pipe

Evap, Ad . 4]cond
i

- o —— — o — — 0 e o - -

%;%[Lv*ax\\\\VVﬂox\VQOA\xvxwxmm OTe
N fediss (140
Q _B5._ Q@

R:.% ¢ R

R3 WR7

r2] @ _ {Rg
—— .

ml R5 |Ro
Q Q

Fig.3.3.2 Temperature drops and equivalent thermal resistances in
a heat pipe

Notes: Resistance=Temperéture difference/Total heat flux T; to Tg.
R; to Rg, and Ry are defined in Fig.3.4.1. A, and Ao the evaporator
and condenser wall areas he and h, heat transfer coefficients at

the evaporator and condenser outer surfaces

de and g, heat flux through the evaporator and condenser walls

k thermal conductivity of the heat pipe wall

Py vapour pressure



L latent heat

T

d wick thickness
Table 3.1
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absolute temperature of vapour

heat pipe.

Equivalent thermal resistances and its values for water

|Term |Defining Relation Thermal Resistance | Comment Wiee
1 Q=h, A AT, R=1/heAe 10210
Plane geometry
9 =kATL/t T -
2 ? 2/ RZ: .9_2_ 10 ]
Cylingirical geormetry AGe
qe: 21K ATZ// n
loge +
3 d true for 1
Eq. 34.3 or 3.4.4. R3= me “ClUid metals 0
. lame Py RT(2MRT)"2 usualy 162
S (MRTYERTZ R‘*_LZPV Ae neclected 0
2
5 | RTRR | RTR . |t
Eny
o | o a6 _RT(2MRT)2 , G5
C(2RT%RT2 *P, Ac
2
7 |qu ATER 1 R~ d 0
(2MRT)"2 R1& KwAc
Plane geometr
) }? AT Y for thin
= 2 walled
t ATg cylinders A
N = 10
8 Cylindirical geometr
q.- 2"KAT2 ern
=22
loger’-lq
o 3
e Q:hcACATg Rg= he A 10 -10
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3.4.1. HEAT TRANSFER IN THE EVAPORATOR REGION

In this region the heat will be transported to the liquid
surface by conduction and natural convection mechanisms in the case
of low heat flux. As the flux is increased convective heat transfer
will also increase because of the buble formation. We can increase

it until burnout which is a limit of the heat pipe occurs.

We will not discuss the case of unwicked surfaces here.

Boiling from wicked surfaces. The effect of the wick is to
further complicate the boiling process since the wick provides
additional nucleation and significantly modifies the movement of the
liguid and vapor phases. There is now considerable literature on
boiling from wicked surfaces and many experiments have been done
about this phenomena. As a result, the two models of boiling

mechanism are described by the authors as

(1) A layer of liquid filled wick adjacent to the heated surface
with conduction across this layer and liquid vaporisation at the
edge of the layer. In this model liquid most be drawn into the

surface adjacent by capillary forces.

(2) A thin layer of vapour filled wick adjacent to the saturated
liquid with in the wick. 1In this model the liquid is vaporized at
the edge of this layer and the resulting vapor finds its way out of
the wick along the surface and through large pore size passages in

the wick. This model is analogaus to conventional film boiling.

One limit to the radial heat transfer from the evaporator will
be set by "wicking', that is when capillary forces are unable to
feed sufficient fluid into the evaporator. The limiting flux Qerit

will be given by the expression,
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derit = MxL/area of evaporator.

Ferrell and Davis [19] extended this equation by including a

correction for thermal expansion of the wick.

- in B ol
g [heo P10 1 / c'10 11 sinB (1+ T)] (3.4.1)
py My [1./2 + 1] / L Py K d (1+04T)

Qerit =

Where

co capillary height measured at a reference temperature
a coefficient of linear expansion of the wick
AT the temperature difference between the operating and

reference temperature

Their experiments demonstrated that heat flux limits for water

ug to 130 kw/m2.

Liquid vapour interface temperature drop. The magnitude of the

temperature drop can be estimated as follows.

The average velocity Vg, in a vapour at temperature T, and

having molecular mass m is given by kinetic theory as

.5
Vave= (8 k Tv/n m)O

where k is Boltzmann's constant.
The average flow ‘of molecules in any given direction is nxV, e

per unit area times four, and the corresponding flow of heat/unit

area
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m L n Vave/4

Where n is the number of molecules per unit volume and L the

latent heat

Also for a perfect gas

Pressure PV =nk Tv

0.
Hence heat flux = P, L (m/27 k T,) ® to the liquid surface

3

heat flux =8 L (m/2n1k T;) away from the surface

Net heat flux from the surface is

0.5
2 2
g= AT L P / (27 RT,) R Tg (3.4.2)

Wick thermal conductivity. Two models are used in the

literature.

(1) Parallel case. Where the wick and working fluid are in
parallel. 1If K; is the thermal conductivity of the working fluid
and Kg is the thermal conductivity of the material and e=is the

voidage fraction
K, = (1- €) Kg+ €Ky .. (3.4.3)

(2) Series case. If the two materials are assumed to be in

series

Ky= 1/(1-¢/ K5 + €/ K) : (3.4.4)
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3.4.2. HEAT TRANSFER IN THE CONDENSER REGION

The condensation mechanismis similar to that of surface
evaporation discussed previously. It can occur in two forms, either
by the condensing vapour forminé a continuous liquid surface or by
forming a large number of drops. Nusselt theory given in the
standart text books [20 ] can be used to analyse the former type.
The other is more complicated but similar to evaporation.
Condensation is seriously affected by the presence of a non-condens
gas. Hence the end of the condenser will be effectively shut off

because of the concentration of this gas by vapour pumping.

The temperature drop through the saturated wick may be treated
in the same manner as at the evaporator. It may be calculated from
Equations (3.4.3.) and (3.4.4.)

3.5. LIMITS TO HEAT TRANSPORT

They'are illustrated in Fig.3.1.1.

Viscous limit. At low temperatures viscous forces are dominant

in the vapour flow. Busse [21] derived the following equation

q= r2 L o, P, / 16 n, leff (3.5.1)

where B, and p, refer to the evaporator end of the pipe.
Sonic Limit. It is given by
q= 0.474 L (p, PV)O'S (3.5.2)

Entrainment Limit.. Eg.(3.5.3.) gives the entrainment limiting

flux
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0.5
4= (21 g, 17 0; / 2) (3.5.3)
where Z is a correction factor.

Capillary Limit. In order for the heat pipe to operate,

APCmax> AP + AR, + APg (3.5.4)

Burnout. It occurs at the evaporator at high radial fluxes.
Eq.3.4.1. gives a limit for a homogeneous wick. This equation, which
represents a wicking limit, is shown in section 3.4.1. to apply to

water up to 130 kw/m2. There are no simple correlations about this

phemomena.



CH.4. DESIGN CRITERIES
The principle bases to select the three basic components of a
heat pipe which are, first, the working fluid, second, the wick or
capillary structure, and finally, the container are discussed below.
4.1. WORKING FLUID
A first consideration to select a suitable working fluid is the
operating temperature range and some of them are shown in table 4.1.

while full properties of most are given in appendix A.

Table 4.1 Heat Pipe Working Fluids.

Medium Melting | Boiling point Useful range
point | at atmos.press.
(°c) (°c) (°c)

Helium -272 -269 -271 - =269 ;
Nitrogen -210 . -196 -203 - -160 |
Ammonia -~78 -33 -60 - 100
Freon 11 -111 24 . -40 - 120 | |
Pentane -130 28 . ~20 - 120 ||
Freon 113 -35 48 - ¢ =10 - 100 1
Acetone -95 57 0 - 120 ]
Methanol’ -98 .64 10 - 130 i
Flutec PP2 - -50 76 10 - 180 | |
Ethanol -112 78 0 - 130 |
Heptane -90 98 ] 0~ 150 !
Water 0 100 30 - 200 !
Flutec PP9 -70 160 0 - 225 |
Thermex 12 257 -150 = 395 | |
Mercury -39 361 250 - 850 f
Caesium 29 670 450 - 300 f
Potassium 62 774 500 - 1000 ?
Sodium 98 892 600 - 1200
Lithium 179 1340 1000 - 1200
Silver 360 2212 1800 - 2200 |
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The prime requirements are:

(1) Compatibility with wick and wall materials

{2) Good thermal stability

(3) Wettability of wick and wall materials

(4) Vapour pressures not too high or low over the operating
temperature range

(5) High latent heat

(6) High thermal conductivity

(7) Low liguid and vapour viscosities

(8) High surface tension

(9) Acceptable freezing or pour point

(10) Viscous, sonic, capillary, entrainment and nucleate boiling
limitations

(11) Cost, availability and the other factors such as toxicity.

4.2. THE WICK OR CAPILLARY STRUCTURE

The prime purpose of the wick is to generate capillary pressure
to transport the working fluid from the condenser to the evaporator

region. So the principle requirements are

(1) small pore size

(2) high permeability

(3) wick thickness

(4) low thermal resistance

(5) good compatibility and wettability

(6) other factors such as cheap

There is a compromise between (1) and (2). So an aptimum size

should be determined for an application.

There are three main types of wick form based on capillarity
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which are (1) Homogeneous wick (2) groove wick (3) composite wick.

Some forms are shown in Fig.4.1.1. And some wick types and their

properties are given in appendix B.

Fig.4.1 Forms of wick used in heat pipe (Courtesy NASA)

Expressions are available for predicting their thermal

cdnduétivities in saturated case. For example conductivity of the

mesh type of wick can be expressed using Rayleigh's metod such as:

k,=k; (8 -¢€)/ (B+¢)

= (1+ kg / ky) / (1- kg / ky)

]
[

k. = thermal conductivity of solid case
ki = thermal conductivity of liquid case

volume fraction of solid phase

m
1}
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4.3. THE CONTAINER

Its function is to seperate inside of heat pipe from outside
since they are in different thermodynamic conditions. Factors to

select the container are:

(1) Compatibility

(2) Strength to weight ratio

(3) thermal conductivity (given in Appendix C.)
{(4) Ease of fabrication

(5) Porosity

(6) Wettability

The most important factor is the first one, i.e. compatibility.
Two major results of incompatibility are corrosion and the generation
of the non-condensable gas. Some compatibility data is of course
available in the general scientific publications and from trade

literature on chemicals and materials.
4.4, FLUID INVENTORY

This is very important especially when considering small heat
pipes. To overcome the problem of excess or deficiency of fluid is
necessary by providing an excess fluid reservoir. The common
practice is to include a slight excess of working fluid over that

required to saturate the wick.
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CH.5. DOUBLE-WALLED CONCENTRIC HEAT PIPE
5.1. INTRODUCTION

The double wall concentric heat pipe (Fig.5.1.1.) firstly
proposed by Faghri consists of two concentric pipes of unequal
diameter attached by means of end caps, creating an annular vapor

space between the two pipes.
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Fig.5.1.1 The double-walled conentric heat pipe
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Wick structures may be placed on both the inner surface of the
outer pipe and the outer surface of the inner pipe. The main
gdifference from the standart heat pipes may be accepted as the
increase in the surface area exposed for heat transfer both into and
out of the pipe. The space inside the inner pipe is open to the
surroundings. To the author's knowledge, there has been no
experimental or theoretical investigation reported in the literature
concerning the double-walled concentric heat pipe except
investigation on wickless type, i.e. concentric annular two-phase

closed thermosyphon by A.Faghri et al. [22].

The advantages of the dcuble-walled concentric heat pipes are

as follow:

(1) An increase in performance is expected as a result of the
increase in surface area exposed for heat transfer. The heat
transport per unit length will be more than the standart heat pipe.
The heat pipes have usually small volume since in many applications
the space is at a premium, so any increase in heat transport ability

for a given pipe size is significant.

(2) Like to conventional heat pipe design, many methods which
have been used to increase the capacity of heat pipe can be also
used in the design of this type of heat pipe since it is not
specific to any working fluid, wick structure, or container

material.

(3) Due to the increase in wick or capillary area, performance

would be increased because of the increase in capillary pressure.

(4) Needs no expensive tooling or other treatment.
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However the main advantage of this type over the conventional
one is the increased surface area for heat transfer into and out of

the pipe without necessarily increasing the outside pipe diameter.

5.2. ANALYSE

Many researchers have analysed analitically and experimentally
for many different types of heat pipe design. Most of them are about
the convection heat transfer since heat pipe can be accepted as a
device using the mechanism of convection. Since this new type is, of
course, in an annuli form there have been many studies in annuli cr
vertical slots. But most of them have adopted the parallel flow in
the same directions. For example, Habchi and Acharya [23].
Approaching to the heat pipe which has a main difference from these
as reverse flow, an interesting paper by L.S.Yao and B.B.Rogers
[24] is about mixed convection in an annulus of large aspect ratio
which is an open thermosyphon. His analitical study proves that the
mixed convection is unstable in many regions. The first study about
closed annuli wity a reverse flow is about the vapour flow analysis

by analitically and about the heat transfer characteristics

by both analitically and experimentally.

In conventional heat pipes fluid mechanics and heat transfer

problems are of three basic types:

(1) Vapour flow in the core region
(2) Liquid flow in the wick

(3) Interaction between liquid and vapour flows

Most of the analitical research on heat pipes has been done on

the vapour flow because liquid flow in wick is complex and difficult
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to describe withan exact the theoretical model. It requires empirical

relations obtained by experimentation.

5.2.1. VAPOR FLOW IN THE CORE REGION

The most recent prediction was made by Busse and Prenger [26]
about compressibility effect and choking phenomena as a function of
radial Reynolds number in conventional heat pipe. For the concentric
case this problem is investigated by A.Faghri analitically and

numerically such that.

Using the general Navier-Stokes equations that describe axially

symmetric flow in a pipe with suction or injection

Ju Su 1 ap ? u 13u
u + vV = - — + Vv + 5.2.1
3z Ir o 9z ( 3re rar ) ( )
u a(Vr
r 2 + ——i——l—— =0 (5.2.2)

92 ar

Where u is the axial component
V is the radial component

p, Vv are density and Kinematic viscosity respectively.

He solved these equations numerically by taking the boundary
conditions for the evaporator and the condenser region seperately.

The boundary conditions are expressed as follows:

u (o,r) = ug (r)

u (z,R;) = u (z,Ry)=0

V (z,R;) = Viy (2) (5.2.3)

V (z,Ry) = Vg (2)

I
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The analyse was limited to cases in which the suction and

injection rates are small compared to the axial velocities.

He

solved for the cases of K=0.2, K=0.5 and K=0.8 where K= diameter of

inner pipe/diamete:r of outer pipe and obtained the results such as

shown in Fig.5.2.1

and 5.2.2

which I used same (K=0.5) value in

our experiment. One of the conclusion is that the loss in the vapor

pressure increases as K, ratio of pipe sizes, increases together

with the radial Reynolds number in the condenser and evaporator

region.
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He concludes that, for a radial Reynolds number less than one,
viscous effects dominate and axial velocity profile is close to the
Poiseuille flow conditions. For a radial Reynolds number greater
than one, the evaporation and condensation cases becomes
qualitatively different. The reversal flow may occur as a result of

increasing of condensation pressure.

Heat transfer characteristics in two-phase closed conventional
and concentric annular thermosyphons is the name of most recent
paper about this subject . As seen in the name, it is also
"wickless'" heat pipe, but the first experimental investigation on

this new type. This thesis differs from all above in usage of wick.
5.2.2. 1IQUID FLOW IN THE WICK

This may also be analysed in three region as evaporator,
adiabatic and condenser. But, usually neglecting the axial pressure
losses in evaporator and condenser region comparing to that of
adiabatic region, many researchers have dealt with this section of
heat pipes. Investigations have been focused on wick structures
creating different flow conditions. One of them by C.Y.Liu et al.

has used the Brinkman-extended Darcy model instead of simple
Darcy's law for an analitical analysis of cylindirical heat pipe.

His assumptions are

(1) the flow is fully developed and steady, (2) Properties of
the fluids and porous medium are constant, (3) The porous medium has
a high permeability and is saturated with liquid. His governing
equation determining the flow is:

" .
Hi( dw 1 _dw ) = dp1 , M1 (5.2.4)

dr2 r dr dz

Simple Darcy's law is:
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Hy
S S (5.2.5)
K

The another approach takes the variation in porosity and
intertial effects into account by A.Ozglic et al. for the-
planar heat pipes. He used the Darcy-Brinkman-Ergun extended model

as shown below.

P u 2
0. SP1 M1 K1 wlwy —L 4 ¥ (5.2.6)

where is axial coordinate

z

Y is perpendicular direction
K 1is the permeability
K

is the inertial permeability

3 e3
K= = = , K; (5.2.7)
(1- €)7g Sy (~€) g2 Sw

sy 1s the specific surface area of the wick

g1 » gp are two empirical constants.

The analysis of fluid flow in the wick and the interaction
between the fluid and vapour in conventional heat pipes is still
applicable with small modifications to double-walled concentric heat
pipe. The extended model, Darcy-Brinkman-Ergun model, may be used

to evaluate the parameters sensitively as, in cylindirical

coordinates,
dp1i L 1 v2
0= - 3z - Kl Wy ~ -—Iz-il— lelwl + el Wl (5.2.8)
for the inner pipe
d u p u
O= - plo - 1 Wo - 1 IWO, Wo + 1 VZWO (50209)
az }% Kio €o

for the outer pipe



—35-

where subscript I shows inner pipe

subscript o shows outer pipe, and V2 = 3

Due to the form of wick structure on interaction sections,

various boundary conditions may be written.

5.2.3. THERMAL RESISTANCES AND TEMPERATURE DROPS

The double-walled concentric heat pipe has a complexity
compared to a conventional heat pipe since a new mechanism,
radiation, effects also the performance. The thermal resistances
and eqguivalent circuit are shown in Fig.5.1.1 and 5.2.3. Heat can
enter and leave the pipe from the inner wall and outer wall by
conduction, convection or radiation. Furthermore, temperature drops
may occur by thermal conduction through the heat pipe walls in the
evaporator and cornidenser regions, in the wicks, in the vapor liguid

surface, as well as in the vapor core.

Q01 Qi
R13 % Qst . RS! % R14
- YWy -
R12 R15
R11 ) R16
R10 Q RS R17
. i
R4 { . R6
R3 R7
R2 Qso RSO ) R8
R1 % R9
Q02 ni2

Fig.5.2.3 Equivalent thermal resistance in a double
walled concentric heat pipe
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5.3. EXPERIMENTAL APPARATUS AND PROCEDURE

To accomplish the objects of the experiment which were to

design, and manufacture a new type of heat pipe, and to evaluate

its performance, a concentric annular heat pipe was built.

5.3.1. CONSTRUCTION

Two copper pipes were selected as the heat pipe container. The

resions of why <this material was selected are its high thermal

conductivity and compatibility with water and Freon.

are given below.

Table 5.1, Heat Pipes Dimensions

Total length 460
Evaporator length 110
Adiabatic length 160
Condenser length 190
Outer pipe (o0.d.) 55
Outer pipe (i.d.) 50
Inner pipe (o0.d.) 25
Inner pipe (i.d.) 23

mm

mm

mm

mm

mm

mm

mm

Its dimensiors

The outsides of the tubes on both ends were threaded and

threaded brass"caps were used to close the annuli.

For returning the fluid from condenser to evaporator 400 mesh

stainless steel, 316 type, was used as wick by an amount of 4 layers

on both inside of outer pipe and outside of inner pipe.

No extreme precautions other than ordinary cleaning of all

components were necessary since operating temperature range are not

higher then 400° C approximately.
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One of the most difficult problems was the insertion of the
wick into the outer pipe. To eliminate this problem a spring steel
plate of the width 1/3 of the length of the adiabatic region, instead
of spring wire,(but giving same performance) was inserted to retain
the wick against the wall., This was done by rolling the plate over
a mandrel giving a clearance in heat pipe. After the mandrell was
inserted into the pipe, so that the plate‘is now in adiabatic region,
the plate tension was released, and the mandrel then removed.
Streching the plate manually caused the wick to hold against the wall.
It was easy to wrap the wick over the inner pipe since the process
consists of only rolling or wrapping the wick over pipe and a thin

steel wire over the wick to prevent unfolding.

There are several methods of fitting of end caps such as by
argon arc welding, brazing, soldering, electron beam welding, pr by
using threated caps. The latter,i.e. threaded cap fitting, used in
this experiment was applied on both ends of two pipes in conjuction

with TPLE band for providing the sealing. See Fig.5.3.1.

. End cap Wall 400 mesh SST wick

o /
f N .
S A T W O - 0 W, . W W W A T W2 W T 0 0 W T, o T .. 0 e ot e G

|

Fig.5.3.1 Fitting of wick and end cap
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The heat source used in the inner pipe and the outer pipe of
the heat pipe has nicrome electric heater wires. The electric heater
of the resistivity 19.1 W/m was wrapped by passing through the holes
of electrical isolator of the rod type (but thermally conductive).
Then this refractory rod was inserted into the inner pipe. The same
electric heater wire was also used for the outer pipe. It was
coiled around the outer pipe by bead type electrical insulator.
After the aliminium foil was wrapped over, the heater both of the
evaporator and adiabatic sections of the heat pipe were isolated
thermally from the surrounding. Seperate a-c power supplies were
used to supply power to the inner and outer evaporator section
heaters. The variac for varying power input, the voltmeter and
the ampermeter for measuring power input were used for each of the

inner and outer heaters.

The heat sink, on the other end of heat pipe, is composed of
two water cooler placed in and out of the pipe. In the inner of the
heat pipe, the plastic pipe of considerably smaller diameter than the
inner pipe was placed through the condenser length approximately.
So, the ccoling water will enter to the inner pipe of the heat pipe
through the inside of the plastic pipe, then it will return through
the annuli between plastic and copper pipes taking the heat rejected
from the inner pipe. The outer heat sink is a cooling jacket
designed to envelop the condenser section of the outer pipe. The
outer condenser made of glass material is a counter flow heat

exchanger.

To seperate the evaporator and the condenser section of the
inner pipe an amount of glasswool was pressed in the adiabatic
section, and a rubber stopper was placed on each end of the adiabatic
section to preévent sealing. Then their edges were sticked on the

inside of the pipe.
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All of the heat sinks were provided with cooling water from a
constant head tank which was feeded by a small pump assembled in a
hydraulic experimental set up together with two tanks (emptying or

drainage and flow measuring tank).

The wall temperatures were measured by chromel-alumel thermo
couples located on the surface of the outer pipe. 1In order to
attach the thermocouples to the copper heat pipe, the small cavities
were hollowed out of the outer pipe surface at designated locations.
After pressing them into these cavities, they were sticked on the
pipe. However, this process would create scme errors in the
measuring of temperatures. The thermocouples were then connected to
a device putting them in order manually and to a digital readout

device.
5.3.2. PROCEDURE

Since the constructed heat pipe was neither a low nor a high
temperature heat pipe it was no needed an extreme cleaning procedure

and a material outgassing process.

A simple heat pipe filling rig layout was set up as shown in
Fig.5.3.2. After the annuli of the heat pipe was evacuated by the
rotary vane pump to 10-3 torr which is near the standart value 10_4
torr. Then, a measured amount‘of pure water which is slight excess
than the amount necessary to saturate the wick was fed into the
annuli of the pipe. Finally, it was disconnected from the layout
crimping the connection copper pipe of diameter 5 mm between the

jaws of a standart vice as shown in Fig.5.3.3.

The heat pipe was then place on the test set up built up

previously. The shematic of the set up is shown in Fig.5.3.4.
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Filling
Tube
Pressure Gauge
T T
Vacuum Pump
Heat
Pipe

Fig.5.3.2 Heat pipe filling

Before testing it as double-walled concentric heat pipe, it was
operated as a concentric thermosyphon to saturate the wicks fully

for 3 hours. So, it was ready to test it as a heat pipe.

The first experiment was to find out the temperature distribution
over the outer pipe while power input was given by both the inner and
outer electrical heaters, and also both, the inner and outer heat
sink was in cycle. During the experiment the temperatures at six
points over the pipe, inlet and outlet cooling water temperatures,

power input and volumetric flowrate was measured and noted at an

intervals of 5 minutes for 30 minutes.

Farce l

TXXRRXXATLA] )
Vg

NN K XX XK

Sl A X AXNAX AT

B P R

LY A e

Fig.5.3.3 Sealing of the heat pipe by crimping method
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The second experiment was the same of the first experiment
except that no heat input to the evaporator section and no heat
output from the condenser section of the inner pipe of the heat
pipe were applied. This case may be considered as a standart heat
pipe. So, it was thaught that the performance of the double-walled
concentric heat pipe ﬁould be compared with that of standart pipe,
even the conditions were not completely proper. The same parameters
were recorded at 5 minutes intervals for 30 minutes. The results are

given in section 5.3.3.

5.3.3 RESULTS AND DISCUSSION

Table 5.2 shows the temperature records along the heat pipe
including cooling water inlet and outlets in a time interval of 5
min. for 30 min. The temperature distribution of the pipe and
variation of the cooling water temperature for two different cases

are shown in Fig.5.3.5 and 5.3.6.

It was initially found that the limits other than the wicking
“-limit hrad no effection on the performance. Due to the wicking
limit, an appropriate value of heat power was selected. Firstly,
30 watts to the outer heater and 15 watts to the inner heater, i.e.
totally 45 watts, were given, and then while no heat was input to

the inner side, the heat power on the outer side was still 30 watts.

As shown in Figures, there is a large temperature gradient
between the evaporating and the adiabatic sections in the beginning
of the heat transfer process. The temperature rise slowed down
considerably at a time of 30 minutes when heat conduction takes
place approaching the steady state. 1In the first experiment, it
reached to Steady state as the temperature over the pipe is in

between 83 and 55. In the second case, the range was 65-35.
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Table 52. Temperature distribution and cooling water inlet and outlet

temperature

Thermocouple locations

TIME
(Min){ 1 2 3 4 5 6 Ti Teeg Teq

0 25.5 26.3 24.6 23.0 23.0 23.0 20.5 - -

5 42.0 44.7 34.4 28.0 25.6 23.6 X 20.7 20.6
10 73.1 72.0 57.5 43.1 37.0 28.7 x 21.8 20.9
15 83.0 81.4 75.0 64.6 60.2 42.5 b4 22.9 .21.5
20 83.2 8l.4 75.0 65.0 61.6 53.2 bd 23.5 22.0
25 83.5 81.2 75.0 65.8 62.1 54.0 X 23.6 22.1

30 83.5 81.0 75.2 65.8 62.4 54.5 X 23.6 22.2

Qo= 30w Qq= 15w ho = hI = 6.3 kg/h (Cooling water)

Thermocouple locations

TIME
(Min)| 1 2 3 4 5 6 T3 Teg Te

0 23.6 24.5 22.8 22.7 22.7 22.7 20.5 - -
5 40.0 41.3 37.8 32.4 29.1 23.0 x 20.6 -
10 57.2 56.4 46.7 39.5 35.0 25.8 X 21.3 -
15 66.1 63.0 55.4 46.0 42.1 30.0 x 22.6 -
20 65.0 63.8 56.0 48.3 44.8 32.6 b 4 22.9 -
25 65.0 63.5 56.4 49.8 46.0 34.8 x 23.3 -

.30 65.0 63.6 57.2 50.0 46.8 35.1 x 23.3 -

Qo= 30 w Qy= O w mg = 6.3 kg/h my = O kg/h (Cooling water)

Subscripts
e: exit o: outer

i: inlet : inner
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Unfortunately, there is a large temperature difference between
the evaporator and condenser section. But the temperature distribution
cver the adiabatic section may be considered as an indicator of the
operation of the heat pipe. However, it did not operate succesfully
since the temperature was not nearly constant. The errors may be
caused by the filling process, purity of the working fluid, fluid

inventory, etc.

Although the heat input in the first case wés greater than that
given in the second case, the temperature profiles look likes similar.
The temperature falling down the evaporator to the condenser was
approximately 35-40 % which is the same in both cases. This forces
us to think of that double-walled concentric heat pipe has better
performance than the second, accepting as if standart heat pipe,

case.

The efficiency of the pipe is calculated from the ratio of heat
input to heat output. In steady state, it was found as n=0.69 as the
heat pipe was operating as a standart heat pipe, and n=0.78 for the
double ~walled concentric heat pipe. That may also be an indicator

of that the latter well operates.
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CH.6. CONCLUSION

A&n experimental study of a water heat pipe with a new geometry,
called as " double-walled concentric heat pipe", was conducted in a
temperature range of 55 to 83°C to observe the superiority over the
standart type. As pointed out earlier, its two main advantages are
the increase in the surface area exposed tc heat transfer and the
increase in the pumping power of the ligquid due to greater wick
volume. This is evident from the theoretical analyse and, even there

was no netness, from experimental observation.

However, the errors may caused from many reasons. They were
devoted to those; the purity of the water used in the heat pipe as
working fluid might be insufficient, a rotary vane pump which gives
a vacuum up to 1073 torr was used instead of molecular diffusion
vacuum pump which gives standart amount of 10—4 torr, and there was
a possibility of remaining of the air during the filling even it was

small.

The annular heat pipe which has a larger surface area and larger
wick volume can be aimed at any application in which there is a fixed
space, since its outer dimensions are constant although the inner

sizes, such as vapour area, are changable.
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APPENDIX A

WORKING FLUID PROPERTIES

HELIUM

Temp.|Latent Liquid Vapour Liquid Liquid Vapour Vapour %Yapour Liguid
Heat Density Density Thermal Viscos. Viscos. Press. Specific Surface
Conduc~- Heat Tension
tivity
° |ki/kg ke/m®  kg/m®  W/mCc Px102 @x10° Bar  kJ/kg®C  N/mx10°
=271 22.8 lu8.3 26.0 1.81 3.90 0.20 0.C6 2.0u5 0.25
-270 23.6 140,7 17.0 2.24 3.70 0.30 0.32 2.599 0.19
-269 20.9 128.0 10,0 2.77 2.90 0.60 ° 1.00 4,519 0.09
-268 4,0 113.8 8.5 3.50 1.34 0.90 2.29 B.6u2 0.01
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FREON 113

Temp.| Latent Liquid Vapour Liquid Liquid Vapour Vapour Vapour Liquid
Heat Density Density Thermal Viscos. Viscos. Press. Specific Surface

Conduc~- - -- Heat Tension
tivity
% lkd/kg kg/m°  ka/m° W/mSC P cPx10> Bar kJ/kg%C N/mx102

-50 |173.0 1720  0.15 0,120 _2.300 __0.85 0.01  0.600  2.86
230 [167.8 1883 0.32 0.118 1.604  0.90 0.03  0.613  2.50
-20 |165.4 1864  O.46 0.118 1.323  0.92 0.05  0.519  2.47
-10 |163.2 1643  0.77 0.1l 1.108  0.94 0.09  0.826  2.34
0 -{160.6 1621  1.26 0.117 0.942  0.97 0.12  0.632  2.21
10 |158.0 1599  1.95 0.108 0.812  0.99 0.13  0.644  2.08
20 [155.2 1576  3.00 0.098 0.707  1.02 0.37  0.656  1.96
30 }152.3 1553 4.3 0.097 ©0.622  1.04 0.55  0.664  1.84
40 {1u49.2 1529 6.02 0.095 0.553° ~1.07 0.79 0.669 1.73

5Q 145.9 1503 8.79 0.094 0.502 1.09 1.11 0.674 1.62

70 139.4 1452 1.3 0.091 0.301 1.13  2.04 0.691 1.40

ACETONE

°% lxi/kg ke/m®  kg/m® W/moC P cPx102 Bar kJ/kg°C N/mxl02
-0 |660.0 860.0 0.03 0.200 0.800 0.68 0.0L  2.00 3.10
-20 |si1s.6 8us.0 0.10 0.189 0.500 0.73 0.03 2.06  2.76
o lses.0 812.0 0.28 0.183 0.385  0.78 0.10° 2.1  2.82
20 |s52.0 790.0 0.64 0.181 0.323  0.82 0.27  2.16  2.37
50 |536.0 768.0 1.05 0.175 0.263  0.86 0.60  2.22  2.12
50 1517.0 744.0- 2.37 0.168 0.226  0.90 1.15  2.28  1.85
g0 |495.0 719.0 4.30 0.160 0.192  0.95 2.15  2.3%  1.62
100 |472.0 689.6 6.9 0.138 0.170  0.98 4.43 2,39  1.34
120 |u26.1 660.3 11.02 0.135 0.148  0.99 6.70  2.45  1.07
160 [394.4 631.8 18.61 0.126 0,132  1.03 10.49  2.50 0.8l
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Temp.|Latent Liquid Vapour Liquid Liquid Vapour Vapour Vapour Liquid
Heat Density Density Thermal Viscos. Viscos. Press. Specific Surface
C?n§uc- Heat Tension
tivity
% |xi/kg  kg/m® kg/m°  W/m°C <P cPx10°  Bar  kJ/kgC N/mx102
20 | 2u48  998.2 0.01 0.612 1.00 0.96 0.02 1.85 7.40
o | 2u02  992.3 0.05 0.530 0.65  1.0%  0.07 1.86  6.96
80 | 23539  983.0 O0.lu 0.543 0.u7 1.12 0.20 1.87 6.62
80 | 2309  972.0 0.29 0.668 0.36 . 1.13  0.47  1.88  6.26
100 | 2258 958.0 0.60 0.5680 0.28 1.27 1.01 1.88 5.89
120 | 2200 945.0 1.12 0.682 0.23 1.34 2.02 1.89 5.50
140 | 2139 928.0 1.99 0.883 0.20 1.4l 3.90 1.90 5.06
160 | 2074  909.0  3.27 0.679 0.17 1.49 6. Uk 1.91 4.65
180 | 2003 888.0 5.16 0.689 0.15 1.57 10.0u 1.92 4.29
200 | 1967 865.0 7.87 0.659 0.ly 1.65 16.19 1.93 3.89
FLUTEC PP9"
°% |kd/kg  kg/m® kg/m®  W/mSC @ cPxl0 Bar  kJ/kgC N/mx10°
-30 | 103.0 2098 0.01 0.060 5.77  0.82 0.00 0.80 2.36
0 98.4 2029 0.01 0.05% 3.31 0.90 0.00 0.87 2.08
30 9.5 1960 0.12 0.057 1l.43 1.08 0.01  0.9% .80
60 30,2 1891  0.s51 0.056 0.94%  1.18 0.93 1.02 1.52
90 86.1 1822 1.93 0.05% 0.65 1.21  0.12 1.09 1.24
120 83.0 1753 4.52 0.053 0.9 1.23 0.28 1.15 0.95
150 77.% 1635 11.81 0.052 0.38 1.256 0.51 1.23 0.87
180 70.8 1604 25.13 0.051 0.30 1.33 1.58 1.30 0.40
225 59.4 1455 63.27 0.049 0.21  1.uy 4,21 1l.ul 0.0l
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Temp.|Latent Liquid Vapour Liquid Liquid Vapour Vapour Vapour Liquid

Heat Density Density Thermal Viscos. Viscos. Press. Specific Surface

. C?n§uc- Heat Tension

tivity

° |kirkg  keg/m®  kg/m®  wm®c P oPx10  Bar kJ/kg®Cx10 N/mxl0
SO0 |4370  828.1 0.003 70,08 0.2% - 0.18 0.0l  9.04 1,51
600 {4243  805.4 0.013 64.62 0.21  0.13  0.04  9.04  1.42
700 |4090 763.5 ‘Q.OSO 60:81 0.19 0.20 0.15 9.0u4 1.33
800 [3977° 757.3 0.134l 57.81 -'0.18 0.22 0.u7 9.04 1.23
900 3913 745.4 0.306 53.35 0.17 0.23 1.25 9.04 1.13
1000 [3827  725.4 0.667 149.08 0.16  0.24  2.81  9.08  1.04
1100 13690 6390.8 1.306 45.08 0.16 0.25 5.49 3.04 0.95
1200 3577 583.0 2.303 41.08 0.15 0.25 8,59 39.0y4 0.386
1300 |3477 654.0 3.822 37.08 0.15 0.27 18,91 9.04 0.77

LITHIUM

% |xi/xkg kg/m®  kg/m®  wmlc P cPx102 Bar  kJ/kg°C N/mx10
1030 20500 450 0.005 67 0.24 1.67 0.07 0.532 2.90
1130 20100 430 0.013 69 0.24 1.74 0.17 0.532 2.85
1230 ]20000 430 0.028 70 0.23 1.83 0.45 0.532 2,75
1330 {19700 420 0.057 69 0.23 1.91 0.96 0.532 2.60
1430 {19200 410 0.108 68 0.23 2.00 1.85 0.532 2.40
1530 {18900 .405 0.193 65 0.23 2,10 3.30 0.532 2.25
1630 |18500 400 0,3u0 62 0.23 2.17 5.30 0.532 2.10
1730 118200 338 0.430 59 0.23 2.26 8.90 0.532 2.05
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APPENDIX B

EXPERIMENTAL DETERMINED WICK PROPERTIES
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APPENDIX C

THERMAL CONDUCTIVITY OF HEAT PIPE CONTAINER AND

WICK MATERIALS

Material Thermal Copductivity

(w/m°c)

Aluminium 205

Brass 113

"Copper (0 - 100°C) 394

Glass 0.75

Nickel (0 - 100°C) 88

Mild Steel 45

Stainless Steel (Type 304) 17.3

Teflon 0.17
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