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Abstract

A novel heat pipe (HP) manufacturing method has been developed based on an additive I
PDQXIDFWXULQJ WHFKQLTXH FDOOHG "VHOHFWLYH ODV
benefit current applications of aluminium/ammonia heat pipes irasdategrestrial projects

as well as mamgwHP applications.

The project was jointly sponsored by the Northumbria University and Thermacore, a wor
leading heat pipe manufacturing company in the UK, and formed the feasibility stage of a mi
larger proggm in Thermacore aiming to develop the next generation of HPs for space
applications. In this project, sirdgrle aluminium SLM HPs have been produced and tested to
prove their functionality and to provide an overall image of the new production ptiocess w

regard to the major involved parameters.

It is believed that this is the first time that functional heat pipes are produced with this meth:
and also the first time that functional aluminium HPs are produced with-sty$enteick
structure. Curremntl aluminium heat pipes with aluminium sintered wick do not exist due to the

impracticality of sintering aluminium powders on the internal walls of a heat pipe.

During the projecteveral properties of the new heat pipes e.g. wick porosity, permedbility an
pore size; wall density, hardness, vibration resistance and optimum SLM build parameters |
also been determined by the existing or especially developed rigs in Thermacore or Northum
University laboratories including scanning electronic micro&sBp8, vibration table,

permeability measurement rig, etc. Converting the SLM products into functional heat pip

involves many other steps which have also been completed and explained.

At the end of the project two successful functional samples weredoartatlear and precise
answers were found to the project questiBhd! process was proved to be capable of
producing functional heat pipes. Functional sstilr heat pipes are proved to be pibtk

by SLM. A numerical design tool is now availaldealuate SLM produced heat pipes and
major challenges of this new HP production process including the density of the solid structu
and possible contamination of the materials have been identifiadeasmably good overall
image of this new HPrqmluction process and the newsHiB@s been provided in this project
through the conductesheasuremestand experiment$he contribution of this project to
knowledge is supported by two papers published in prestigious heat pipe journals and one p.
presated in the 16th international heat pipe conference.
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PREFACE

7KLV SURMHFW: .V RULJLQDO LGHDThebrdcdie spediblzek iQ dédigd U |
and development of thermal management systems for {tiisiah applications across a
diversified set of markets including militargl aerospace and is a world leading heat pipe

patent holder anshanufacturer

This PhDis part of a much biggprogramin Thermacoréo develop the next generation of
heat pipes for space applications in response to the European space agency ABSA) call
additive layer manufacturiager technology had been identified by Thermaitbra possible
capabilityto produce aluminium heat pipes thauldimprove the performance of the space

used aluminium/ammonia heat pipes in some aspects.

Once it was mposed that the improvementildalso benefit many terrestrial applications of
ammoniaheat pipes, a joint venture was formed between Thermacore and the department
engineering and environment of Northumbria University to do a feasibility studgopeef

a PhD project

Having a mechanical/thermal academic background and work experience including five ye
work experience in Thermacore during my MPhil degree and then as an R&D engineer, | \

successful to be accepted to work on this interesijagtp

Today, at the end of this project, the idea haspbeesdto be indeed feasiblerompted by

the results of this project, the work is continuing in a much larger scale with access to m:;
more resourcetd complete the very long way ahbatbre the identified challenges are
overcome and this new innovation is fully characterized and qualified especially for criti

applications.
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Chapter | : INTRODUCTION

Heat pipes (HP) are passive-pliase heat transfer devices to transfer rogatohe point to

another. There is a wide variety of HPs based on the structure, material, geometry and oper:
inclination angle and temperature. With respect to their internal structure, HPs are classified
WKUHH PDMRU JURXSV QM DL WHUWHGIQ PHMKRIY H3V  HE

certain technological traits.

6LOQWHUHG KHDW SLSHVawde ra@ge-df bpgmathyViktlihhtwhvangly amiu |
higher input heat flux handling capability comparie tdhertwo groupsCurrerty there is a

lack of sintered aluminium heat pipes due to the restrictions of the conventional manufacturi
methods. This project aims to investigate a novel method for producing these heat pipes t
canalsobe applicable to other types of heat.pipes novel method is based on an additive

layer manufacturing technique called selective laser melting or SLM.

A typical heat pipe is a hermetically sealed cylindrical tube with a capillary stwitkiperor

its internal wall filled with a small anmiaefra working fluidinside the tube, the working fluid

is always in, or very closettosaturated state. When a section of the tube is heated the fluid
evaporates and travels to the other parts of the tube which are colder. By rejecting the he
these parts the vapour condenses and the condensate is returned back to the hot sectior

capillary pumping force of the wick and/or gravity and the cycle continues.

An absolute majority die currently availabdduminium heat pipes are extruded aluminium
profiles with internal grooves or axially grooved heat pipes (AGHP) as shownlii, fipate

are filled with ammonia and are used in space and some terrestrial applications.



Figure 11 Aluminium axially grooved heat pipe (AGHP)

Grooves do not supply high capillary pumping forces thus the use of these HR=IB near
gravity space applications or in applications where the hot source is below the cold medium
gravity aids to returnglcondensate back to the hot sectioritzr@forethe capillary force is

not of prime importanc&/hen a HP works against gravity or with its hot section above the
cold partthe wick: @apillaryactionis the only driving force to return the condensateethot
section. Maximum capillary pumping force is achieved bginosngdvicks that havenany

tiny interconnected pords. the conventional HP manufacturing methods sintered wicks are
fabricatedy sintering metal powders together and to theteiahwallo WKH QDPH "V L(
KHDW BiguseHa/ u

Figure 12 Sintered copper heat pipe

This fabrication method can not be used for production of sintered aluminium heat pipe
Aluminium reacts with oxygen very duick form Al203. An alumina film forms on an

aluminium surface which is exposed to even small amount of atmospheric oxygen or we
vapour. Conventional aluminium sintering methods all either use a force to break this alum
layer and bring the aluminiatoms close to each other by compacting the aluminium powder
or use a sintering aid. None of these methods are practical to build heat pipe wicks. A n

method for sintering aluminium is presented in U.S. Pat. No. 7,517,492 B2 issued to Jianxin
2



on AprL O "BURFHVVHV IRU 6LQWHULQJ $OXPLQLXP
which is based on sintering aluminium powder together in a nitrogen atmosphere whi
contains a partial pressure of water vapour without using a sintering aid or pressing |
aluminium powder together by mechanical force to rupture the alumina film prior to or durin
the heat of the powder. But, to the knowledge of the author, this invention has nesexdbeen

to generate aluminium wick structures for heat pipes.

Selective las melting (SLM) is capable of producing similar porous structures from an array
tiny octahedral geometries formed into a lattice str{fometorth F D O O H-G/ WM D@1 HLQ
projec) (Figure 13). SLM useahigh powetaser beanm a controllegnvironmenthat melts

aluminium powders together afied in a CAD model

Figure 13 SLM produced sintstyle structure

SLM can also produce salidlisby fully melting the powders together in anthezaforethe

heat pipe wall and end caps, and consequently the entire heat pipe, can be produced by SLN\

This project represents the first titBEM isbeinginvestigated for production of sinstyle
aluminium heat pipes. SLM produced HP samples will be comterfedctional heat pipes
through a long conversion process of machining, welding, cleaning and fillihdgpanested

by the especitdst rigghat also need to be designed and fabricEtedreasibility of the SLM

HP is to be verified and sintstyle sampleare tobe demonstratedo posses the main
characteristics of theonventionakintered heat pipes (such as sintered copper heat pipes)

including the ability to work against gravity and high input heat flux handling capability.

Two innovatios are intended to be claimed by the prdfextirstfunctionalheat pipesver
produced by an additive layer manufacturing technique and the first functional aluminium h

pipe with an aluminium sintgyle wick structure. The first clauifi berealsedby producing

3



and processing the samples and comparing their heat transfer capacity versus a pure
conductor to demonstrate that they worlheet pips and the latter will be supported by
comparing the processed siteW\OH 6/0 +3 V D Pge@HniancanitiHtba? bf a
geometricalidentical extruded axially grooved heat pipe (AGHP).

An overall clear image of the entire process and the key issues will be drawn thror
measurements on the critical parametera andericanodelwill bedevdoped that enables

theoretical evaluationtble new SLM HPs

Background and motives of the project

Ammonia heat pipes have been in use since TBé@isave auperior performance compared
to other types of heat pipes at a temperature rarg@ tof-30 °Cand were first decloped
for unmanned spacecraih applicatiowhich still dedicatéise majority of ammonia heat pipe
applicationdn space, ammonkdPs are used for either ibwrmalizatio of the side paneis
transferring the heat from &aband electronics to the radiative pailemmst all these pipes
use aluminium as thentainer material arkde majority have a grooved wick structure.

Ammonia HP$avealso been implemented in several terrestrial applioatladsg thermo
stabilzation of permafrost, deing of infrastructuresefrigeration systems amste heat
recovery heat exchangers with a potdatighe use in other applicatiosach asow grade
geothermal conversiooatering, solar collectoesy conditioning and Hamidification heat
exchanger&xisting terrestrial ammonia HPs have either carbon steel or aluminium containe
and grooved wick structure although in some major permafrost applications wickless ammc
HPs(Thermosyphondjave beeemplogd

A procesghat allows production of sintered (or ststgle) aluminium heat pipes especially a
flexible process such as SLM tleaiables generation of fully controlled ssitée wicks at
selected regions of a heat pyp# benefit most of these applicatio@srrently, the major
challenge for the space ammonia HPs is improving their heat flux handliny tapab#it

the thermal contralemand of the next generation of satellites and spacémadtidress this,
activities so far have been focused org usamposite wick structuredich is difficult to
achieve in practice.

Conceivable improvements to the terrestrial ammonia heat pipes by the new SLM product
process arenvisageth different aspects depending on the type of the applidatiily an
ammonia heat pipe capabfeoperatingat high inclination angles against gravity opens up a

whole new range pbssibleapplications for these piptisseems that the problem of the lack
4



of these pipes, so far has been avoided by using ammonia HPgramiyyiaided situations.
Secondly, the new SLM based process can benefit many of the current applications by offe
ammonia heat pipe that have graded sityler wick at selected heat removal and disposal
regions of the pipe to achieve higher heathiandling capabilityloreover a graded/tailored
sinterstyle wick applied tthe evaporator (hotlegion of a heat pipprovides a better
circumferential distribution of the working fluid which is highly desired especially in larg
diameter heat pipes. So far different approaches have been suggested to overcome this
iIssue, as discussed in the next chapter, bussrameffective and, perhaps economically viable,

as this.

Project objectives/development plan

There are four main objectives for the project.

1. To prove the feasibility of producing operational heat pipes byAStdmplishment
of this objective will beneasured by producing the samples, converting them to
functional heat pipes and comparing the temperature drop along the pipe in charged &
uncharged states.

2. To demonstrate that sintgtyle aluminium heat pipes can be produced by SLM and to
verify thatthey have the main attributes of ttenventionalsintered heat pipes
including the ability to work at high inclination angles against gravity and high input he
flux. Accomplishment of this objective will be measured by comparing the performanc
of the processed SLM HP samples against identical grooved heat pipes at the sa
conditions.

3. To develop a numerical design tool for theoretical design and evaluation of the ne
sinterstyle SLM heat pipeBhe tool will predict the performance of a SLM HP based
on the user input specs to check whether it will meet the requirement of the intende
application or not.

4. To identify the main challenges and critical issues of the new production process and

new heat pipes to direct the future investigations.

Successf conclusionof the objectivesvill depend on severather lateral actions to be
undertaken. Raw SLM heat pipeed togo through a long process beftwecoming
functional. This process involvesageof equipmenincluding welding fixtures and fdlings
thatmustbe developed for the special shape of the samples



Several other measurements should be performed on critical parameters that are either ess
for successful production of the samples or to identify possibleissitiealand chaligng
problemsAlso several test rigs should be designed and fabricated for the specific produc
SLM samples for performance evaluation or characterization. Completion of these tas
stimulates access to and exploitation of different resourBlesrmacie, the University or

third parties. Thproject objectives ani@veloprent plan is shown in figurelschematically
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Two innovationsire tobe claimed bihis project. SLM techniqgiseto be introduced as a novel
heat pipe production method and aluminium heat pipes are to be produced, for the first tin
with a sintestyle wick structure using this method.

The new production process is {ikel be advantageous to a much wider range of heat pipes
not limited to aluminium HPs. When proved feasible, the same process can be applied to
heat pipe made of materials that are suf@b®BLM process. Alsextreme flexibility and

controllabilityof the SLM build process can help the ideas to fly to break new grounds in he:

transfer behaviour of the heat pipgsising complex wick structures

, I SURPSWHG E\ WKH SURMHFW: .-V UHVXOWYVY WKH QHZ F
allow moe demanding applicatiomgth higher heat intensitiés function as well asew

applications with different positioning of the hot and cold medium.

Thesis layout
The thesis is divided into stxaptersThis chaptemtroduces the idea of the projecyjgct

objectivesind motivesoriginal contribution to knowledge and the background.

Chaptertwo is a review of thevailable literatueind applications aluminiumammonia heat
pipesto specify their characteristics and the extent to which they éawenlemented.he

review highlights how the new idehich is being evaluated and developed irpribjesct
ZRXOG KHOS WR LPSURYH WKH FXUUHQW DSSOLFDWLRC

A relatively comprehensive theoretical lesisbeen given in chapter thwéech has later
formed the core of the developed numerical desigixeohplary calculation process to verify
WKH LQLWLDO VDPSOHV:- EXLOG SDUDPHW HHg Viurhafic® O V F
designing tool whidinas been developed throughptogect.

The very long length of the fourth chapter is a representative of the amount of the work that f
goneinto this sectionlt is a relatively detailddscription othe procesand methodologgf
building the prototypesardwareand the test rigand the measurements on the critical
parameterdt illustrates the entire process up to the point that the final SLM HP prototypes
have been ready for experiment which is the subjextolibiwing chapter. This chaptan

be quickly reviewed befoeading its following chapters and only be referred to again when it is
needed.

Experimental results on the ac&iail HPprototypesare presented in chapter five

8



The identified challenged and critical issues are discussed in the last chapter al®ng with

conclusions and side notes including the economics of the SLM HP production process.



Chapter Il : LITERATURE REVIEW

2-1) Introduction

Increasing powers and heat fluxes of reilerctronic devices has produced the requirement for
more efficient nextemeration electronics cooling techniques to dissipate the waste hes
generated. Current satellite systems dajployniumammoniaaxially grooved heat pipes
(AGHP) to transport the heat from the electronics to the radke®diPs arevery appropriate
devices for space applicatiorthey donot need electric power,vieano moving parts, ke a

very effective thermal conductance amg &dong operational life (Vlassde,Sousa, ed.

2006). But the low surface heat flux of AGHP is now limitiagloyment of high specification
electronic components, which in turn limits the capabilities of thebapagesensing and

communications systems.

Yet the next generation of spacecraft and satellites eNebhenore heat dissipative. The
maximum conduive dissipation of the communication module of a telecommunication satellite
can reach 6.5 k{¥cGlen, 2011)rhis thermal control requirement directly concerns heat pipes
networks. Thus, there is a need for a technology development cycle to facs thesmale
specificationand tomeet the future thermal control requirements on telecommunication and
scientific satellitedccording to Hoa, Demolder, et al. (2008 of the main objectives to

reach and the technical challenges to oversdosehiee highersurface heatensikes

By replacing the capillary grooves of an AGHP with a sintered powder capillary structure
form a sintered aluminium heat pipe (SAHP), the input heat flux across the evaporator regior
the AGHP could be increased fridme current value déss than 3 W/ctto in excess of 50
W/cm2, allowing for a step change in thermal performance of the hegegitlgwhere heat

pipes are needed to work against gravity while keeping the low weight advargage of
aluminium (McGeln2011).1t is very difficultto sinter an aluminium structure using
conventional manufacturing techniques due to the existence of aluminium oxide on the pow:
surface and the wide, yet relatively low melting point range of alunAniatditive layer
manufacturing technique callglective laser melting (SLM) locally melts and fuses metal
powders to form complex 3D structures. This project aims to assess the feasibility of the S
technigue to manufacture sirge aluminium capiyastructure and ultimately sintstyle
aluminiumheat pipes These structuresegenerateffom aCAD modelallowing them to be

graded / tailored to meet the needs of the specific application.

10



Moreover, arrent manufacturing methods for heat pipeyswwick structures haggosed
many restrictions on the shape and complexity of the wick. As a result of this, most of tl
research on the thermal and mechanical properties of the porous wicks has focused on tt
limited shapes and structures. ThetFattporous structures can be produced by \Biti
literally no limitenables the ideas to fly and the research to further focus on optimizing the
structural and functional performance of the wick for each application regardless of |

complication.

Apart from the space, SAHR®d other SLM HPsanalsobenefit many current terrestrial
applications of ammonia heat pipes limited to heat pipdased heat recovery heat
exchangers, permafrost staltitmsand decing application3.he terrestrial applicatis cover

a wider variety of ammonia heat pipes than space applications. In space, an absolute major
heat pipes ar@uminiumAGHPs filled with ammoniahile current terrestrial applications of
ammonia heat pipes wstheraluminium or carbosteepipes in a wickless folnwith axially
grooved or composite wicks this projecthese relatively wide rangéneétpipes haveeen

groupecand studietbgetheiunder theeommonname oimmonia heat pipes.

There are several advantages attributstdMaammoniaHPs (Inc.SAHP$ compagedto the

existhg ammonia heat pipes (IAGHPs) Higher heat fludensity the ability to work against
gravity better working fluid distribution in the evaporator (which leads toovettaithermal
performance) anitexibility in terms of the shapedastiructure of the porous wiake some of

these advantagesadd current application of ammonia heat pipes is believed to benefit fron

one or more of these néwprovemert.

For instancen an space used AGHP, replgdime grooves with an SLM sintered structure in
the evaporator section incredbe heat fluxdensityconsiderably while using a steel sty

wick in the evaporator section of a curremittkless permafrost ammonia Thrmosyphon
(wickless heat pipeanprovide a better overall performance by distributing the working fluid in
the evaporatamore evenlyOr in a heat recovery heat exchanger having estilgevick all
along the aluminium heat pipe (instead of the grooves) will enable the pipatiocimation

anglesgainst gravity.

This project does not recomme®BdHP as a direct replacement for all the AGHPs or other
types of ammonia heat pipes but SHMs (including SAHP) are introduced as a new
generationof heat pipse with severaladvantags that can benefinost of thecurrent
applications of ammonia heat pipe in one way or another.

11



In this chaptercurrentapplicationsvhereammona heat pips have beeimplemented are
reviewedn two main categories of space and terrestrial appliaatitims specifications of the
reportedammonia heat pipasesummarizedrhis review aims to, firstly, highlight the ttzet
almost all thavailable ammonia heat pigeseitherAGHPs orwithout a wek structure (what

iIs known as fermosyphonand the to clarify how eacroup of applicationsan benefit
from one or more advantages attributed to¢meSLM HPs includindesign flexibilityhigher
heat flux density, wider operation angle and better overall perfoinsfioedd be notethat

the focws of this literature review and thpojectis only on the heat pipe in its most
conventionashape. Other types of heat pipash agapillary pumped loops, loop heat pipes,
micro andminiature heapipes, flat heat pipesd oscillating and variablenclnictance heat

pipesare out of the scope of this project.

It should also be reminded that, although the ultimate use of the new heat pipes is expecte
be in aluminium/ammonia HP applications, all the experiments of this project have bee
conductedisirg acetone since the required ammonia filling rig was not completed until the vel
end of the project. However this change of the working fluid makes no difference in th
concluded results whatsoever. The main concerns in using a new working fluigitha HP i
efficient working temperature of the new fluid and, more importantly, its compatibility with th
HP container material but it does not affect the operability and working principles of the pip
Aluminium heat pipes are compatible with both ammamiacatone and a comparison of the
performance of the two is reported in some literaturédasgov, de Sousa, ef(2006 and
Munzel & Savag@,975.

2-2) Ammonia heat pipes in spaceapplications

As a highly effective heat transfer elementphest have been gradually recognized, and are
playing a more and more important role in almost all industrial fields&Zztiauang 2003).
Typically, ammonia heat pipes have an operational temperature rang@@eon80 °C.
Although there are repodgelevated temperature ammonia pipes able to operate up to 125°C
(Prado Mishkiniset al., 2012), the highest efficiency is achieved bet@€:and +30°C.

This temperature range well suits many of theammed space applications.

The first inveggations on using ammonia as a working fluid for heat pipes wasthelaan

60s (Cotter, 1965) and the first onboard spacecraft experiments of an ammonia heat pipe w:
HDUO\ -V DV UHSRUWHG E\.Fddat® theady all 8pahdiait Rygtems
have used grooved alumm/ammonia heat pipes or loop heat p{pésssovde Sousa, et al.
2006)
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Other types of heat pipes have also been used or investigateduk® in some space
applications e.g. high temperature sodium heat pipes for space nucle&ogenietdg
Sanzi2012), but ammonia is the most common HP working fluid for space and more ammon

heat pipes have been used in space than all the other applications together.

In space, ammonia heat pipes are used for eithieerisalizationof the side panels e.g. in
Ollendorf Mcintosch, et a{1973, or transferring the heat from cables and electronics to the
radiative panetsg. inJones (1983arantsevit & Shabalkirf2003 andValssoyde Sousa, et
al.(20®).

In the latter, the la from electronics is transmitted to the external surface of the ring radiatol

asshown in figure-2;

Figure2- 1 Ammonia heat pipes are used to transfer heat from electronics to
the radiative panels. (Vasiliev8199

Maydanik (2005Riehl& Dutra, (2005) Vasiliev& Vasiliev(2005) Vlassov, €l Sousa et al.
(2006) Bai, Lin et al. (2009Kaya (2009) and Dobhrearvulescglet al. (2010are only some

more examples of the very rich literature on this type of applications.

Axially grooved heat pipaie the most common heat pipes used in spaceofidraglatively

simple industrial fabrication and greater reliahidity other wick designs, such as artery heat

13



pipes. Most of these were first designed with rectangular grooves but then trapezoidal groc

have been developed as they have shown better performandasridtater, et a2003).

Longitudinal grooves indtwalls of a heat pipe are mainly extruded and aluminium is the mos
suitable material for extrusion. Grooves can also be threaded inside the pipe for the purpos
good liquid distribution on the circumference. An oil filled ball spinning processrie thach
axially inner micro grooves by extruding the tube with fixedoutlitmandrel is presented by

Li, Xiaq et al. (2008).

Aluminium is not the only material and axial grooves are not the only wick structure used
space ammonia heat pipadery heat pipebavedifferent passages for the working fluid
condensate anithe vapourinside the pipén order to avoidrapourcondensate interaction
which is gerformance limitinfactorin AGHPs They mainhachieveahis byusinga rolled

screen neh over the tip of thgroovednside thepipeto minimize tfs interactionExamples

of thistype ofspace ammonia heat pipes can be sédmnatl& Savag€l9®) who reports

the life test results of ammonia aluminium and SS double artery heathpifesseitigaboard a
sounding rockebr at Kreeb Groll, et al.(1973) who presents the life test results for an
ammonia HP with SS 321 container, 250 Al @d<hOD and 50mm length.

Regardless of the material and wick structuspaice, heat pipes wonka zero or micro
gravity environment and as such the higher capillary force of-stydant8tM HP is not of
prime importance. However achieving higher heat flux density in space ammonia heat pipes
major challeng@ review of the literature revetile current value of the heat flux density to be

below 3W/Cnffor majority ofthe space ammonia heat pipes.

Barantsevict& Shabalkin (2003) descrile tdesign and testing aspects of ammonia axial
grooved heat pipes (AGHPs) made of alumialloy 606Btended for cables thermal control

of the solar battery drive integrated in&anternationaspacetation.The heat removal system
includes four heat pipes with a diameter of 10 mm and length of 2 m. Each heat pipe st
transfer 50 W in temperatuesnge of G50 °C with a maximum temperature differential of 5
°C. Heat is supplied to the middle of the AGHP and rejected from both ends, each with
length of 208220 mm in contact with the design components on which the electronics is
mounted. This corresponds to 0.8 W/@wat flux density.

In Chen Zhang.et al. (209) study, the heat transfer capability and total thermal resistance for .
KHDW SLSH €Jdshdped Dritr® grodVdsms beeroptimized and the effects of the
structural parameters on the heat transfer capability and total thermal rbastheen

analyzed. The aluminium/ammonia heat pipe ehaliameter of 12.Bom, operat at a
14



temperature of 293KR0°C)and at the most optimal case shaw input heat flux of 1.46
W/Cm? The same authors developed a theoretical model of fluid flow and heatrtransfer
KHDW SLSH €shédped @fdoie@henfl, Chen, et al., 20@®)ved numerically to
obtain the heat pipe performance and maximum heat transport capability. Th
aluminium/ammonia heat pipe sample used for optimizati@anm diameter antDCm
evaporator with a maximum heat input of 4F.5at 293K (20°C) temperature which

corresponds to an input heat flux of 3.36 WICm

Chen, Zhu, et al. (2010) also measuredinput heat flux of 1.1W/Cimfor an
aluminium/ammonia heat pipe with a diameter4.96mm, 700mm evaporator length and
maximum heat input of 230W at 3q@K°C).

% in (12.7mm) outside diameter grooved ammonia heat pipes test results aboard a soun
rocket are reported by Mcintogl97§ 7KH SLSHV ZHUH M (OBmMORQ
evaporator length and were tested up to 1\¥r@dial heat input density.

Mclintosch,Ollendorf et al.(1975) present some of the results of the international heat pipe
experiment which was launched aboard a hekg@rovided six minutes of near zero gravity
during which a total of ten separate heat pipe experiments were performed. The experime
included two axially grooved heat pipes wiHh@g0.91m) length, 12nch (0.3m) heated

length and tihch (0.3 m) condensers, 4#fach (12.54mm) outside diameter, filled with
ammoniaTheymeasured maximum input heat flux of 1.02 W/m

The low heat flux is not limited to AGHPs but also to SS arterial heat pipes&\sanagle

(19®) reports the life test resulfsaonmonia aluminium and SS double artery heat pipes flight
tested aboard a sounding rocket at 0.85 WHest input density at an adiabatic operating
temperature of 8Q@ while working slightly against gravityifbslope at 88%m length)The

low heat flu of the SPeat pips is partly due to the low heat conductivitgStfomparing to
aluminium. This increases the temperature drop along the length of the heat pipe consider:
which consequently stimulates a reduction in the total heat input to kesypénature drop

to an acceptable levigloreover, arterial heat pipes normally face other problems as well due t
the use of different material for the mesh and container of the heat pipe. Very often th
problem is the generation of non condensablesgasgle the pipe that, over the time, reduces
the effective heat transfer length of the pipe. Mé@n&alvag€19®) showed that only one
metal heat pipes (both container and wick from the same material) reducesotigensable

gas generation conglaly.
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Hoa, Demolderetd. (2®3) report higher heat flux values for current ammonia pipes in their

summariation of the specifications of th@rentspace ammonia heat pipe$elow,

Diameters (mm) ® 25

Lengths (m) 0.26 4

Linear mass (g/m) fdilled heat pipes 350 670
Heat transport capacity (Wm)6@00
Maximum heat flux density (W/&8 to6
Operating temperature range (4DYo +80
Life time (years) 16 20

Although the author was not able to locate any report of an actual aneabpigehwith
higher heat fluxes than 3.36 WAt even the value of 6W/Ciis much lower thawhatis
expected from a sintstyle SLM HP.

The most apparent wiy increasing this heat flux is to use a sintered wick in the evaporatol
sectiorof the spae ammonia heat pipe®wever it should be noted that there are many more
parameters to consid@cluding the higherondensate pressure drop in a sintered wick as
opposed to a grooved wick which lowers the total heat handling capability of the heat pipe

There is a large number of literature on grooved ammonia heat pipes &g, et al. (2007)
Chen, Zhang, et 42009 and 20)@ndLips, Lefevre, et 42009 who study thestructure of
the groove or Eggers, Serkiz, et al. (19RgIntosch,Ollendorf, et al. (1975unzel &
Savage (197@avage (197@pnes (198&ndBertoldq Vlassov, et 013 that analyze the
thermal performance of a grooved ammonia heat pipes in genegllastudies lik&reeb,
Groll, et al. (1973yho repots the life test resultd an ammonia HP with SS 321 container,
250 Al meshg14 OD and 50mm length.

On the other hand numerous literature exist that investigate sintered porous wick structu
such a®ruzan, Klingensmith, et al. (199&png, Liu, etla(1997)Wang & Peterson (2003)
Carson, Lovatt, et al. (2008hang & Wang (20Q%}hiu, Wu, et al. (200R)erson, Garimella,

et al. (2007pemenic, Lin, et al. (2008kibel Garimella, et 2010 and VasilievGrakovish,

et al.(2012. But tre reports of any research on ammonia heat pipe with a sintered (or sintere

style) wick are extremely r@ne only found cases are reported below)
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The knowledge about ammonia as a working fluid is very well developed and so is the theor
heat trangfr and fluid flow properties in sintered porous wick structures. It is very well knowr
that a sintered wick provides much higher capillary force (enabling the pipe to work at higf
inclinationdegrees against gravity) as opposed to grooved or screen neesh isvialso
known that a sintered wick structure has the highedtulkedensity (can remove more heat
from hot source per unit contact area because the coefficients of heat tramaf@raton in

thin liquid films and porous structures greatly exceed the coefficients on liquid evaporation ¢
pool boiling (VasilievGrakovish, et aR012) and a better circumferential fluid distribution
inside the pipe comparing to other types@fititk. Therefore it is a well established fact that
sintered wick increases the heat flux density considerablyedtongraoves but impracticality

of producing aluminium sintered wicks and the secondary problems associate with using o

materials thmaluminium, has limited the available options for ammonia heat pipes.

One of the few researches on sintered ammonia heat pipes has been reportedSsri&ngers
et al.(197). Theydeveloped a porous grooved nickel wick which was metallurgicallyobonded
the inner wallef a stainless steel contaifrggure2-2. This wick design was believed to feature
the combined advantages of ease of condensate return which is a characteristic of grooved \
and high capillary pumping capability which is atttiboiteintered wicks. Their test results
proved that this design provides significantly higher heat transport capacity than otherw
possible with the individual wick concepts, viz., ggobkier sample was 18Dm long and

had a 0.48 Cm outer diametehdd eight grooves with porosity of 25% and pore radii of
approximatelypsn.
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Figure2- 2 one of the rare researches on sintered ammonia HPs. Nickel
sintered grooves in a SS container (Eggers 1971)

The HP operated at radtakrmal fluxes of up to 18 Wi2.8 W/Cn?) with less than 9K
(9°C)temperature difference between the evaporator and condenser in horizontal orientatic
Eggers, at the time, reporthd heat flux value for n@ntered heat pipés bebetween 0.1 to

1 W/in? (0.01 to 0.15 W/Cf Due to the wick contamination by-lméised residues during
filling/venting (which reduces the vedtility of ammonia on the surface) this pipe could not be
operated at inclinations above approximately 30 degmées graviince the ammonia liquid
could not be retained in the grooves. The grooves were covered by a nickel foil barrier
adiabatic region to suppreapourcondensate interaction

There also exist some works on the effect of deposition of a porous codétegmove
surface and how positively it affects the heat transfer coefficient. Experiments on groov
aluminium ammonia heat pipes with a B0OOum thick APO3 nano particles coating, 0.1

- P2 ym pore diameter and 50% porosity testify the heat trankfancement of 1.3 to 1.8
times compared to heat transfer occurring on the same heat pipe with smooth grooves wit
the entire studied range of temperatureXdab 70C (Vasiliev, Grakovish, et al. 2012

Therefore the solution to the low heat fimitation of the ammonia heat pipes has been well
known to be the use of a sort of sintered or sty normal or composite wick. The obstacle
has been the impracticality of producing aluminium sintered HP wicks using the conventiot

methods or, inhe case of using other materials sucBSasr nickel, theecondarproblems
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associated with them including lower thermal conductivity (which leads to higher therm
resistance and higher temperature drop along thendHRjeneration of non condensabte ga

due to the metahetal contact.

SLM heat pipes are produced entirely in a single process with the container and wick toge
and from one materiahd some aluminium allpgspecially silicon based alloys like AkZifh2

be used in the proceskhis neans the low heat flux shortcoming of the available space
ammonia heat pipes can be resolvatidayew sintestyle SLM heat pipe without any of the

secondary problems associated with other approaches.

2-3) Ammonia heat pipes in terrestrial applications

In non-spacdterrestrialtass, ammonigheat pipes have been usedrlaivelywide range of
applicationsOne type of application may include many diffexgamplesvith different
temperatureangesand it is this working temperature that dictagesype otherequired heat
pipes in terms of its working fluid, material, wick structufeoeiastance in a heat pipe based
heat exchangemepending on thgeographicdbcation that it will be implemented and the
temperature of the hot and ceald flows different types of heat pipe must be used with a
working fluid suitable for that temperature raRge.review is limited the applicatios that

haveinstancewith anoperating temperature suitable for ammheat.

There are three major testréal application groups where ammonia heat pipes are currently
being usedr have been used in the pastair conditioningheat recovery heat exchangers
ammonigheat pipesireused to recover some of the heat from the exhatstpagrheat the

fresh intake aifThe heat pipe heat exchanger used fogamdieat recovery is essentially a
bundle of finned heat pipes assembled like a conventimoaledr heat exchanger. The heat
pipe in the heat exchanger can be divided to thrse @aporator, adiabatic section and
condenser. Passing hot flue gases over the evaporator causes the working fluid to boil anc
vapours to flovatthe cold end of the tube. Cold air flowing over the condenser in counter flow
direction condenses thapours releasing latent heat that heats tf\éaasiliey20@®). There is

no doubt about the benefit of using heat pipes in heat exchangers used for these applicati
According to WanzZhang et al.(2007) in the usual range of 22&C indoor design
temperature and 50% relative humidity, the RES (rate of energy saving) in their investige
office building was 2385.7% for cooling load and 38Q.9% for total energy consumption

by usindHP- basedeat exchangers.
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The literature oheat pipe basdwat exchangers is very rich and some examples can be seen
(Aronson, 1976 Shao & Riffat, 1997(Riffat & Gan, 1998)NoieBagheban & Majideian,
2000) (Soylemez, 20037bd ElBaky & Mohamed, 200Q)Van, Zhang, et al., 20q¥au &
Ahmadzadehtdbgpeh, 2010jZhang & Lee, 20)and(Kerrigan 2 -'R Q & HIQ2012)

In cold climatesvith very low temperature of tifiesh supply air temperature, the heat pipe
operating temperatuneay well fall in the range-dD°C to +30°C where ammonia haipes
have the best performance

Figure2- 3 Air conditioning system with aluminium/ammonia heat pipes
(Vasiliev, 199). Heat Pipes are at the back running top to bottom between the
fresh intake and the exhaust air

Another majo group of ammonia heat pipes terresipplicationss permafrosstabilization
Stabilizing permafrost is believed to be the first application of ammonia heat pipes in a nc
space applicatioAll the structures built on permafrost depend on the pestadr frozen

soll, staying frozen. If the permafrost melts, the structure is likely to sink and possibly sust
damage. Heat pipes are used in these cases to extract the ground residual heat during the
(when the air temperature is colder tharsdil)to lower the soil temperature andniake sure

that the soil will remain frozen during sumiepending on the specific soil type, decreasing
the soil temperature from 0.105°elow the freezing point to 0.50=28°Chelow the
freezing point increasthe soil strength by 20 to 100% (Hel6i79).These heat pipes are
often wickless and work as a thermal digithea very limiteteat fluxper unit contact surface

area with the solfhese heat pipes work only in irdr when the air is colder than the oil.
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summer when the air temperature is higher than thieesaibrking fluid condensate can not

return to the top of the heat pipe which is hotter and the heat pipe ceases to work.

The first HP permafrost applicen was in the 70s when the 800 miles Ftaska Pipeline
System, the world's largest pipeline systems, was built. About 120000 heat pipes were insi
along the tranr8laska pipeline to provide additional ground cooling during the winter.

Figure2- 4 Ammoniaheat pipes used to stabilize the frozen soil under the
Alaska pipeline. The finned ends of long heat pipe are betirsates of the
pipeline at regular intervals

In Alaska pipeline, heat pipes are made of mildrcateel and ammonia is the working fluid.
They range from 8B to 22m length and 2 in. (0.69 outside diameter.

Hayley(1982)describes two other structures where heat pipes have been successfully usec
provide thermal protection for permafrost soils supporting surface foundatiecisool
constructed at Ross River, Yukon Territory, in 1975, included heat pipes as gaiintg#gral

the foundation design. The heat pipe evaporator sections were installed in aluminium ac
tubes that extend into a gravel pad supporting-arstphde foundation. Performance of the

system was satisfactory over ayla observational perigtayley1982).

The second heat pipe system was installed to stabilize a tramway tower foundation also in
same area. Exposed footing foundations were experiencing settlement that could be relate
thaw ofthe underlying permafrost gravel. Verticathpipes were installed adjacent to the

foundation elements to arrest permafrost degradation. Ground temperature records and sur

data showed that the installation had elevated the permafrost table.
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In the school, the design objective was to extréicienifheat from the foundation to freeze

the gravel supporting the structure each winter. After-fr@ezethe temperature of the
ground must be further lowered to create a heat sink that will absorb heat during the sumr
months when the heat pipes dormant. In both applications the heat pipes were made of
aluminium. This technology has also been applied in the Qibgh&ailway frozen soil road

bed and has successfully solved the problem of melting and sinkinfya#ezveoil along the
railay in summer. This technology can be widely used to the difficult problem of melting ar
sinking of evefrozen soil on which railway road bed, highway, bridge culvert, tunnel, airplan
runway, oil transmission pipeline, and foundations of substatpmardransmission towers

are laid (DS SOLFDW L R QOBR)OkhkrBiwilabdaSdad pre reportedimnson (1976)

Chi (1976)Vasiliev, Grakovich et al. (19 )yasan, Korotchenko, et(200§ andBayasan,
Korotchenkoget al (2008.

De-icingof the structures is another major application of ammonia heat pipes where the groul
heat or other heat sources are used {4oedthe surface of the rails, roads, bridges, sea
navigation buoys etc. (Lar&imubuc,1975, Okihare&Kanamori, et al98Q Vasiliev 198).

Figure2- 5flexible steel/ammonia heat pipes for the rail points heating in
winter (Vasiliev, 189

Terrestrial applicatioredthough much lower in terms of the numbéheindividuainstances
use a wider variety of ammonia heat pipes than in thelsEpaee, an absolute majority of
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ammonia heat pipes are aluminium AGHPs with the rest being mainly arterial heat pipes v
screen mesh ands discussedhe main attribute of an SLM HP thancbenefit these
applications is to pvae higher heat flux densities by fabricatingcfutlirolled sintestyle

wick structure in the evaporator section of the pipes.

In terrestrial applications possible improvement from the use of SLM éfRRainedin
different ways depending on the type of the applicstos.of the ammonia heat pipes used

in permafrosapplicationsire large carbon steel wickless heat pipes (Thermosytkiags

nessn adiabatic section (middle patan intetional propest of these pipes tenforcethem

to work as thermal diodes. These pipes are supposed to transfer the heat upwards from the
to the air during winter but cease to work in the summer when the air is hotter than soil to avc
adding extra heat into theognd. However an intrinsic property of the wickless pipes is their
very lowsurfaceheat flux. Moreover, due to the often large diameter of theses\y®pes
distribution of the working fluid in the evaporator is a major problem. Ideally the pipe i
expectd to extract the heat from the soil evenly all atr@pmpesoil contact surface area with
maximized heat removal per unit of tustactsurface aredherefore an improvement in
these pipes should address theslaface heat flusroblem as well as the distribution of the
working fluid in the evaporator. In the passome caseSS or aluminium meshes have been
used inside the pipes or Nickel sintered inserts have been applied inside ithehpipes
evaporator sectiormhis ha improved the limits to a certain extent but often adds other
secondaryproblems mainly due to the increased thermal resistance or non condensable
generation caused by different metal codtachonia heat pipes used iniclag applications
closelyfollow the same working principal and structure as in the permafrost applications ar

suffer from the same limitaticas well

Vasiliey Grakovich, et a(1978 work contains the laboratory test results of some different
types of heat pipes used for paErast applications including aérmosyphon and a heat pipe
with two layers of SS mesh. Carbon steel pipes were botmrh8Bhg with 1000nm
evaporator length, 48m diameter and used ammonia and opexb89 degree with gra\aty

an operating tempdure of 27C. Total input power to the pipes was 180.8nd 200V
respectively which corresponds to 1.27 and 1.41 ¥&input density.

$ODVNDQ K mkvpddid length, 0.06diameter and 5000 W/K (5000 W/°C) heat
transport capability (GHi976) corresponds to a heat flux density of 0.8 ¥W/Cm

Okihara Kanamori, et af198( presents the results of a laboratory experimental ammonia hea
pipe for dacing the superstructures of a vessel operating in the arctic. The pipend@ap
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and25mm diameter with a sintered wickheevaporator and screen covered grooves in the
condenser. They measured a radial het density of 1.6 W/CHC operating temperature.
The material of the container and the porous wick repattedout is guessed to be SS and

nickel.

Larkin& Dubuc (1979 present the test results of a mild steehonia wickless heat pipe for
self deicing of the navigation buoys operating at a mean temperature just@bdkie Pipe

has 7.82m outer diameter, 8.in evaporator length and 1rth4ondenser length. Test results
have been presented as the heat transfer coefficient per area of the condenser and pel
temperature drop along the pipe. The best measuredbyathanging the ammonia filling
volume) hadeen 3200 W/RK at 0.8C temperature difference. This corresponds ta®\615

total heat input or 0\W/Cm? heat fluxn the evaporator

With regard to the working fluid distribution probeasiliey Grakovich, et a197§ explain

that for permafrost 8 @OLFDWLRQV 7KHUPRV\SKRQ:- JUHDW OHQJW
total area of the evaporator to be wetted as the returning condensate only moddten part
peripheral area of the pipe and thistcan be eliminated with the aid of a thin ldy®rous
material laid over the evaporator surface that considerably increases the cost of the f
thereforgheysuggest using a screen mesh along with a screw to push the mesh against the
in that regionwith SLM technique this issue can potgnballaddressed by building the entire
evaporator of the heat pipes by SLM with a sintered wick structure and then assemble it to

rest of the heat pipe by welding etc.

In the ammonia heat pipes used in heat recovery heat exchangers the naturatingthe lim
factor is slightly different. Although these pipes can also benefit fronsunitgioer heat fluof

an SLM sintestyle pipebut their mairnissueseems to bthe orientation and angles at which
they can operate. Na@mtered wicked heat pipesrformance is very sensitive to the operating
angle(so while some composite wick structergs mesh arteriemable the pipe to work
against gravity a certain limit but the performance would be very sensitive to tharahgle)
existing aluminium anonia heat pipes, as discussed, are not capable to work agairadt gravity
all. Gther types of ammonia heat pipe e.g. SS or sintered nickel ones have to compromise
overall thermal resistance and performance to achieve this c&pavilijyhas lesafluence

on sintered powder metal heat pipes than other type of the wick structure (Loh, Harris, et
2005).

A very important feature of the HP is the ability to transport a large amount of energy over
length with a small temperature drop by mdditgiml evaporation at the HP evaporator (heat
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source), vapour condensation at the condenser (heat sink) and liquid movement in the oppc
direction inside a wick by capillary force. In heat exchangeissired to have the possibility

of changinghe direction othe heat flow along the HP in time to tiseHPs for cooling and
heating alternately (Vasiliev, 2005).

Chi (1976) explains the design process of a HVAC heat recovery heat exchanger fo
hypothetical building in Washington D.C. using milumiammonia heat pipése discusses

that the system can be designed for seasonal heating or cooling by ducting the intake air to
above the exhaust air in the heating season and then switching over to the cooling seaso
rotating theentireheat eghanger to have the intake air passing below the exhaust air, reversir
the transport direction of the heat so that higher temperature inlet air is cooled by tt
conditioned exhaust air. This is to keep the hot section of the heat pipe(s) belowctisrtold se
A carefullydesignedinterstyle SLMHP heat exchanger does not need to be rotated to work in
different seasormit can transfer enough heat in both directions when needed

2-4) Conclusion

Ammonia heat pipe applications have been divided ineaivwaroups of space and terrestrial
applicationsin space, majority of ammonia heat pipes use aluminium container and axial
grooved wick structure (AGHP). The main shortcoming of an axially grooved heat pip
(AGHP) is its lowsurface heat flor the leat it can remove from the hot source per unit of the
contact surface area between the source and the heat pipe. Other types of ammonia heat |
including SS arterial HRave also been used in space with not much improvememthindahe
flux. As amater offact, sintered wick structure in the evaporator increasesféoe heat flux

well above that ad grooved wick but sintering aluminium to form sintered aluminium heat
pipes is impractical due to the rapid oxidation of aluminium and low maeitingf fbe

aluminium alloys.

Use of other material for the heat pigentainer or wick or using composite wicks are all
associated with secondary problems. Stainless steel low thermal conductivity increases
temperature drop along the heat pipe @&nd resulthe input heat level should consequently
be reduced to keep the temperature drop low. Using composite wicks e.g. SS screen mesh
the internal aluminium grooves in arterial heat pipes or sintered nickel wick inserts inside
container inceses the generation of non condensable gasses inside the pipe that shortens
effective working length of the pipe over time in addition to the increased thermal resistance
the heat passage along the pipe.
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SLM technique enables production of alumihieah pipes with a controlled sintered wick with
the container and wick produced in a single process. This means mudurfegleeheat

fluxes with a literallyompletehflexible design and no secondary prablem

In terrestrial and built environment liggiions ammonia heat pipes are used in more variable
forms and designs than in space althoughutineéer of the individual application instances is
much lower. Ammonia heat pipes used in permafrost acidglapplications currently are
without a wickThermosyphon) or with grooved or composite wick structure and aluminium or
carbon steel container. A carefully designed controlled aluminium or stetylsirg&iM
produced wick structure improves the condensate distribution in the evaporator #gewell as

heat flux density and consequently the overall performance of the pipe considerably.

Likewise, for the ammonia heat pipes used in heat recovery heat pipe heat exchangel
controlled sintestyle wick along the pipes enables the heat exchangérabamgraentation
in different seasomegardless of the relative position of the hot and cold flows with minimal

sensitivity to the operating angle.

The use of selective laser melting (SLM) technique to produce heat pipes has many advan
over theconventional HP manufacturing method. The main one, which is the core of thi:
project, is the ability to produce shstigte aluminium heat pip&ecause these structures are
produced from a CAD model there is literally full control over the propérey sifitesstyle
structure including porosity, permeability and effective pore size as opposed to the conventic
method of production of sintered structures which is by compaction and heating of a bulk
loose powdeAs a result of this, and becauseesother materials including SS or titanium can
also be used in SLM process, SLM as an alternative HP manufacturing method, can b

improvements into many other types of heat pipes as well as aluminium ammonia HPs.
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Chapter Ill : SINTER-STYLE HEAT PIPES THEORY AND DESIGN TOOL

3-1) Introduction

Conventional heat pipe manufacturing metho@jipased some restrictions on tharently
availabldéneat pipes in terms of the shape and performance. For aluminium heat pipes the m;
restriction has beenetimpossibility of producing sintered aluminium wick structures thus non
existence of sintered aluminium heat pipes. Selective laser melting (SLM) technique

implementedh this project as a new heat pipe manufacturing method to overcome this limit.

Thischapter provides a relatively comprehensive theoretical backgreumeret heat pipes
and their desigifrirst, leat pipes basiarereviewedy looking at heat pipes histangterial,
types, operation principle and different structures as kel @sventional manufacturing
method. The calculation processid mathematicalormulasfor design and evaluation of
sintered heat pigedescribedlong with their ude study the feasibility tfeinitial SLM HP
samples of this projdmtfore build

$V RQH RI WKH SURMHFW:-V REMHFWLYH WKH GHVFUL
formulas have then been linked together alongtivéh desigparameters to develop a design
tool for sinterstyle SLM heat pipes. The design tool takes inputstHeommser about the
geometry and operating conditions and using its own databases and formulas, calculates
mechanical and heat transfer characteristics of tiighélRol is based on a Microsoft Excel

workbook and has been described in this chapter.

3-2) Heat pipe definition

Heat pipe (HP) is a passive two phase system to transfer heat from one point to another
consists of a hermetically sealed container charged with a small amount of a working fluid al
capillary structure on the inner walleddhe ‘wickt There are a wide variety of heat pipes in
terms of dimensions, material of the container and wick, working fluid type and structure of |

wick.

At the designed temperature rangehafat pipe, the working fluid is alwaysratery closé,

its saturation pressure corresponding to the temperature of tNéhapa.setion of the heat

pipe is heatethe working fluid evaporates inside the tube at the interface of the tube and th

hot source, the vapour travels to the colder sectibti{g)tabe and condenses back into liquid
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by rejecting the hedthecondensates then returnetiackto the hotter section(s) by capillary
actionof the wickand/or by gravity action and the cycle repeats Tiseleforea HPprovides

a passive continus passage for hé&tween a hot and a cold source.

Latert heat of vaporization is considerably higteer the sensible heat, hence a rhigtirer

heat transfer capability of a heat pipe comparing to a solid tube with identical material &
geometry. Anthe speed of the heat transfer is literally the speed of the vapour molecules (if n
limited by the heat removal capacity on the colder sectiba)h&at is transferredth much

lower temperature drop comparing to a solid bar.

Figure 31 Heat pipes in diffent shapes, sizes and materials

3-3) Heat Pipe History

Heat pipe history starts in amoheteenth century when Perkins tube was patented in England.
Perkins tube is basically a form of Thermosygivmkless heat pipe) btlitey must be
regarded as an essential part of terir of heat pipeHowever first Perkins tubes were
working with water in single phase and high pressure and in this regard deviated from
definition of heat pipe as a twuage devidggeayk Kew, 2006) The concept of a passive two
phase heat transfer device capable of transferring large quantities of heat with a minil
temperature drop was first introduced by Gaugler in(P@4@rsoyil994)
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condensation heat transfer device. US patent No. 3229759. Appl. 2 Decemberi$d8éd. Publ
18 January 1966 ) to describe a device essentially identical to that in theg&aaglbut
included a limited theoretical analysis and expeimestllts on stainless steel pipes

incorporating a wire mesh wick and sodiuthasvorking fluidReay Kew, 2006)

Early works on heat pipes were focused on space applications. The early 1970s sa

considerable growth in the application of ipat to solve terrestrial heat transfer problems.

3-3-1) History of aluminium/ammonia heat pipes

The frst investigati®on usingammonia as a working fluid for heat pipes was done in late 60s
(Cotter, 1965and the firsbnboard spacecraft experimesftsn ammonia heat pipe was in
early 7@ as reported by Harwell & Mcintosh, (19Billypacethe common working fluid is
ammonia as its operational temperature is well femitedgmanned space applicatiodd{C

to 80 °C). Axially grooved heat pipeteofelatively simple industrial fabrication and greater

reliability than other wick designs.

In early 70s ammonia heat pipes were used in terrestrial applications with aluminium or carl
steel containers:or these applicationdPs have had either groodewick ora wickless

structure

3-4) Heat Pipe operation principal

Heat pipe, in its simplest form, is a cylindaeatuatedhollow tube which is hermetically
sealed. Inside the tube there is a certain volume of a fluid and the inner walls angtlc@vered
capillary structure. Capillary structure is either an integral part of théstsdygaoately applied

to its inner wadl

Figure 32 Three main parts of a heat pipe are "Container", "wick" and the
"working fluid" Working fluid is absorbed into fh@&ouswick
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In the above picturélP is made ofopperthe working fluid is watandcopper powders are
sintered together and to the inner amlhe wick. The volume of the working fluid is always a
tiny percentagef the total internal volume of the tube ,apgically, all of it is absorbed into

the wick so if one cuts a heat pipe open and looks into it, the hollow duct in the centre of tl

tubelooksempty (in fact, filled with the working fluid vapour beforeibieeis cut open).

Once the fluid isharged into the container and before saglialy the air inside the tube is
evacuated. Therefore the working fluid inside the tube is always in its saturated st
corresponding to thiebe temperaturén a welldesigned heat pipm steady state situation
condition the wick igully filled with the working fluid in liquid state and the hollow space in
the centre of the tube is filled withe working fluid in vapour state and a pressure
corresponding to the satited pressure of tifileid attube temperature. The hollow space in

the centre of the tube is called vapour spaggour channel

In operation, Wen one endin practice, any sectiaf)this cylinder is heated, the heat passes
through the containehitkness and the wick and reaches the-ligpalr interface roughly at

the edge of the wick. To keep the saturated state at this higher temperature, more liq
vaporizes and vapour pressure is increased in that end of the tube. This heated section of
heat pipe is calle@vaporatop The amount of the heat which is absorbed into the liquid is

equal to the latent heat of the mass of the tiggtidaporizes.

This higher pressure at evaporator end pushes the vapour to the other end where the pip
colderor the ‘condensen When the vapoueaches that end and cools datvopndenses
back into liquid and releases the heat. The heat passes through the wick and the conte
thickness and leaves the tuliee liquid then travels along the wick badkeoevaporator

either by gravity for@nd/or by the capillary force generated by the wick.

The main purpose of the wick is to help returning liquid back to the evaporator although it h
other roless wellwhich will be discussed lat@ravityaidedHeat pipes (evaporator lower than
the condenser artde condensais returnedo the evaporator just by gravity) sometimes are

made with no wick at.alhese heat pipes are calleerihosyphon.
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Figure 33 Conventional Heat Pipe Schematic. (1¥¢ifainer(2) wick, (3)
vapour channel, (4) vapour, and (5) liquid (Va2iiey)
There are a wide variety of heat pipes based on the shape, dimensions, material and ¢
properties of the container, type anwbant of the working fluid anstructure size and

material of the wick.

Also, unless specifically designed for, in a general heat pipe, evaporator and condenser ar
predetermined sections. Evaporator, condenser and adiabatic (the length of dipe heat
between evaporator and condenser) sections are defined in the real application dependin
which part or parts contact the hot source and which section(s) is cooled down. For instance
middle of a cylindrical heat pipe may be attached on topoofpaiter chip for heat to be
dissipated from the two ends. In this case the nsiglctienis called evaporator and the two

ends are known as condesser

The working fluid is selected based on the operating temperature range of the application
the condiner material is chosen mainly based on the compatibility with the working fluid an
thermal conductivity. The structure of the wick is determined based on the intended operati
conditions including orientation of the heat pipe (relative positionhaftthed cold spots to

each other) and the required heat removal density (heat flux per unit surface area).

3-5) Heat Pipe components andmaterials
Three major components of a heat pipe, container, working fluid and tleeedescribed
below. All the heat pipes have the container anottkéngfluid but can be with or without

wick.

3-5-1) Heat pipe container
The container can be made from a variety of different materials including copper, aluminiu
titanium, stainless steeldtungsen. The choice firstly and mainly depends on compatibility

with the working fluid.Once the compatibility with working fluid is assured, other parameters
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like weight, thermal conductivity and manufacturing issues are taken into account to sel

betweentte possible options.

Normalheat pipes transfer the heat in one direction along the length of thethgsehknat

pipes the length is muclargerthan the pipe cross sectiarea Very often the pipe is round

thus the namécylindrical heat pip#éut they can be made with different cross sectiatsas
rectangular, triangle, etc. The length can be from a few millimetres to tens of meters &
diameters from few millimetres to a few meters. Cylindrical heah@pe®e applicatioysre

flattened aéir manufacturing to provide better contact surface with hot and cold medium.

Heat pipes can also be made for two dimensional heat transfer. These heat pipes are c
vapour chamber or Therrhase. Vapour chambers can have different length and widths but

are typically a few millimetres thick.

Figure 34 A cylindrical heat pipe and a vapour chaffiagr2D Hp)

A vast najority of heat pipes are mddem copper. The main reason is that copper is

compatible with water which is, by far, the best working fluid for applications working ir
temperature range from a few degree above zero to around 250°C and most of the comme
applications in electronics, goywmedical, telecommunication and military fall in this range.

Copper also has a good thermal conductivity and is easy for machining.

Perhaps the second most common heat pipe material is aluminium. It has a relatively
thermal conductivity but is nobmpatible with water (which makes it unsuitable for many
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applications) and needs protection against envirofumeuatdoor application8ut aluminium

is especially common in space applicationssacompatible witammonia, ethanand
acetoneStainles steel is used in applications where heat pipe stretigthmain design
parameterOther materials are normally usedenyspecial applications with special working

fluids like liquid metals.

3-5-2) Heat pipe working fluid

Selection of the rigkatorking fluid is the first and perhaps the most important step in designing
a heat pipe. This selection mostly depends on the operating temperature range of the
application. Working fluids range from liquid helium for extremely low temperatute®agplica
(-271°C) to silver for extremely high tempera2300°C) The most common heat pipe
working fluid is water. Low temperature heat pipeduid® like ammonia and nitrogen and

high temperature heat pipes utilize caesium, potassium, NaK and sodium

Table 31 Common heat pipe working fluids, their operating temperature
range and compatibility with container material (Thermacore, 2012)

Heat Pipe Working | Operating Temperature Range

, Heat Pipe Shell Material
Fluid (°C)

Low Temperature or Cryogenic Heat Pipe Working Fluids

Carbon Dioxide -50 to 30 Aluminum, Stainless Steel, Titanit
Helium -271 t0-269 Stainless Steel, Titanium
Hydrogen -260 t0-230 Stainless Steel

[Methane -180 to-100 Stainless Steel

Neon -240 t0-230 Stainless Steel

Nitrogen -200 to-160 Stainless Steel

Oxygen -210 to-130 Aluminum, Titanium

IMid Range Heat Pipe Working Fluids

Acetone -48 to 125 Aluminum, Stainless Steel
Ammonia -751t0 125 Aluminum, Stainless Steel
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Table 31 Common heat pipe working fluids, their operating temperature
range and compatibility with container material (Thermacore, 2012)

Heat Pipe Working | Operating Temperature Range ] ]
Fluid 0) Heat Pipe Shell Material

Ethane -150 to 25 Aluminum
|Methanol -75t0 120 Copper, Stainless Steel
|Methylamine -90 to 125 Aluminum
Pentane -125 to 125 Aluminum, Stainless Steel
Propylene -150 to 60 Aluminum, Stainless Steel
\Water 1to 325 Copper, Monel, Nickel, Titanium

High Temperature Heat Pipe Fluids

Caesium 350 to 925 Stainless Steel, Inconel, Haynes
NaK 425 to 825 Stainless Steel, Inconel, Haynes
Potassium 400 to 1,025 Stainless Steel, Inconel, Haynes
Sodium 500 to 1,225 Stainless Steel, Inconel, Haynes
Lithium 925 to 1,825 Tungsten, Niobium

Silver 1,625 to 2,025 Tungsten, Molybdenum

For successful operation of a heat pipe its working fluid must have a melting point temperatt
below and a critical point temperature above the pipe operating temperature. Because
overlapping of this melting pearitical point temperature range fdfedent working fluids,
differentfluids can often be used for a given operating temperature. The relative merits
different overlapping fluids in any specific range caredésuretty considering some general

tips in addition to some more formulatedho@s.The general tips are

X In a specific temperature range, working fluids with an average vapour pressure

desirable. Very high vapour pressures cause concerns about the strength of 1
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pipe container and the wick and very low vapour pressurdsehaipduction of
noncondensable gases inside the(Bipay& Kew, 2006)

X It has been observed for most fluitsat properties relevant to heat pipe
SHUIRUPDQFH DUH PD[LPXP LQ WKH YLFL@bW\ RI
1976)

Also, with some simplifications, it is shdwChi (1976)hat for a pipe of fixed wick structure

and dimensions its heat transport is directly proportional to a combination of liquid propertie
which is calledMerit Numkerp O H Winkér 5 a mean for ranking working $width
highervaluedeingmore desirable.

€ da (Eqg. 31)

Where;

M: Merit NumberW/m?

+: Liquid density, Kg/fh

3: Surface tension, N/m

« DOVR GHQRWHG DYV LatehtnebtQ/KgKLYV SURMHFW
1 : Liquid viscosity, BdKg/m.s)

Figure3-5 demonstrate the advantage of ammaitit8, inthe range 0f40°C to abouB80°C.
It should be noted that merit number is not the @itgria when selecting thverking fluidfor
instance Wile waer seems to be goad temperatures well ab@®0°C atabove 250°@s
vapour pressure gét® high.

35



Figure 35 Merit number of selected working fluids

In this project only ammon{and acetona¥ considered. Ammonia has the best properties
from tens of degree below zero to about zero and very good properties until tens of degl
above zero. At below0C and above aroun@°€ it again loses its advantage due to very low
or very high vapour pressualthough ammonia has been used in these extremenrdimges

pastfor special applications where its use has been justified by clderaions

All the experiments of this project have been done using acetone and ammonigb Figure

demonstrate theeritNumbers over the working temperature.

Figure 36 MeritNumber- Ammonia versus acetone

3-5-3) Heat pipe 1 Wick structure

Capillary structure, or wick, is an optional feature améheal wall of a heat pifheat exerts a
capillary pressure on the liquid phase of the working fluid. The term ,caipiilaejationto

heat pipess defined as the flow of a liquid under the influence of its own surface and interfaci
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forces(Faghri 1995) The purpose of theickis to generate capillary pressure to return the
working fluid back tthe evaporator, to distribute the liquid circumferentially in the evaporator
where the heat is applied to the pipe and to enhance the heat pipe heat transfer. The latter i
reason that some sorts of capillary structure are used even in gradthestspspes, where
evaporator is lower than the condenser and the condlemsedn return to evaporator by
gravity(Reay& Kew, 2006)

Wick trangérsthe liquid by capillary action. Capillary action is the result of adhesion of the
liquid molecules to the solid wick moleculesb&ktknown example of capillary action is the
rise of water levahside a straw in a glassnaiter.There are three majoipgs of the wick
structurg, screen mesh, sintered wick and groovedanitzk wide variety afompositavicks

in practice which are generated by combining these together with different properties f
instance, arteries;dspersed sintered powder andmasite wick structur¢gaghri1995)

Screen msh and grooved wick heat pipes are only used if the hot spot is below the cold sect
as they are not algla are limitedjp pump the working fluid against gravity. Sintered wick heat

pipes can work in any orientation and handle higher surface heat fluxes however their ove
heat transfer capability is lower due to a reduced mass flow rate of condensate through the 1
back to the evaporator. Currently ammonia heat pipes with aluminium containers are mai

manufactured with grooved wick.

Wick structures are constructed from various materials and methods. The selection of the w
mostlydepends on the heat pipe lengthtaedvorking fluid properties (compatibility and wet

ability) although the orientation, power density, total power, cost and manufacturin
complications also effect this selection. As a thumb rule, screen mesh wicks are an easy 0

but can cause excessi temperature gradients as opposed to sintered wicks.

Figure 37 Three major wick types. Left is a copper heat pipe with sintered
wick, an aluminium heat pipe with grooved wick is shown in the middle and a
copper screen meplipeatthe right
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Screen mesh wicks are sheets of woven metallic wires. Woven meshes are manufacturec
range of pore sizes and materials including stainless steel, nickel, copper and aluminium. S
mesh size is usually specified in mesh numbeh, wlidefined as the number of meshes per
linear inch measured in a direction perpendicular to the wire. Mesh numbers from 50 to 300
the most commonly used wicks in practice. The higher the ngnibhersmaller the spaces
between the wires or the esaire To use as a heat pipe wick, orfewirayersf these sheets

are rolled and inserted into the @fier cutting to the rigténgth Theynormally stick to the

wall under their own tension.

Grooved wick ishe name fothe grooveformed on the inner walls aheat pipe. These can
be part of the tube profile generated during the tube extrusion orf@anchéedy different

machining technigue inside the pipe.

Sintered wick is a name generally given to metal structures witloisisnm them. It comes
from the fact that most of these wicks are generated by compacting metal powders together
rising the temperature to right below the powder particles melting temperature for the powdks
to get soft, deform at their contact pday the adjacent particles and finally sinter togettier

to the HP inner walSintering is not the only method to produce these porous structures bu
often the same name used in literataraddition to high capillary force, sintered heat pipes
can emove more heat from the hot source percamitactsurface area between the pipe and

the source due to improved evaporation heat transfer.

3-6) Heat pipe conventional manufacturing process
Manufacturing process of heat pipes is diverse due to thangielef materials used in heat
pipes and also the variety of the heat pipe structures and final applications.

For most common heat pipes which are cepp&r heat pipes operating at normal
temperature ranges, manufacturing process is relatively Aioggper tube with the right
thickness is cut to the right length. The tube goes through a delicate cleaning process inclu
different chemical solutior3ne end of the tube tisensealedby welding an end cépere are

other techniques as well). Garken in terms of the compatibility of the welding agent with

the tube material and working fluid.

If the wick is of screen mesh type, it is rolled around a mandrel, inserted into the pipe and
mandrel is taken out leaving the mesh inside. Iesint@k is to be used, a mandrel is inserted

inside the tube with a diameter smaller than the innetattiafriee tube leaving a doshape
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gap as wide as the destheckness for the wick. This gap is filled with copper powder while the
assembly is anshaking bed to compress the copper powders together.

Figure 38 Copper powder is being filled into the gap between the mandrels
and the copper tubes on a vibrating table

Then the entire assembly is put into a sintesireg and heated to a specific temperature
slightly below the copper melting point and restiagme for a period of time for the copper
particles to sinter together and to the tube inner wall. Mandrel is removed afte@asifttering
of a material thatoes not stick to copper powders

The required amount of the working fluithencalculated and measured inside a syringe. The

other end of the tube is closed leaving only a small passage for injecting the working fluid.

Figure 39 A flattened heat pipe with the fill tube at the end. Fill tube is used
to inject the working fluid into the pipe
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The heat pipe ithen placed on a hot basdth the fill tubefacing upand heated ta
temperature above the boiling temperatuiits eforking fluid at atmospheric pressilitee

liquid is injected into the pipe and the fill tube is temporarily closed by a pin for the liqui
vapour pressure to build up inside the gdipen te pin is quickly removed so that the liquid
vapour can pushll the air inside the pipe out. Once the liquid vapour starts to eject from the
pipe the fill tube is closed and permanently sealed using solderTdreneldl stage is testing

the built heat pipe for any possible leak and then for its thermahpeder his process is
considerably more complicated for many of the other working fluids including liquid metals
low temperature heat pipes. Atpmarantying the long tewonsistenperformance of a heat

pipe closely depends on tkehnicabetailsof the manufacturing process including cleaning

and leak testing which hugely affects the manufacturing cost.

37 6LQWHUHG KHDW SLSHV:- FKDUDFWHULVWLFV
The main contribution of this project to knowletligs beerio develop the first sintered
aluminium hdapipe. This heat pipe is not produced with the conventional heat pipe

manufacturing method but by an additive layer manufacturing technique.

Althoughin this new heat pipe the wick structure has the shape of a conventional sintered w
(as seen in figuf®10 below)but it is not produced by sintering therefore it has been called
sinterstyle throughout th documentThe same operating principle and equations that govern
the conventional sintered heat pipes are closely applicable to this new S#tiesheat
pipes. These governing rules and equations are reviewed bhbwefandedthe core of the
designing tool which has been develdpedg theproject.
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Figure 310A sintered conventional HP is showthatightnext to a sinter
style SLM HPThe wick structures are shown below at a 400X magnification
andona406-P VFDOH

Sintered metallic powder compacts are used as wicks in heat pipes for maintaining a cl
circulation of the working fluid and thus faciitatieat transport. Sintered metal powders or

particles provide a higher thermal conductivity as opposed to traditional evaporatiy
surfaces/wick structures used in the design of heat pipes, while still facilitating the thin fil

evaporating heat transfeianlon and M&003)

When heat is applied to the evaporating regiosinteaecheat pipe, the heat trasatirough
thethickness of thevall of the sadi container to reach the working fluid. The heat is transferred
through the sintered particles filled with the working fluid, reaching the top surface where t
liquickvapoursolid interface exists (provided that the fluid level is not above the tapdurfac

the wick). There by utilizing the thin film evaporation, the heat is removed.

The topology and geometry of sintered wick microstructures play a crucial role in determin
their heat transfer performance in passive cooling devices such as héaispipe®fore
important to characterize microstructures based on their wicking performance, the thern
conduction resistance of the liquid filling the microstructure, and thlentlcinaracteristics of

the liquid meniscus. The most important parasnetach affect evaporation heat transfer in a

wicking microstructure, are the conduction resistance offered by the filling liquid, the tot
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exposed free surface area for evaporation, and the extent of the liquid meniscus that is in
thin film regionRanjan, Murthyet al. 2009Here we only focus on the physical characteristics
of the sintered wick as the other parameters including the shape and behaviour of f

meniscuses do not depend on the manufacturing method of the porous structure.

There are three maahysicatharacteristics of a sintered wick structure; pore size, porosity anc
permeability. Pore size is an indicator of the size of the voids in the wick. Depending on t
wick type, pore size is defined differently. For instaneediatered wick which is powder

particles sintered together, pore size is defined as the radius of the spaces left betweer

powder particles.

Porosity is the percentage of the volumetric ratio of the empty spaces or voids itottieewick
total volume of the wiclend permeability is a measure of how easily a liquid can move througt

the wick.

Optimizing these three characteristics of a wick is a critical and tricky task in heat pipe de:
process. The main task of the wick, transporting the liqoapitigry action, stimulates small

voids and small pore size but this means more resistance to the liquid flow and low
permeability. Lower permeability means less liquid can be transferred through the wick at a
thus lowers theverallheat transferapability of the heat pipe. Increasing the pore size increases

the permeability but reduces the capillary pumping force of the wick instead.

Usually high performance wicks have large values for porosity and small pore radius val
However, other considerations such agseling, boiling susceptibility, static rising height of
the liquid in the wick and cost of wick fabrication must alsonselered in the selection of
wick structures. In addition, the effects of wick structure on the pipe temperature gradient nr
also be importarfChi 1976)

For sintered heat pipes analysing the sintered capillary wick structure inside heat pipe:
determine the effects of the thin film evaporationthe heat transfer behaviour of the wick
structure, whether an optimum wick structure exists, how the value for maximum heat remo
for a wick structure is determirfednlon& Ma, 2003)and the other relevant parameters of the
wick such as particle dimensions, porosity and permeability, material etc. is an essential st
take in order to characterize existing heat pipes or to develop new heat gipaes jgie

applications.
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3-7-1) Porosity, Permeability and pore sizein sintered capillary structures

Porosity or void fraction is a measure of the void spaces in a material, and is a fraction of
volume of voids over the total voluniis value ibetveen 1, or as a percentage between
0% 2100 %.Porosity is a function of the particle size distribution, with a tighter distribution
tending towards higher porositiegar2013. Following equation is used for calculating the

degree of porosity tie powder compacts:

s LogpfEeERee e g f%z (Eq. 32)

:I:QO(_‘;o‘oF"”‘_.f_:t,,( SIrr

Permeability is the capacity of a porous medium to transmit fluids. It is related to measura
properties of the pore geometry suchaaesity, pore size distribution, and internal surface
area. A high permeability value leads to low flow resistance in the wick and thus to higher t
transfer rates. For powder compacts used as wicks in heat pipes, the permeability car
calculated frorthe following equatiafeSDU 1979)

@Y (Eq. 33

L————
swrsF Y6

with K being the permeability m2, d the diameter of the powder partichemetersaand ¥he
porosity

Pore size is the trickiest property of a porous structure to measure or to even define. O
GHILQLWLRQ IRU WKH SRUH VL]H LV WKDW WKH SRUH
diameter of the largest sphere that contains that point whilensiitlimg entirely within the
SRUH VSDFHpu 7KH UDB Galled theRpbré\r&dh vapi&KreidilsAs normally
there are different size pores in a porous structure, most literature talk about effective p

radius.

In general, to achieve ighhheat transfer rate in a heat pipe, the wick structure should exhibi
high permeabilityk, and low capillary radius, r. A high permeability results in a low flow
resistance in a wick while a low capillary radius leads to a high capillanDasssing an
optimum porous wick for a heat pipe is to find a-édeetween these three main parameters
to achieve highheat transfer and capillary force at the sameTtimehas been the subject of

numerous works done on sintered porous structures.
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3-7-2) Sintered heat pipeVHeat transfer and fluid flow theory and heat transfer

limitations

In order for a heat pipe to work, regardless of its type, the working fluid must circulate betwe
evaporator and condenser to transfer the heat.

Using thisfundamental rujghe governing equations for the heat pipe performance and its
limitations can be extracted. In the rest of this section all the formulas are tatkennfraim

heat pipeeferencéooks already cited in this projectReay& Kew (2006) Chi(1976) and
Faghri(1995).

In order for the working fluid to circulate, the wick capillary action must overcome all the othg
opposing forces on thiguid. There are three opposing forces, the liquid pressure drop due ftc
friction inside the wick, the pressure gradient of the vapour which causes the vapour to flow
the condenser and finally the gravitational forced (if the liquid should travéhensimbé
against the gravity. In gravity assisted pipes this force will help the capillafhactiong.

(2B=TR ¢RE ¢2RE ¢2C (Eq. 34)

Where
"P,, max : Maximum capillary pumping pressirine wick Pa
... 3Thepressure drop required to return the liquid from the condenser to the eydpmrator

...,3 The requiredpressure drop to cause the vapour to flow from the evaporator to the

condenserPa

...,3 The pressure due to the gravitational head which may bpoagéiiee or negative,

depending orhe inclination of the heat pipe, Pa

The maximum heat flux for which the above equation holds is referred to as the capillary lir
(denoted as circulation limit in figur&lB Typically, the capillary limit will deteenthe
maximum heat flux over much of the operating range. But there are other limits as well tt

constrain the heat pipe performance at special conditions. These include;

Viscous limit: armallyhappens attart up when vapour pressure gradient alenggh is not

enough to overcome the viscous

Sonic limit: mainly during start up when the vapour velocity approaches scaisesithe

vapour flowto chock
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Entrainment limitnormally at high heat fluxes when vapour velocity is high enough to entrair
the liquid thatflows inside the wick in the opposite direction into the vapour duct and back tc

the condenser

Boiling limit: This happens when the heat input density to the pipe gets so high that a vapc
blanket covers the inngall and works as an irsak

These limits are shown in the following graph. A heat pipe designer should make sure that
heat pipe operation point will always fall into the hashed area over its expected operating ran

Figure 311Heat pipe heat transfer limitations. Heat pipe can only work if its
operating point falls in the hashed area

There are many different scenarios that for each one, the pressure drop terms in above equi

is calculatedifferently But with some simpliiions;

L a (Eqg. 35
cmoel te'g—lg

Where;
rc : Effective pore radiym

Es: Liquid solid contact angle

3 : Surface tension of the liquifm
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Assuming a laminar liquid flow inside the wick, a constant rate of vaporization an

condensatioper unit length and a homogenous wick (including screen mesh and sintered);

2863650 4 (Eq. 36)
¢l ST FE e e
e:N°®F N° Wes.
Where;
Effective length .44 —2: ¢cE & E ,m (Eq. 37)

L. : Evaporator section lengtn
L. : Condenser section lengti

L, : Adiabatic section lengtm (total length of the HP minus the lengths of the evaporator and
condenser)

Aé sefecTee el KEZ " —Ras
@Kt B Z, W8
Q& «“ — &tf e e Kg/m®
L : Latent heat of vaporizatiorD O VR G HQ RisWid@nddf\VJ/Kg
¥ Porosity
r,, . Radius of the internal wall of the contaimer
r, : radius of the vapour chanmnal

The above formula for a cylindrical tube. tV PRGLILHG IRU SRURXV VWU
by a constant valbetweer8to 20 to include a correction for tortuosity.

Whenr,, ¥and the constant valaee difficult to measure, the following formula is used,;

aplgs u 16 (Eq. 38)
ér- #e

2 L

Where;
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Kals (Eq. 39)

Mass flow rate of the working fluidl 6L TEzA ,

K : Permeability of the porous wick
A,, : Cross sectional area of the porous,wiek

For the vapour pressure drop, in steady state condition, the mass flow rate of vapour is equz
the mass flow rate of liquid in the same axial posdisaver because of low density of the
vapour in comparison to that of the liquid its pressure drop can be due to frictional drag as w
as dynamic effects. So the vapour flow can bgheminar or turbulent (as opposed to the
liquid flow inside the wkowhich is almost always laminar). Compressibility may also becom:
important. Assuming an incompressible flow of vapour (or in other terms, a low vapol
pressure gradient compare to its average pressure in the pipe, which is not necessarily cc
duringheat pipe start up), a 0.405 evaporator pressure gradient recovery in the condenser (s
theories assume that the vapour pressure increase in the evaporator is equal to the va
pressure decrease in condenser. They refer only to inertia term andiscdubleressure

drop) and a fully developed laminar flow of the vapour;

16 75164 (Eg. 310
ZENB T e& B

% L 1s ngep
Where;
Qaf’'—TtfeeKg/m3
AdsefecTce oKt f ' —Pas
And finally the pressure drop dugtavitational head;
¢2 L éC ke (Eq. 311)

I
C{?l;'f}f’??AHAN@IQEHCJ\I=REIP2'§’JS?§

HDA = PE LRAK PH A JTR

15 Stf e %o ™14S$ £ f < $f « - S58% " < ' sl ig Positive when condenser is lower

than evaporator

All the above formulas are for incompressible one dimensional flow. Incompressibl
assumption is very often a right assumplibe exceptions adeiring the staiip and for

liquid metal heat pipes. Gdienensional flow assumes that #regerature and pressure are
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constant across the cross sectional area. This is also correct for |Fepg&0Kew, 2006)
where;
4AL SeRbk (Eq. 312)

R : Radial velocity component at the vaakfacevhere r =y, m/s

Now that the capillary limit is explained which is the main heat transfer limit over the majori
of the heat pipeyerformance range, a brief description is given about the overall heat transf

phenomena inside the pipe and then the other limits are described.

At the start up, when heat is applied to the evaporator, it conducts through the thickness of
container(heat pipe walgnd then travels through the ligfiliéd wick mainly by conduction
through the solid and liquid and partly by convection through the liquid and reaches the surf:

of the liquid which is the vapdigquid-solid interface. That is whevajgoration happens.

By increasing the heat gradually, the same process happens but more heat is transferre
convection. After a while bubbles start to form on the heat pipe wall. At first bubbles easi
leave the wall and travel to the surface whickases the convection. By increasing the heat
even morgat one point bubbles cover the entire surface of the heat pipe inner wall in th
evaporator and block further heat transfer into the pipe. This point is caledt.biihe

evaporator temperaturaddenly jumpsp and no more heat is transferrethbyipe.

Therefore it is important to know the effective thermal conductivity of a porous wick structure
To calculate this, theagetwo models in the literature; one model assumes that the liquid anc

solid passages the wick are effectively in parallel;

-a L :SFY-,E Yq (Eq. 313

Where;

K., : Wick effective thermal conductiyMy/m.K (= W/m.°C)
K, : Thermal conductivity of the working flil/m.K

K, : Thermal conductivity of the wick mateléim.K

Another model assumes the fluid and solid bits of the wick are in series;
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s (Eq. 314)

Knowing the exact heat transfer passage through a porous wickisheffieetive thermal
conductivityis impossible but the real value is always between the values calculated by t
above methodsSome correlations have been experimentally developed for special types o
porous wick.Thermal conductivity for liquid saturated wick of packed spheresehas be

correlated by the following equation;

) -3t-gE -g FtisFY,:-gF - 5? (Eqg. 315)
€ 3t-gE-45 E sFY.i-gF-5;?

This equation can also be used to approximate the effective conductivity of liquid satura
porous metal wick but it should be noted thataccuracy decreases as the radius of contact

among adjacent particles, rc in following picture, increases.

Figure 312In sintered wicks, particles are deformed at the contact point and
WKLV VKRXOG EH QRWHG ZKHQ DSSO\LQJ DQ LGHDC

For a sintered metal wick with a large contact radius, Kw is calculated by the equation;

& 16 (Eq. 316)
-6 L_ZIT\J;p -

e e X e
E HBF_ZIngp I‘\'r(-aeE -stF\'K;h

Where

y’(L—Y (Eq. 317)
sF= @A
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In the absence of data for the contact radius, rc can be estimated by means of a material ba

for the idealized geometry as per following eqy&ligri976)

BN (Eq. 318)
LI M ©
s PsFI=p NF sFl=p @

) &
YL
6
xdsF(%Ah b L

&DSLOODU\ OLPLW LV WKH PDLQ KHDW WUDQVIHU OLPL
range but there are other limits to the heat transfer capability of a heat pipe. Most of these lir
occur under special circumstaeesnormally heat pipe operation can be restarted after hitting

one of these limits just by changing the operating conditions.
Viscous Limit

N &2 (Eq. 319)
NﬁJanalea%)éé%Ul

Where;

“64qamddaximum heat transfer due to visdomi per unit vapour channel grédm?
P, : vapour pressuréa

Sonic Limit:

Maador &yv:é2;*® (Eq. 320)

M. 5 s Maximum heat transfer due to sonic limit per unit vapour channel aréa, W/m
Entrainment Limit:

o Ce® (Eq. 321)
Macacvaabad—

My 4 ¢ a0 0 aaximum heat transfer due to entrainment limit per unit vapour channel arez
W/m?

X is a number depending on the wick type andrsiza.typical sintered witks roughly 2r
according té-aghri(1995)
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Capillary Limit:

éx Id;u (Eq. 322)

oY=N;

3Boavrdokfice L d—hH—I e&F
Where;
3% 6 50 s Adaximum total heat transfer due to capillary limit, W
|« - Effectivelength of the heat pipm

Boiling Limit according to FagfitP95)

te.ggudbarc (Eq. 323)
38aurded ZQ!';UI\@' =t

P T (Eq. 324)
C,GOaLj-g ee I4OF4aQJap

3% 5 r Maximum total heat transfer due to bolimg, W

Rinen:Te.m

R, = 10'm for conventional heat pipes

K = K, : Effective thermal conductivity of the widkm.K
T, : vapour temperaturé&

For medium temperature working fluids like water and ammonia and comroompaosite

wicks heat pipgbat work outside of their extreme operating temperatures, capillary limit is th
main and perhaps the only limit as discussed Baforher heat pipesther limits get more
important and especially the starperiod is of prime concehheat pipe tartup is a function
primarily of the sink temperatywehere the heat is being dumpettj the interface thermal

resistance at the condenser.

Generally speaking, the stgotof a heat pipe from high vapour pressure does not present a
special problem @smeans low vapour pressdrep and velocity. However, the stgptof a

heat pipe from initial low vapour pressure and low interface thermal resistance at the condet
normally involves high vapour velocities that can cause the performance toiit Hrels

eventually the entrainment limit.
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As in case of ammonia heat pipe, because ammonia vapour pressure is relatively high and
often the pipe startgp with some of the working fluid in liquid state, thelgtashould not be

a problem unless tiemperature is so high that all the working fluid is expected to be in vapou
state. In that case the pipe is better to be started by cooling the condenser to condense son
the working fluid until the wick is filled with liquid working fluid and gy the heat to the
evaporatogradually

3-8) Heat pipe - \¢ontainer design

The container details are specified using the mechanical design rules. Heat pipe is treatec
pressure vessel and it is designed so that the maximum stress at any temperatwe to be
TXDUWHU RI WKH PDWHULDO: -V XOW lkd BW rundy iy the H \
maximum pressure stress is approximated according to the following tabled (fohinulas
1976)

Vessel type Maximum pressure stress
Bos

Round tube in which the Bosl 2@ (Eg. 325)
wall thickness is less than th
10% of the diameter
Thick wall cylinder subject 2k@° E @ o (Eq. 326)
to normal pressure doe m
Thick wall hemispherical 2k@' Et@ o (Eq. 327)
end cap Roel tk@' F @ o
Hemispherical end cap wit Bosl 2@ (Eq. 328)
wall thickness less than 10 vP
of its diameter
Flatcircular end cap 2@° (Eq. 329

Boel —

Where

B 6 &: Maximum hoop stress in the wBk
2: Pressure differential across the wall or endPeap

d, : Tube outside diameter or end cap diamater
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t : Tube wall thickness or end cap thickmass

@ Tube inside diameten

Normally the internal pressure is the saturated vapour pressure of the working fluid at
operating temperature. The pressure differential is equal to vapour pressure ambienthe
pressure. Knowing the pipe outside diameter, these equations can be used to calculate the
thickness of the pipe and the end caps.

39 6/0 KHDW SLSHV: W KHéhiperaurd etapladiy e
The heat transfer process in a hgs [@ associated with a temperature drop which can be
represented by thermal resistances as shown below;

Figure 313Temperature drops and equivalent thermal resistance in a heat
pipe ( Rea§ Kew; 2006)

As explained in details by R&&gew (2006, R, and R are the thermal resistances between the
hot and cold sources and the heat pipesndRR are the thermal resistance of the heat pipe
wall. R and R are the thermal resistance of the week in et@panal condenser regions. In
normal operating conditions, these are the sum of the thermal resistance of the liquid filling
wick and the conduction through the solid parts of the wick which can be calculated
explained before. But if boiling happenshe evaporator or if there is excess liquid in the
condenser, their estimation gets more difficult.
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R, and R are the resistance along the vajguid interface and can generally be neglegted. R
is due to the temperature drop along the vapour calndhcan usually be neglecteds Rie
resistance the thickness of the contaiaéng the structure of the heat pipe and can normally
be neglected.

P Eq. 330

Aol — o (Eq )
#QU'IAAE

P Eq. 331

AL (Eq )
#OU'IA,CE

Where;
t : Thickness of the thermal interface in the evaporator and condeossy megi
K:u : Thermal conductivity ofie thermal interface material, m

Ae : Evaporatorsurface area (Contact surface area between the hot source and the heat pij

m2

Ac : condensesurface area (Contact surface area between the cold source and the h&at pipe)

5 % (Eq. 332)
=IO N i

Where;

r, - Outer radius of the heat pipe contgimer

r,, . Inner radius of the heat pipe wall

K, = Conductivity of the heat pipe container mat&viah.K

5 (Eq. 333)
4;=)@ L N— —

-6 #pas0

ez

o)

Where;
lwana Iy - Outer and inner wick radjus

K, : Effectiveconductivity of the wickV/m.K
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BE R ER (Eq.3-34)
#ae'aeE #é “é

Where;
A, : Cross sectional area of the heat pipemfall
A,, : Cross sectional area of the wick strugatofre

It is clear from figur&-13 that R till R, are in series and altogether in parallel with/&
assume the total carried powelivgled between these two parallel resistances in accordance t

their ratio.
Rseries = R2+R3+R7+R (Eg. 335)
JRU D FHUWDLQ WRWDO LQSXW SRZHU 3 WKH WRWDO W

(Eq. 336)

6L 2f 45 E4; E i f%

S
4aeE 4ae®éU®ae
4ae4'ae®éU®ae

Obviously this is purely theoretical and does not consider any superheat between the wall
the vapour or extra fluid in the condenser but it proaidesghidea of the value of different

resistances amighlightsheimportancef eactoneof them.

3-10) Design tool for SLM sinter-style heat pipes

During the course of ihproject a design tobhs beeulevelped in the form of a Microsoft
Office Excel workbook. The core of the tool and its background calculations are what
explained abov&he design tool is meant to be a user friendly tool for the use of engineers fc
evaluating or designing a skstgle SLM heat pipewithout getting involved witkhe
complications of the calculation procassindividual formulaandto avoidpossible errors

including mistakes unit conversions.

The specialty of this tool is not the used formulas and not even the calculatioT peseess.
can be found in heat pipe reference books@nédheat pipe manufacturing compaaiesady

have similar tools to design sintered heat pipes but fisthst all these tools are proprietary
assets of the companies and are not available to individual researchers. Secondly, there is

general agreement in the literature about the HP perferg@arerning equationghis is a
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reflection of the fact that the real performance of a heat pipe is a complicatiahensitonal
two-phase phenomena that is also subjected to some unknown and immeasurable param
including the possible extra addddme of the fill tube, more or leagdume of thevorking

fluid inside the tube than the theoretically calculated value, generation of non condense
gasses ithe short and long term that alters the effective working length, contaminations durin
manufaturing processexternal profile of the heat pipesl many other parametessme of

these may be the nature of a specific manufacturing process thus unavoidable and obvic
could not have been considered by others when developing the governing.dgpration
instance, many HP manufacturers use a fill tube to vent, fill and seal a heat pipe. This ad
dead volume to the internal space of the pipe that for smaller HPs can be considerable
affects the performance in sowearkingorientations. The effeof this excess volume has to

be considered in the theoretical design tool through the validation process and by apply

necessary correction factors.

Therefore the available formulas are all based on some simplifications, use some experimel
proces-dependent values andturally, could not havaken some other procesependant
parameters into accouwttall During the development process of this tool, it was proved that
using different suggested formigasls to different results which can be considerably different.
It is believed that each HP manufacturing companyah@ated/modified their own design

tools (if any) against their own products and in a certain range.

Likewise, in this tool, a full sdtrequired formulas and equations have been gathered from
different references and the calculation results have been validated in a specific range wher
actual experiments on the real samalddden conductedlso, this tool takes the special

shapeof the built SLM HPs into account to calculate the heated and cooled surface areas ¢

heat fluxes.

The tool can be implemented in two waither to check the viability of a set of design
parameters to ensure the required performance is achievableptmite an individual

parameter based on the known values of the others.

An example of the former is giviaer in this chaptarhere these calculations were used
before producimg the first batch of the SLM prototypes to checkfehsibility of them
adieving the required thermal performanidee design toolvalidation datprocess is

presented in the next chapters.
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Followings are a few screen shots of the design workbook along with a brief description ab:
how it works. The final toulill be equippa to an encrypted input interface to block the access

of the user to the formulas to avoid any possible unwanted changes to the equations and dat

For the specific working fluid, the tool has a data base of its different physical and thern
properties atlifferent temperatures in the entire range between its melting and critical points
5 degree increments. Currently these data are for acetone but can be replaced with the dat

any other fluid.

Figure 314 Snapshot of the working fluid database of the design tool

S5HTXLUHG ZDOO DQG HQG FDSV:- WKLFNQHVYV FDQ EH
material, geometry and maximum working temperature. The samples for this project were
produced from alumium alloy AlSi12 but if in future SLM heat pipes are built from other

materials or aluminium alloys their mechanical properties can be simply inserted into the tool

Figure 315Snapshot of the pipe thickness calculatiaet shéhe design tool
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Some inputs are asked from the user as shown in fitfhies@® then the capillary and other
limits of the HP are calculated over the required temperature range using the set of formt

presented above along with the pipe tempetxtpe

Figure 316 Snapshot of the input data of the design tool

For every set of inputs general diagrams can be produced by varying all the other f

parameters for optimization purposes. An exemplary curve is sfigune BL7.

Figure 317 An exemplary general diagram developed by the design tool for
optimizatiorvalidationpurpose
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3-11) Theoretical design/evaluation of theinitial SLM heat pipe samples

The ultimate aim of this projesto produce SLM heat pipes with an external profile identical
to that of the existing extruded axially grooved heat pipes (AGHPs) to enable a dire
comparison. This plus some of the other restrictions known at thbefore étart building

the first samples) in terms of the SLM machine capability, had provided a rough idea of the fi
shape and structure of the SLM HP samples.

Following calculations were done at that time with those assumptions to check theofeasibility
the SLM HPs to hit the required performance. Many of these assumptions were proved to
roughly correct but some othathangedater Followingcomments ancaalculations are
brought here exactly as they were done at the time to demonstrate ththeisEbaie
calculation proces® check the feasibility of a desighis section should be read in
conjunction with the next chapter for all the used terms and phrases (especially about S
process) to make sense. Those assumptions that subsequerly acbanggntionedn
brackets and in italic font.

Initial SLM aluminium porous sampdes to beabricated using SLM100 machine. SM100
has a maximum working envelop of @125x80mm. Out of possible 80mm sample heigl
60mmis believed to beereasonableightto aim for the firssample.

AL6061 powder with a particle size o#@5micronswill be usedThis was later changed to
AlSil12. Deposited layers have 8D microns thickness. A porosity of 60% and minimum
pore radii of 100 micrormsethought tobe achievabl€This was later changed to 58% and 11
microns

The planis to initiallyproducesome simple cubic samples to work out the minimum
achievable pore radii and maximum possible porosity and then use an existing extru
grooved aluminium tubas shown below, and produce a similar structure using the SLM
machine by just replacing the solid fins of the grooved tube with SLM produced porous fir
(The overall shape of the HP was later changed slightly
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Theoretical performance of thebmproducedsample, onceonvertednto functionalheat
pipes, is predicted as follows;

Assumptions

Heat pipe lengthL I |

Working fluid: AmmoniéThiswa later changed to acetone for main body of the experimen
some ammonia expevigrensso condlucted

Operating Temperatur20°C This was later changed to a range between) 20°C to 40°C

Evaporator Lengthz L |1 (This was later changed tp 12mm
Condenser lengths L 11 (This was later changed to)21.5mm
Adiabatic Length.o L Il (This was later changed tp 26mm

Power (Heatflow)36L 9 L & -9
Ammonia properties é20°C:

Porosity Y L

Pore adii M L IE?NKJO

Pipe internal radius] L—LL & I (This is the internal radius of the tube from the
centre to the solid wall)

Vapour space radiug L2 L & | (This is internal radius of the tube from the centre

to the tip of the fins. To simplify the calculations,assuntethat the porous structure will
be full circular shape and not grooved as it will be in reality)

Effective length of the heat pipegyd-- .. gE .o E.o L |1
Maximum capillary pressure:
3SFRV

vt

-3rppk

., Ha HFRV o
(a0 3 L & 2=
‘KHUH 3 LV WKH OLTXLG DPPRQLD VXUIDFH WHQVLRQ I
zero meaning full wability of ammonia on aluminiu@ontact angle here has been assumed

zero but later it erenged to 19.4° which is the right contact angle between)acetone and AlIS

On the other hand for correct operation of a heat pipe;
2?21=TR ¢2HE ¢2RE ¢2C

If this condition is not met, the wick will dry out in the evaporator region dvehthmpe
will not operate.

28304 ¢
e:N6 F 6 P &g,

(L

60



ZzHrarrtsvHsrHravw

;2 L
% usvH:rarwubwWwF rarvv® Hr& Hrarrs® HxxwsvHsut@Hsrrr

Lwd 2=
And

v |16 _z&I16¢
;2 L 1sF— Z E—

" 2L IsToPew S eaw

Knowing thatl 6L—§

v réasd
ué'};\ﬁlol_lzHsz‘i(ruu—lré’trvvx?VHsut{a'i;6
ZHrarrrrzvv{WrasHrau
usvHs&ruwHrarvvivHsut &

% LIsSF

Lrasv2=

Therefore;

y{ya&vzZR w4 Er&svE ¢3

Thus ¢2) Qy {t&
And since¢g 2y L é;C Iel< o

I
CL#??AHAN@RBRICN =R E Pd)s—

G
HLDOV\ZE’ELIZAAJ[O:PVV . 5
TL SHf e %o/ ™$433 P $f o138 "o e[ 7

And this means an SLM porous structure made and tested with the above mention
characteristics can be used in a heat pipe with a maximum lentjtimofvbzking at90°
aganst gravity.

Temperature drop
(The external profile of the produced SLM HP sampiesdiedaktiigdely batch one and two of tt
samples and it is seen below that the temperature drop calculations were done for this mo
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Figure 318Dimensions of the modified profile for use in temperature drop
calculations

t : Thickness of the thermal interface in the evaporator and condenser regions = 0.0001m
K:w : Thermal conductivity of the thermal integfanaterial = 3 W/m.K

Le evaporator length = 0.012m

lc= condenser length = 0.0215m

0.05n = the width of the Hsection pipes

A, : Contact surface area between the hot source and the heat pipe -
3.14*0.0127%0.012*128.72/360= 1.711rf0

A. : Contact surize area between the cold source and the heat pipe =
3.14*0.0127*0.0215*128.72/360= 3.065r{0

r, - Outer radius of the heat pipe container = 0.0127/2 =0.00635 m

r,, . Inner radius of the heat pipe wall =0.00526 m

K, : Conductivity of the heat pipe con&imaterial =180 W/m.K

lwana Iy Outer and inner wick radius =0.00526 m and 0.00381 m

K, : Effectiveconductivity of the wick = 40W/m.K

A, : Cross sectional area of the heat pipe wall=3.14*(G-00BER§=3.97x10 ¥

A,, : Cross sectional areatbé wick structure=3.14*(0.005260383=4.13x10 m?
According tcEq. 330 to Eq. 36 (Note that Aand A in this HP profile are different for

R, and R than the rest of formulas because the contact area between the heat pipe and
thermal interfee, TIM, is different from the heat input area into the pipe)
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Therefore for a 5W power transfer a theoretical temperature drop of 2.5°C is expected an
can be seen that the effect of Rs is almost negligible as eXpectethortance of the
thermal interface in evaporator amddenser regions can be seen.

3-12) Conclusion

A theoretical background is given in this chapter which is essential to understand heat pipe
general and the basis of all the experiments explained in next chapters in particular. -
calculation processid mathematical formulas that govern the performance of a sintered hes
pipe are described. It is shown how they have been used at different stages of the projec

evaluate or measure certain parameters before producing the actual samples.
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There is alsa brief description of a design tool which has been devielgedpsulate all the
formulas in a user friendly eisyse environmeniot all the theoretical aspects of the project
are included in this chapter. Some cases like the study of tha€&eMstmicture or ammonia

properties are given in next chapters to keep the flow of the derid incoherency between
thematerials
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Chapter IV : DEVELOPMENT OF THE PROTOTYPES AND EXPERIMENTS SETUP

4-1)Introduction

This chapters a relatively detailed description of the process and methodology of building tF
prototypes, hardware and the test rigs and the measurements on the critical parameter:
illustrates the entire process up to the point that the final SLM HP proteygesady for
experimergwhich is the subject tie following chaptealong with theiexperimentalesults
Someof the activities involved in this prodea& been moveid appendices at the end of this
documento keep the flow of the material.

Thischapter can be quickly reviewed before retifglowing chapters and only be referred
to again when it is needed but confusions will ddtwar test results and conclusions are read

before it

Since a novel manufacturing process hag tbeveloped, severgpecificaligdesigned and
fabricatedtest rigs accessories and hardwiaael to be developed Hardware e.g. welding
fixtureswereessential for the completion of the build process as were some of the test rigs e
permeability measurent rig while evaluation of some other parameters e.g. density or
hardness were needed in order to provide an overall image of the process and identify

challenging issues for the future worker the use in theoretical evaluations

There have beerumerous parameters invohadi full characterization of the process with
regard to each one of théthe subject of a full PhD projdmit critical parametenave been

analyzetb the extent that the time and resources of the project allowed.

Summed ujpriefly, the experiments setup and the final HP tests preparation process has be

as follows;
a Built parametemdefinition/determination
b) Production otheinitial SLM HPprototype

c) Conversion ofhe initialsamples intfunctionalheat pipeandthe inital testdo prove
the feasibility of the SLM HP concept
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d) Build parameters optimizati@Built samples characterization

€) Production othefinal SLM HP prototypes and extruded AGHPs benchmark samples
f) Further built samples characterizati®neparations fdhe finalexperiments

g Development ofhe ammonia filling rig

h) Conversion ofhe final samples into functional heat pipe$i@a@xperiments

Items (c) and (Rgre subject dhe next chapteMany of these stepsve beesomprised of
several activitiescluding building test rigslevelopinghardwareand accessoriesnd

conducting measurements

Many different resources needed during the pvajbaciimited availability that actions had to

be planned and completed around their availability indloeliSgM machine, SLM machine
operator, raw materials, scanning electronic microscope (SEM), auxiliary hardware design
provision from sub suppliers, machining facilities, tesibiggion machineetc Therefore the
organizatiorof this chapter desnot follow the chronological order that thetivitieswere

completed.

Alsaq the followings should beticedwhen reading this chapter;

x Design and fabrication of the ammonia fillingdagcribed in Appendix, Aas been a
long task continuing almost thgbuthe entire projecthe rig was completed towards
the very end of the projetiterefore theexperiments have been performed using
acetone. This change of the test fluid from ammonia to actomeplained before,

does not affect the concluded resaltoway.

x Some of the measurements/ekpentsdescribedherewereto determinghe value of
the parameters needed for the theoretical design tool described in the previous chay
e.g. weability of the working flujd/ield strength arile hardness of the matersl

these are moved to Appendix A.

x Some other measurements/experiments werdentify the challenging issues for
further investigation or tprovide a better overall image of the process and the
SURGXFHG VDPS&dd the rSdagoRatagyJ oW thel Yroduced structures and
vibration resistance of the samplas latter is explained in Appendix A.
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And the third group omeasurements/experimemisreto specify oto optimize the
value of thesettingdor the SLM machine toroduce the prototypesg.SLM porous
VWUXFWXUHV:- SRUH VL]H SRURVLW\ SHUPHDELOL

pores in the solid structures and elemental composition of the .material

Therewereauxiliary hardware needed at different stageding the permeability and
porosity measurement test rigs, welding jig and thermal T#stsmgrediscussed here
as well

The ultimate goal and outcome of this prdtasdeetwo batches of SLM heat pipes
with different external profile as siman figure 4L and 4. The former, also called the
‘initial prototypegl wasused tgprovethe feasibility of the SLM HP concdte latter,
called thefinal prototypegst was used fogperformancecomparisoragainsextruded
grooved AGHPs.

Full charaerization of SLM heat pipes stimulates measurement of many more
parameters e.g. the thermal conductivity of the structures built by SLM from AlSil
powder, life time compatibility between ammonia or acetone and AISil2 and so c

which is far beyond the saopf thisproject.

Figure 41 Round cross Figure 42 H cross
section SLM HP section SLM HP

4-2) Build parametersdefinition/determination
The first critical step was to determinepdm@ameterthat were needad orderto be able to

producethe initial SLM HP sample®r investigation othe feasibility of the ideag. machine

67



settingsHad the idea of implementing SLM to produce heat pipes been proved unfeasib

during this stagehe entire project direction needed to be changed.

Becausadt was the first timihat SLM was being ustmiprodue heat pipes, there were a series

of parameters that their value (or at least some estimation of their value) was needed be
being able to produce the initial prototypesy Weeemostlythe build parameters of the SLM
machine anthe process includintye required laser power, laser scanning parameters, materia

etc.

4-2-1) Specifyingthe structure R1 WKH 6/0 + 3-st§fleWic WH U

As it is described below, in SLM, siatgle porous structures are generated by buakling
array f LQWHUFRQQHFWHG RFWDKHGUDO JHRPHWULHV 7
closely depend on the laser beam setiintjg next sections it is explained how four different
settings were selected and characterized and then the best one was ttigossa in building

the SLM HPs sintestyle wicks.

4-2-1-1) Selective Laser Melting (SLM)

Selective Las@interingMelting SLS/SLM) manufacturing process utilizes a laser beam to
locally melt a thin layer of metal powder. By applying additiodalr gayers and using 3D
CAD & custom beam control software to melt a pattern across each layer, complex 3
components that are not able to be manufactured using conventional machining are produ
(Almeida2004) SLM process begins with a completely defined r@éd2| of the part to be
made. Divided into crosections by special software, the model is then directly involved in the
process. The essential operation is the laser beam scanning over the surface of a thin po
layer previously deposited on a substféie forming process goes along the scanning direction
of the laser beam. Each crssstion (layer) of the part is sequentially filled with elongated lines

(vectors) of molten powd@fadroitsev, Bertranet al. 2007)

Nowadays, SLS/SLM technologies adelwiused in various industries includiadicine and
research offering a range of advantages compared totiooal@manufacturing techniques
includingshorter time to market, use of inexpensive materials, higher production rate, versatili
high part accuracy, ability to produce more functionality in the parts with unique design a
intrinsic engineered featu(¥adroitsev, Bertrandt al. 2007 Different aspects of the laser
treated surfaces have been studied in literature e.g. c@rms@honget al. 2006)optimum

value of th@arocesparameterfyadroitsev, Bertranet al. 2007gndresidual stress@dercelis

& Kruth 2006)
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The samples for this project were manufacturedl®f Realizer 100 (MTT Tooling
Technologies, UKILM machineThe ytterbium fibre laser with maximum laser output of 200

KDYLQJ FRQWLQXRXV ZDYHOHQJWK &: « -P DQG
employed in the machine. The optical system controls the movement of the focused laser be
on thebuild substrate having accuracy/of - PThe SLM100 machine arttschematic
diagranof the machine componemtiseshownin figure 43 and 44;

Figure 43 SLM 100 machine used fsoducinghe SLM HPprototypes
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Figured-4 Schematic arrangement of various components in SLM build
chamber

The processing chamber operates in a positive argon pressure of 14 mbar with oxygen le
kept between 0.1%0.2%. The atmosphere within the chamber iglatied and filtered to
remove processed products such as particles formed from condensed metal vapour, from the
recycled gas. The specimens are manufactured layer by layer on an aluminium substrate
secured on an elevator plate that moves \grtioainwards allowing the controlled deposition
RI SRZGHU OD\HUV DW =P LQWHUYDOV 7KH SRZHU DQ
projected in spots is set from defined process window. These parameters control the degre
melting at each kExscontact spot and the melt pool, which in turn controls the strut diameter of
the porous structures and consequently their porosity and strength. Porous strectures
generated by formation of octahedral units, repeated in a constrained boundatingeprese
structural geometry. The build substrate plate is removed from the build chamber aft
completion of build and tinsed powder is removed by applying a vibratory action to-the up
turned plate. Test pieces are then cut from the substrate platasmigngrosion process to
avoid excessive smearing of the pdfiggire 45 shows a substrate with some random
geometry fabricated onAn imaginary cylinder, its dicretized version in SLM CAD software

and a unit cell aeeenn figure 46,
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Figure 45 A substrateliscwith some random geometry fabricated on it.

Figure 46 An imaginary cylinder, its discretized version in SLM CAD
software and a unit cell

Heat pipes are built up from the eag apwards, with the end cap, wick and wall bethg ma
together in a single procé@sgure 47).
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Figure 47 HP build process in SLM. Objects are built on top of a substrate
disk

CAD model preparation in SLM machine

SLM machine usespecific CAD software that converts normal CAD models to a layered

geometry as it is fabricated in the machine. This conversion process is as follows;

1. Selecting the appropriate cylinder CAD geometry, contained in a bounding bo
enclosing thentire CAD geometry.

2. Populating the bounding box with cuboids of a defined unit cell size

3. Populating the cuboids individually \8Hb octahedral geometiyr porous structures
(figure 48).

4. Trimming this repeatlunit cell geometry to the candida#e cylinder dimensions.

5. Slicing the final geometry at appropriate layer thicknesseatethe appropriate
machine format.

6. Applying specific commands to change the Cartesian coordinate®atétibdral
VWUXFW XU H -iV/rarddQisMipHheS Rucfuids is requir@d obtain porous
VWUXFWXUHV ZLW KasDppokdd Blh@idgerkedudpGraus stfucture)

7. Building individual identification into the structures by the SLM process using standal
software
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Figure 48 Transformation of the unit cell into a regular or randomised porous
structure

To producea porous structuriae porous regiois filled with smallinit cellg(dicretized) and

each unit cell will contain an octahedral steiclinis does not have to be necessarily
octahedral to form a porous structure and can have many other shapes but in this project c
octahedral have been usedme of the other possible formisich have been used in SLM

process to produce porous struesuior other applicatioase shown in figure9!

Figure 49 (a)four differentforms ofthe SLM cell filling structures to
generate a porous object@)D models and (c) real SLM fabricated blocks
(Murr, Gaytan, et a20X)
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In Figure 48, each one of the lines that contieetcentre of a unit cell éme corner is called a
strut. Strut diameter is dictated by the laser beam power and expodine taigéer the
exposure time thkicker the striit If the centre oftte octahedral geometry that fills each unit
cellremains at the centre in all the unit cells, geometry is called a regular geometry and
changes from the centre point to another point inside the unit cell from cell to cell, it is callec
randomisedepmetry. A regular and a randompedusgeometry are shown in figurgQt

Figure 410Randomised and regular (in inS&tyl poroustructures

Some ther termsand phrasassed in SLM are as follows;

Point Distance: Each hatch is generated by a series of equidistant points where laser beam

for aperiod oftime equivalent to exposure time.
+DWFK 'LVWDQFH ,W:V WKH GLVWDQFH EHWZHHQ WZR L

Scanning Strategy: This includes the priority in scanning, scanning route and direction, h:

direction and the number of exposures per layer.
Exposure Time: Time for which laser stays at a point at each scan.

SLM has previously been used for makingupastructures e.g. porous finned heat sinks
medical implantsut onlyduringthe course of this project it has been used, for the first time, to
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make porous structures which meant to work as a heat pipe capill&heveafee there were
a wide rangef parameterthattheir valueseeded to be set both for the optimal performance
of the SLM machine and alsotfoe built samples to work efficiendly a heat pipe for instance

the best aluminium alloy for the SLMaass, powder size distribution aser beampower

Also, a heat pipe consists of a solid wall, usidesiredo be completely solid to avoid any
leakage into the heat pipe, and a porous wick structure which is characterized by its poro
permeability and pore radii. SLM machinengsttieed to be separately optimized for each of

these tweolid and poroustructures.
Following is a list of these parameters and their set values for this project;

A. Unit cell sizeFor the SLM process) abject CAD model is discretizinto small cubic
SHFWLRQV FDOOHG "XQLW FHOOpup E\ WKH PDFKLQH
structures are built into each unit @fell porous structures)s shown in figure-8
Obviously, for the same laser beam parameters, larger unit cells mean bigger en
spaces between the struts, or in porous structure terms, higher porosity and low
capillary force and vice versa. Previous experiences with SLM technique had used
cell sizes down to aboutOpidn. For this projedio get a reasonable and sensible
difference between the samples for characterization purposes, prototypes were b
with three unit cell sizes of 300, 500 angui#00

B. Powder materiakl6061 and Al6063 are the most popular aluminiumfal@dySHPs
andin thermal engineering as they are standard extrusion alloys and easily avail:
worldwideThere is not much data available for the use of AI6000 series in SLM proce:
as opposed to aluminium silicon alloys like AlSi12 which is a relatively estaldlished S
material. During this project some sample were produced from AlI6061 but soon it we
shifted to AISi12 to have a better control on the build param@étemsical

composition of the used Al6061 and Algdv#derare shown below;

Table 41 Al6061 powder chemical composition
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Table 42 AlSi12 powder chemical composition

C. Powder size distributioBoth of the aluminium alloys which were used to make the

prototypes had a particle size range af 2Bam with particle size distributi@s per
figures4-11 and 412,

Figure 411 Powder particle size distribution for Al6061

Figure 412 Powder particle size distribution for AlSi12

These powders were the available powders at the time. Other particle sizes can
obtained oncelif it igequired WR LPSURYH WKH VDPSOHV:- SHU
powders with wider particle size distribution, once used for making porous structure
result in lower porosity and higher capillary forbe moresimilarthe particleare the

bigger theemaining voidsetween therwould beAlSi12 powder particle are shown

figure 413 under an electronic microscope;
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Figure 413AISi12 powder particles; 330X, 550X and 1000X magnifications

D. Exposure timetaser rposure times of 10 to 200ms were used. Following diagram

shows the relation between the exposure time and the strut diameter;

Figure 414 Average strudiameter$or varioudaserexposure times

Obviously foracertain laser power, the longer the exposure time is the thicker the strut
would beFirst samples were produced with an exposure ti6@mefThis lection
was based on a traof between the build time, porosity and structure rigidity.

E. Solid StructureSLM solid structures are defined by the laser point distance, hatct
distance and exposure time. A series of thin walls were made to undersfatidrihe
between thegemrameteras shown in figuresl® and 416 below;
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Figure 415A16061 thin walls made by Sbilvarying the exposure time and
point distance

Figure 416 Average wall thickness measured for various exposure time and
point distance

7 KH in8Rare the locatiorthatthe laser beam stops for a time equal to the exposure
time and then moves to the next point. Obviously the longer a specific exposure tirr

andthe closer the points are togettte¥densethe resulting structuveould be.

Then a series of solid blocks were fabricated using a point distance of 0.01mm wi

various exposure times and hatch distances as shown below;
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Figure 417 Al6061 solid blocks fabricated with different exposure times and
hatch distances

Hatch distance is the distance between two adjacent scanning lines of the las
Obviously lower hatch distance and higher exposure timeideadsiore dense
structure with less remaining voids. However the optimum value of these parameters i
tradeoff between the required density and the production time. Smaller hatch distanc
and point distance and larger exposure times, increase thepmdiretion time

considerably.

. Porous Structurekitially, regular porous structures of 15x15x15 mm block of 300, 500
DQG - P R FW D K bizaswé&r® mxnQfachired idtCBAMs exposure time. The
SRURXV VWUXFWXUHYV ZLW Ksizesndte BriQl&; requiriy MgQerwW |
energy for melting.hls was achieved by manufactutiieggn at an exposure time of
60ms. Figurd-18 shows regular and 30% randomised porous structures manufacture

at 60ms exposure time fréi6061;
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Figure 418 Al6061 regular (left) and 30% randomised (right) blocks fabricated
with 60ms exposure tinaad 300, 500 and 700um unit cell sizes from bottom
row to the top row respectively

A set of porousamplesvere also manufactured for permeability testing. These specimens wel
manufactured i@13 mm porous structures surrounded bysbiidwall of 0.2 mm, figure 4

19. Therefore during permeability tesiter will flonthroughtop and bottom surfaces of the
porous specimehut there is néeakage along its lengtid throughihe side walls

Figure 419Porous samples made for permeability measurements. Different
tries improved the quality as shown above from firstdithieleft to the 3rd
buildatthe right

The method for cutting the samples off the substrate tuned out to be very critical. Analysi
surfaces of porous structures shows closure of most of the pores due to higher smearing w
wire cutting in 300um unit cedimples. This causes problem when measuring permedbility as
EORFNV WKH IOXLG IORZ WKURXJK WKH VDPSOH $OVR
while wire cutting which again causes problems for permeability measurements as the san
has tohave a regulahape andeometry with eneasurabltal volume. Both these issues can

be addressed by reducinggbeedf wire cutting.
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Figure 420 Top unprocessedce (left) and bottom (wiceit) face. Wire
cutting, if not done properly, clogs the voids

Due to the very large pores in 700pum samples, they were not considered for further analysis

further measurements and tests were focused on the followirgydosrgructures;

1. 300pm random unit cell size

2. 300um regular unit cell size

3. 500um random unit cell size

4. 500um regular unit cell size

These are shown belaw the actual size and magnified. There is also a pictungichla
copper sintered wick for comisan purposes.

Figure 421300micron random SLM porous structure. Actual size, 60X and
400X magnified
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Figure 422300micron regular SLM porous structure. Actual size, 60X and
400X magnified

Figure 423500micron random SLM porous structure. Actual size, 60X and
400X magnified

Figure 424500micron regular SLM porous structure. Actual size, 60X and
400X magnified
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Figure 425Typical HP sintered copper structure. Actual size, 60X and 400X
magnified
The next step was to determine which one of these four SLM porous structures had the m
suitable combination of permeability, porosity and pore radiuged for producing the wick
structure of the SLM HPBollowing sections explain how these parameters were measured fc
several samples of each one of these four structures.

4-2-1-2) Permeability

Permeability is the capacity of a porous medidrartsmit fluids. It is related to measurable
properties of the pore geometry such as porosity, pore size distribution, and internal surf;
area.

Measuring permeability practically is easy as well. By pumping a fluid through the porous sar
and measurinfiow rate and pressure drop along the sample and the viscosity of the fluic
'DUF\-V ODZ FDQ EH XVHG WR FDOFXODWH WKH EXON St

3 - @ (Eq. 41)

Or for our purpose for sufficiently slow, unidirectional, steady flow (Ch8&Ex,

3 - ¢2 Eq. 42
8 L—# L 3 :LH; (Eq.42)
Where
V : Fluid velocity, m/s
Q : Fluid volume flow rate *m
A : Cross sectional area of the porous sanfple, m
K : Bulk permeability,m

| : Porous sample length, m

83



" 3: Hydrostatic pressure drop of the liquid along the length, I, of the sample, Pa
i : Fluid dynamic viscosity, Pa.s (kg/m.s)

A test rig was designed daloricatedn order to measure the permeability ofdbecandidate

SLM porous structurds is shownn figure 426

Figure 426 Permeability measurement test rig

The samples shown in figur@¥dand 420are inserted into the plastic hose which is connected

by a valve to the bottom of a large wiited glass tube.
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Figure 427 Permeability measurement testSample close up

Once the valve opens the water flows thrauglsample. Ahe same time the tap water is let

to flow into the glass tube from the top end and its flow is adjusted to keep the water level in
tube constant. This means a constant back pressure. By measuring the flow rate through
sample and kmwing the pressure on both sides of the sample, cross sectional area of the sarr
DQG LWV OHQIJWK DQG DVVXPLQJ D XQisGdetltd EalvulaeGhb O |
bulk permeabilitfzor our samplesgpmeability of the samples wasasured usingishest rig.
Where

Porous samples diameter =i/@
Porous samples length =2t
SoA = Cross sectional area of the porous samplg27 x 16m?

u = 1.307 x 13 Pa.s, Dynamic viscosity of water at 10°C (temperature of the watdrewhen t

tests were being done)
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For the first sample which was a 500 micron, random SLM porous structure, the height of t
water column above the sample was kept constant at 602mm so; (considering that the pres
at the bottom end of the sample or the oigletmosphere pressure, the pressure difference

between both end of the sample is equal to the weight of the water column above the sample

"3 . (Eq. 43)

where;

+: Liquid density, Kg/rh

g: Acceleration due to gravity, f/s

h : Height of the water column above the sample, m

Therefore;

"3 3D J PV

The water flow rate through the sample was 84 ml at 25 seconds, therefore,
Q =0.084/1000/25 = 3.36 X 1®m%s

And permeability laccording to foroia 42 would bg

3gaeH uaxHsr' HsaryHsr"Hrat oo, ¢
LN - _ . Ls&tHsr>%l
Y. satyHsr’8 Hw{rut

For each of the four candidate porous structures several samples were built and th

permeability was measured as per tabhle 4

Table 4 3 Measured permeability of the SLM produced porous samples
Sample Description Permeability, m? | Sample Description permeability
1 500um, Random | 1.12 x 16 11 300um, Regular | 2.22 x 1&°
2 500um, Random | 1.47 x 16 12 300umRegular | 3.31x 16°
3 500um, Random | 2.06 x 1¢° 13 300um, Regular | 3.23 x 1%
4 500um, Random | 1.93 x 1¢ 14 300um, Regular | 2.70 x 1&°
5 500um, Random | 1.53 x 1¢° 15 300um, Random | 2.95 x 1¢°
6 500um, Regular | 2.74 x 16 16 300um, Random | 3.80x 10%
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Table 4 3 Measured permeability of the SLM produced porous samples
Sample Description Permeability, m? | Sample Description permeability
7 500um, Regular | 2.85x 1&° 17 300um, Random | 7.80 x 1&°
8 500um, Regular | 2.86 x 1¢ 18 300um, Random | 4.70 x 1¢°
e 500um, Regular | 2.86 x 1¢ 19 300um, Random | 2.85 x 1&°
10 500um, Regular | 2.52 x 1¢ 20 300um, Random | 1.65 x 1¢°
In table4-3;
X In thesanples -description, the number is the size of thecetBtwhich are used in the

SLMmakKLQH:-V &$' VRIW £@Ind hMoiléIRFdE this projddty\sarhples with

unit sizes of 300, 500 and 700 microns were built. 700 micron faleglt® visual

tests due to their very large pores (which do not generate much capillary force) and th
were not considered for further tests/measurements. SLM porous structures can be

made as agular or randomised structure as explained before

In S M machine, samples are built on a base plate and need to be cut off the base pla
once they are made. These samples were cut off usimg.Wihés process was found

to be tricky. In 700 micron samples due to very large pores the strength ofitree struct
was minimal and witeitting was distorting the regular shape of the sample by taking
large pieces off the sample. In 300 micron samples,itivirg blocks the very small

pores by smearing the particles and this blocks the fluid flow through teeT&amp

PD\ H[SODLQ WKH ODUJHU YDULDWLRQ EHWZHHQ W

measurement results. This is more cléigune 420.

)LQDO 6/0 +3 SURWRW\SHVY ZHUH SURGXFHG ZLWK D -

explained later.

4-2-1-3) Porosity
Porosity, ¥is the fraction of the bulk volume of the porous sample that is occupied by pore c

void space. (Dullien, 199 There are two types of pores inside a porous structure,

interconnected and isolated. Isolated pores do not contribute to transport cilomafties

porous medium. Total porosity is the porosity considering all the pores, interconnected a

isolated. E#ctive porosity only considers the interconnected pores.

6 KP 2 KN K OE ®ry’ éSFEé.;p (Eq. 44)
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Where:
O : Bulk density of the sample, Kg/m
Q: Density of the solid material, Kgfm

And effective porosity,

s Eq. 45
'BBA?PERNKOES 4 %;;@pa (Eq. 49)
Where:
gk I o Eq. 46
Gasgdk & (Ea. 46)
With

nmpeg/0lume of the pores,’m
* :Mass of the dry sample, Kg
* ;- Mass of the wet sample with liquid filling all the pores, Kg
Q: Density of the liquid, Kg/m

- : Bulk volume of the sample? m

There are different methods to measure porosity. The method used in this project is imbibiti
method. In this method a sam@ immersed in a preferentially wetting fluid under vacuum for
a sufficiently long time to let the fluid to imbibe into all the pores. The sample is weighed befc
and after imbibitiorlJsing hese two weights, coupled with the density digind the pores
volumeis calculated %\ NQRZLQJ WKH VDP SO I3 vMurkextieorésyOcdrP H |
thenbe directly calculated.

The samples were kept inside oven at 125°C for several hours to make surewvtnat they
completely dry and then weighed. Theh sample was immersed in water inside a vacuum
chamber for 5 minutes and was weighed again.
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The porosity measurement results for several samples of each one of the four SLM por

Figure 428Porosity measurement process

gructurecandidateare shown belgw

Table 44 Measured porosity of the SLM produced porous samples

Sample| Description Bulk Dry Wet Liquid Vpores Effective
Volume, Weight, Weight, density, Volume of | Porosity,
Vb, m3 Ma, g m, g Kg/m 3Water | the pores, %
@22°C) m3
1 500um,
2.65x 10 3.44 4.81 997.78 1.37305ED6 51.8
Random
2 500um,
2.65x 160 3.51 4.83 997.78 1.32294106 49.9
Random
3 500um,
2.65 x 10 3.43 4.79 997.78 1.36303E6 514
Random
4 500um,
2.65x 10 3.47 4.80 997.78 1.33296ED6 50.3
Random
5 500um,
2.65x 16 3.40 477 997.78 1.37305E06 51.8
Random
6 500um,
2.65 x 10 3.08 4.61 997.78 1.5334ED6 57.9
Regular
7 500um,
2.65x 16 3.10 4.62 997.78 15233806 57.5
Regular
8 500um,
2.65x 16 2.99 453 997.78 154343106 58.2
Regular
9 500um,
2.65 x 10 3.09 4.59 997.78 1.50334806 56.7
Regular
10 500um,
2.65x 16 3.08 4.69 997.78 1.61358E06 60.9
Regular
11 300um, 2.65 x 16 6.11 6.58 997.78 47104687 17.8
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Table 44 Measured porosity of the SLM produced porous samples

Sample| Description Bulk Dry Wet Liquid Vpores Effective
Volume, Weight, Weight, density, Volume of | Porosity,
Vp, m3 Ma, g mi, g Kg/m 3Water | the pores, %
@22°C) m3
Regular
12 300um,
2.65 x106 5.99 6.48 997.78 4.9109ED7 18.5
Regular
13 300pm,
2.65x 10 6.19 6.60 997.78 4.10912E07 15.5
Regular
14 300um,
2.65x 10 6.15 6.58 997.78 4.30957ED7 16.3
Regular
15 300um,
2.65x 10 5.72 6.32 997.78 6.0133507 22.7
Random
16 300pm,
2.65 x106 5.87 6.42 997.78 5.512248D7 20.8
Random
17 300pm,
2.65x 10 5.84 6.43 997.78 5.91313©7 22.3
Random
18 300um,
2.65x 10 5.90 6.44 997.78 5.41201807 20.4
Random
19 300pm,
2.65x 10 5.91 6.41 997.78 5.01112807 18.9
Random
20 300pm,
2.65 x106 5.73 6.31 997.78 5.8129ED7 219
Random

Because SLM porous structures are generated from a CAD model, porosity can also

calculated theoreticalsollowing pictures depicts a 500microns unit cell size porous geometry

as it is made in a SLM machine (strut diamet2bofidrons).

Figure 429500microns unit cell size regular porous structure with 130
microns strut diameter
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The picture shows two adjacent unith the inscribed octahedral structuféss obviously is
repeated in every direction to fill the entire geombare the porousratture is meant to be
Using the CAD software, the exact empty space of this geometry can be calculated and in
case it is 64% empty space or porosity. According to the previous table, in actual test this v
has been measured from 56.7% to 60.9%ifferent samples. In practice, the struts are not as
neat as in the CAD model. Nearby powder particles are pulled into the melt pool which cau:
variation of thestrut diameter along its length. Moreover when the loose powder is shaken ol
of the objetat the end of the process, some of it remains trapped in the pores and clog the

thus lower porosity in actual test results.

The CAD model for 300 microns regular porous structure suggests a porosity of 24% while 1
actual test results measure betw8dés¥dlto 18.5% for different samples. As the pores are
smaller in this case, more of them are expected to be clogged by the loose powder thus
bigger difference between the theoretical and actual pdtositnethod can not be used for

random structusefor obvious reasons.

4-2-1-4) Pore radius

Detailed description of the pore space is impossible especially for random porous structul
One way to define a pore size is by defining the pore radius at a point within the pore space
porous medium ashe diameter of the largest sphere that contains this point while still
remaining entirely within the pore space. Thus by attaching a pore radius to each point of
pore space, a pore size distribution may be defined by determining what fractiotabf the tc
pore volume has a pore radius in a certain range2(B8&ar

Again using a CAD model this pore radius can be calculated theoretically. Following pictt
shows a two adjacent 500microns regular SLM unit cells and an imaginary sphere that fi

pore.
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Figure 430500microns regular SLM porous structure with an imaginary
sphere filling a pore.

Therefore, theoretically the pore radius of this structure is the radius of this sphere or aroL
140microns. In regular strucyrthere is only one pore radius everywhere across the geometr
(ignoring the pores clogged by the loose powdei) random SLM porous structures there
are numerous different pore radiuses due to the random movement of the octahedral struct
centre pot inside the unit celVith the same definition, the CAD model for a 300 microns
regular SLM porous structure with 130 microns strut diameter suggest a pore radius of arol
60 microns.

Figure 431300 micron regular SLM porous structure with an imaginary
sphere filling a pore

The results of the measurements on the porosity, permeability and pore radii of four differe
SLM structures are summarized below and compared against an existing siute cegpper
wick structure.
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Figure 432Properties of different SLM porous structures compared against
sintered copper wick structure properties

4-2-1-5) Selected SLM porous structuréor the use to build the SLM HPs sintesstyle

wick

If the SLM is to be used for producing heat pipes, designers have to be able to interpret S
language and phrases to meaningful terms in heat pipe language. For instance a heat
sintered wick is defined by its three main charactepistiosity, permeability and pore size
while for producing a sintstyle structure by SLM, assuming that the unit cell filling structure
(in this case octahedral) and laser properties are specified, the operator needs to know the
cell size and the rdguor random shape of it.

The measurements explained in three previous sections enable this interpretation for 300
500 micron regular and random structiesinstance according to the above measurements,
now it is known that a laser power of : PV HI[SRVXUH WLPH DWnd =P ¢
0.2mmhatch distancfVR EXLOG UHJXODU RFWDKHGUDO EDVHG S
results inb8% porosity, 16m* ZDWHU SHUPHDELOLW\ DQG BougR XJK
estimationsan ke maddor other values by interpolating/extrapolating of these values.

500 micron regular structure was selected for building the wick structure of the SLM H

prototypes. The reasons behind this selection were as follows;

ad Because this is the first éirthat heat pipes are produced3iM, regular structure
helps the characterization and theoretical designing process by reducing the numbe
variables (in this case the variance in the pore size and effective pore radii). Althot
there are experimental hreds for measuring the effective pore radii of a random
porous structure e.g. mercury intrusion porosimetry, firstly, there was no access to t
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resource during this project and secondly, interpolate or extrapolating of thes
measurements are tricky wifide a regular structuréje pore size can roughly be
measured theoretically as explained in se@it 4

b) -P VWUXFWXUHYVY VHHP WR SRVVHVV D FORVHU F
pore size to those of an existing copper sintered wickm&Bsrement of the water
static rise height of the samples under their capillary force influence showed a minimt
rise height of 60mm for these samples that was sufficient for the intended SLM he
pipes.3RURVLW\ Rl WKH -P VWUXFWXUHV LV WRR OR

4-3) Production of the initial SLM HP prototypes

Available axially grooved heat pipes (AGHPs) are produced with different external profile
Because an H cross section extruded AGHP (Fig)revds available for this project to be
used as a benchmark, themate goal was to produce the SLM heat pipes with the same
external profile to facilitate a direct comparison. For this reason the very first trials on the Sl
machine was to produce a similar profile but then the initial SLM HP prototypes wesd produc
with a round cross sectiondiéire 41) as it was identified to be easier for initial tests and to

prove the feasibility of the concept. This process is explained below.

At the beginning of the projearious designs were proposedHeto-bebuilt SLM HPs In
order to check the feasibildf/the proposed desigasdspecifically axial grooved heat pipe
(AGHP), a preliminary 20 mm section of heat pipe wagduiltitaniumas titanium powder
was loaded into the machine funnel at the ltimseshownn Figure 432.

Figure 433First axially grooved heat pipe made by SLM from titanium

Then the same geometry waslucedrom AL6061 anavith 60mm lengthrigure4-34;
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Figure 4 34thirteen aially grooved AL6061 heat pipesa substrate plate
made by SLM

As explained befordl6061 was being used in SLM for the first &tk its required build
parameters (laser beam power and movement specs) were unknown and this lead to the sat
to havea very porous look and badly formed fins. On the other hand Alsi12 aluminium alloy |
a relatively established material for the use in SLM process so from this point athexll the

samples were maiftlem AlSi12.

4-3-1) Proof of theSLM flexibility and ability to produce complicated wick structures

SLM is introduced in this project as a novel HP manufacturing method. One of the mai
advantages of this method over the conventional methods is its incredible flexibility to produ
very complex wick structis. Conventional sintered wick structures are limited in terms of their
form and shape to the extent that sintering process allows whilesaykntack structure
generated by SLM can literally have any form or shape at any region of a heaSpilges. An
sinterstyle heat pipe can have graded (various pore sizes radially) wick with different thickn
along its length.

Severasamples wengroducedo prove the ability ahe SLM in manufacturing complicated
wick structures. In tot#hreedifferent wek structures were m#actured, axial grooved wick
with porous fins, annular wiekid arterial wick (small ducts fabricated into an annular porous
wick to facilitate the return of the working fluid conden3aie)irst one is shown in figure 4

33 and tle other two types in figuregslto 4-37 below.
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Figure 435Arterial wickSLM heat pipe made from AlSi12

Figure 436 Annular wickSLMheat pipe from AlSil12. Right top shows the
outer surfacef the pipe as built and right bottom after getting machined
partially

Figure 437A cross sectional cut of the annular wick SLM heat pipe sample.
Solid walls and porous wick (magnified in the inset) can be seen
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One end oftiese heat pipes is already sealed and the whole heat pipe including the bottom ¢
solid walls and porous wick is built in a single process. Obviously the top cap and fill tube ¢

also be made as integrated parts of the heat pipe.

The pipe shown in figeir436 was then used for the concept proof and SLM HP feasibility
study. This is one of the four main objectives of the project and it is explained in the ne

chapter along with iexperimentakesults.

4-4) Build parameters optimization 2 Built samplescharacterization

After testing the initial SLM HP prototypmsd prove the feasibility of the concept (results
SUHVHQWHG LQ WKH QH[W FKDSWHU WKH QH[W VWHS Z
to get a better understanding of the progedighe SLM produced heat pipes. This included
the density of the solid structutes,dness, mechanical yield strength, morphology of the SLM
solid structures, etc.

4-4-1) Density of the SLM solid structures

Heat pipe wallgleally shoulte solid or indred percent dense for the sake of the rigidity of
the heat pipe and to avoid any possible leakage through the walls. In SLM process, S
structures are generated by melting and fusing the powders tibgetmrinsically is

associated with some rémray pores inside the structdrbis is shown in figure3s.
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Figure 438 Remaining pores and oxide layers in an aluminium SLM built
structure (Louvis, Fox, et al., 2011)

The percentage of the pores directly relates to the laser paréhggierdaser poweand
exposure time arsallepoint and hatch distanaesult in powders havingpre time to melt

in a bigger melt pool atessnumber otheremaining pores.

Assuning that the surface and volume porosity are, éggiadensity of the produced solid
structures was measured by skinning the rough surface of the samples and measuring the
of the surface area of the pore to the tota) Rigrae4-39. This value wafrom 86% tabout

88% forinitial ALSi12 samples.

The main worry at this point was that the remaining pores might lead to a leakage through
heat pipe wall. As explained in the next chapter initial SLM HP prototypes (with a round crac
section and watlensity of 86% to 88%) actually passed the leak test. However followin
samples that were produced with the same SLM machine parameters batosgtséttion

almost all failed the leak test.

It is believed that the failure of those samples were thebuildup direction and strategy
inside the SLM machine (that could have led to excess remaining stress inside the parts
creating micraracks in the wall at the time of cutting them off the substrate) and not the

remaining pores indtwalls. However improving the density of the SLM solid structures was
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identified as a major goal for further studies. Duringréfect and before producing the final
prototypes, further optimization was conducted on the laser parameters which led to an incre

in the density of the final prototypes solid structures to around 98%.

Figure 439Remaining pores in the initial SLM HP prototypes

4-4-2) Hardness of the SLM solid structures

Hardness of the SLM solid structures was measured on four pieces with two different densit
Explanation and results are given in Append®. M. AlSil12 structures show a higher hardness
than the conventional AI6063 AGHPs.

4-4-3) Yield strength/yield point of the SLM solid structures

Yield strength and yield point of the SLM samples was measured on different samples and
results are given in AppendixSAM structures proved to be very brittle but with a yield point
high enough for the purpose.

4-5) Production of the final SLM HP prototypesand extruded AGHPs benchmark

samples

Once the initiaexperimentsvere conductedusing acetone and the SLM HP concept was
proved to be feasibbnd after some parametric ggadn the SLM produced structures as
exphined abovea second set &LM HP samples werproducedwith an H cross section
identical to the available extruded AGHPs to enable a direct performance comparison.

As stated beforéghese samples all failed the leak test. The Vadsreelieved to lmeore due
to micracracks occurreduringtheir building inside the SLM machine and cutting off the

substrate rather than the remaining pores in their strirctBteM process, the build direction
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and strategy are critical parameters. This batch of St built vertically (as in the initial
round shape samples) but with a thicker base and some supports to avoid deformation of
external fins during the build. It is believed that these extra supports resulted in concentratior
exces$eat andstress in their contact point to the HP which adwnsiero cracks when the

supports were being cut at the ehithe process

7KLV H[SHULHQFH UHYHDOHG DQRWKHU FKDOOHQJH LC
VWUDWHJ\p

Therefore a subsequent batch o€rdss section HPs were produced using improved build
parameters (that led to an increase in density to around 98%) and a different build strateg

avod extra stress and micro cracks (Figdée. 4

Figure 440Final SLIVHP prototypes

These samples were used to conduct the detailed characterizing experiments that are expl
in the next chapteFrom the available extruded AGHP profile (which was identical to these
SLM HPs) some samples were also provided with the esaytie dnd processed to be

converted into functional heat pipes and were tested alongside these prototypes for a di

comparison. Again the results are presented in the next chapter.

4-6) Further built samples characterizatior? preparations for the finalexperiments
Once the final prototypes were produced wahide theywere being prepared for the final
experimentsfurther characterizatiotests and measurementsre conducted as well as

developing a thermal test rig for testing the final protatygescribedbelow.
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4-6-1) Heat pipe tilting/thermal performance measurementest rig

Another test rig was fabricated to perform the thermal tests ldrskiageneat pipe samples.
After thefill tube welding and filling/venting procéssplained in the next chaptmyl during

the thermal testsvo aluminium blocks are attached to the two ends of the pipe. In one block
heater cartridge(s) is inserted to apply heat to one end of the pipe and chilled water flows tho
the other block t@ool down that end and take the heat away from the pipe. These two block

are called evaporator and condenser block respectively.

The rig lets heat pipe to be oriented in any required angle and its performance (tempera
gradient versus power and aleotrelevant measurements) tonteasuredn different
orientations.
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Figure 441SLM HPs thermal test rig

Figure 442machined SLM HP attached to the evaporator and condenser
blocks 2 duringthe thermalest

Figure 443Evaporator block with heater cartridge and spring loaded
thermocouple

102



4-6-2) Welding fixture
A special welding jig was designed and manufactured for welding fill tubes to the machir
SLMheatpipesand is described in Appendix A

4-6-3) Shock and vibration fixtures and experiments

Shock and vibration testing are used to simulate the extreme conditions that a product may
duringoperationand determine the ruggedness of a proBydhe experiment conducted in

this project it was proved that SLM heat pipes have enough rigidity in vibrating environmer
encountered in most of applications although testing togthspace standard requirements

was not possible. Details are givéxpijpendix A

4-6-4) SEM (Scanning Electron Microscopy) of the SLM structures

The scanning electron microscope (SEM) functions by projecting a beam of electrons throt
magnetic focusing lenses at a specimen and recording secondary electrons excited by
primary beam. The amount of secondary electron emission portrays the topography of 1
specimen because more secondary electrons are emitted from high points than from low po
(Weinbrand& Fatt, 1969). Depending on the detector mounted on the SENets of other
reflected energies from electsofid interaction, and consequently other characteristics, can be
analysed. Secondary electrons are detected for imaging purposes, backscattered electrol
contrasts in composition, diffracted backsedlttalectrons for crystalline structure and
orientation and photons orrdy for chemical composition analysis. In addition to these, some

of the energy is reflected as visible light or heat.

Throughout this project SEM was used at different stages.rsTestance was to have a
closer look at the SLM porous structures as shown in figirés 425 earlier in this chapter.
Then it was used to study the surface of the SLM HP. The final prototypes are believed to h
a density of up to 98% as statefbigebut SEM images of the SLM heat pipe solid walls did

not revebany pores in them as seenigufe4-44.
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Figure 444 Study of the SLM HP solid wall by scanning electron microscope

SEM was also used to amalthe elemeal composition of the SLM heat pipe samples made
from AISil2Composition analysis was done orséimendicatedarea as perdure 444

The surface was first polished and thenzadalyhe polish surface, under the SEM looks like
below;

Figure 445SLM HP polished solid surface under SEM

Apart from oxygen which was expected to be seen on the surface due to oxidization, so
white spots were also observed which in composition analysis were proved to be titanit
Titanium traces in the samples are believed to be due to the residual titanium powder in 1
SIMlabHQYLURQPHQW DQG LQ WKH 6/0 PDFKLQHrpicturéd QQH
of these white spots and the composition analysis results on three pomtsudiadle away

from the white spots and two points right on the white spots are shown below;
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Figure 4462000X magnified picture of one of the white spots on the surface
of the SLM HP

Table 45 Element analysis resultsase a, b and c are three random points
on the surface away from the white spots. and two analysis of the actual white
particles which are identified to be titanium

Composition analysis of the samples revealed another Inadlemge in using SLM for
producing aluminium heat pipes. Aluminium ammonia heat pipes are extremely susceptible
non condensable gasses (NCGs). NCGs are generated in the pipe by reaction of the worl
fluid with the impurities of the heat pipe matdfiad this reason cleaning process and almost

zero water content of the ammonia are extremely critical parameters as any water content
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react with aluminium and the resulted NCG will collect at one of the pipe and reduces i

effective length over time

Composition analysis revealed that the samples were contaminated by the tiny traces of titar
remained in the environment from previous usage of the SLM mdttese unnoticed
contaminations could have disastrous consequences espsansiv@pplications.

4-6-5) Contact Angle +Wettability

Capillary pressure is the main driving force in a heat pipe that transports the condensed wor
liquid through the wick to the evaporatoapillary pressure is generated by the difference
between the cuature radius of the working fluid menisci inside the pores in the evaporator an
condenser regions of a heat pipe. The curvature radius in turn is dictated by the contact a
between the liquid and solid surf&ce.the use in théheoreticatalculationghe contact angle

of acetone on the SLM HP samples material was measured and the results are givel

Appendix A

4-7) Development of the anmonia filling rig

One of the major activities during almost the entire project was to dewaiapama filling

rig in a specially designed ammonia laboratory in ThernTdeorey was completed towards
the very end of the project hence all the experiments were conducted using acetone

description of this rig is given in Appendix A.
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Chapter V : EXPERIMENTAL RESULTS

5-1) Introduction

This chapter describes the final preparation steps and experimental results of the SLM
prototypes Previous chapter explained ¢berse of the actions to produce and characterize
two sets oprototypes up to thpoint that the raw SLM HP samples weegly This chapter

picks up that discussiand illustrates how the raw samples were converted into functional hea
pipesalong with the testing process and dkperimentalesults The experiments were
specifically planned to méet following project objectives

1. To prove thafunctionaheat pipesn generatan be produced by SLM

2. To prove thafunctionalsinterstylealuminium/ammonia heat pipes can be produced
by SLM andto prove that they possess the main characteristics attributed to the
conventional sintered heat pipes including the ability to waorkliaationangles
against gravity and higiirfaceéheat flux.

The accuracy and reliability of the resultalapeliscusse@dlong with the validation of the

numerical design tdoy comparing its predictions against the aotpafimentakesults.

7R SURYH WKH ILUVW SRLQW 6/0 +3 VDPSOHV KDYH EH
states at the same conditions. It isvehthat when the samples are processed and charged with
acetone, they transfer the heat with much lower temperature gradient exactly as expected fr
heat pipe.

To meet the second objective, performance of the aluminium SLM HP samples with a sint
stylewick has been compared against identical extruded aluminium axially grooved heat pi
(AGHP). The test results illustrate that SLM samples have a consistent performance at
inclination angles with any relative position of the hot and cold mediumGtiHecease to

work when the hot source is above the cold section or when they work againSLddavity.

HPs behave exactly as any other conventional sintered heat pipe.

Although the project objectives have been precisely met, the data can not be used

characterization purposes due to the limited nusnidethe very short length of the samples
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Only two successful functional SLM HP samples were available for the experiments due
inevitable mistakes and failures at different stages. Several sampjeste@lidghe leak test

due to the micrarackghatsupposedhjhad been generated during the SLM build process due
to the wrong build stratedyeverthelesugh error margiof the results has been investigated

by repeated experiments on #vailake samples.

Alsq all the experimentsve beenonducted using acetone as the required ammonia filling rig
was not completed until the very end of the project. The change of the working fluid does n

affect the concluded results in no way since algegreents have hadomparative nature.

A list of the instruments usetliring the experiments is given in Appendix B for future

references.

5-2) Experiments to prove thatfunctional heat pipes in general,can be produced by

SLM

7 K Hitidlprototypegiwere converteitito functional heat pipes awdretestedo prove the
feasibility of the SLM HP conce@LM HP pototypes with a round cross section and an

annulasinterstylewick as shown in figure were used for these experiments.

Figure 51 Initial SLM heat pipes with annular skstgle wick

5-2-1) Preparation of the initial samples andthe test setup
In orderto test these prototypes thegd tobe caverted to tesaible heat pipesh&yhad to
be equipped to a stalled fill tube to be able to go through the conversion process. Fill tube

allows the heat pipes to be filled with the working fluid and get Siilaidoe carpotentially
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be producediuring the SLM proceas an integrated part of teat pipelthough it wasot
possible in this project due to the restriction in the maximum working length of the SLN
machineTwo sets of ifi tubes wereseparatelproduced by SLMind witha conventional
machining processhe former was to prove thepability of SLM to produce these lhé t

latter was used for the rest of the process to facilitate the welding quecessgs flatter
surface and better toleranddesearepresenteth figure 52.

Figure 52 Fill tubes produced by SLM (left) and a conventional machining
method

Special shape of the fill tubes is to faciiitatesldingo the heat pipandsealingThe fill tubes

were welded to the SLM HPs and the outer ssidatke HPs were skimmed to provide a
flatter surface ademonstrateth Figure 53. Theweldingprocess is an extremely delicate job
andstimulates extremely precise tolerances for the fill tube and its housing cavity on the h

pipe. Discussing thesdaiksis out of the scope of thdlocument

Figure 53 Fill tube welded to the SLM HP

And then the HRIll tube assembly was equipped to a valve as shown in-figure 5
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Figure 54 SLM HP, fill tube and valve assembly

The reat pipe wall must be |dede and also strong enough to withstand the maximum
saturation vapour pressure of the working fluid at the maximum templeatiheat pipe is
expected to bexposed toFor instancaf a heat pipe uses ammonia as the working fluid and
the maximum temperature thawill be exposed to (operational or noperational) is 50°C, it
must be assured that the pipe doeslef@rmat ammonia vapour saturation pnessii 50°C

or 20 bax0.8bar for acetone)

The two weldedamples wereheckedy a helium leak tester. In this instrument the pressure
inside the tube is brought down td Torr (1.333 x 10Pg and helium is blown over the oute
surface. Any helium that leaks the pipe is detected by the instrun@nty one of the two
good samples passed this test and the other one failed due to the leak through the weld.

Figure 55 Heat pipe sample is being testedhelium leak testing nhawe
while is being heated by hotgainto facilitate the extraction of any possible
air trapped in the pores

The samples were also prpadssure tested at 20bar for acetone experiments and then at 70b:s
in preparation for the final tests and passed the tests with no deformation. More details on t

IS given in Appendix A.
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HP was then equipped to a circular fistructure to work as the condenser during the
experimentsThe test setup and temperature measurement points are presented i6figures
and 57.

Figure 56 Initial test set up

Figure 57 Temperature measurempaints for the initial tests

The main purpose of these experiments was to prove the feasibility of the SLM HP |
demonstrating that the samples transfer the heat with a much lower temperature gradient t
an identical pure conductdrthe same conditioriiswasmetby comparing the temperature
drop along the produced SLM heat pipe in two scenarios;
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¥ When the pipésfilled (chargedind processedith acetone and warks a
two phase systemamheat pipe

¥ When the pipes empty (unchargedand behaweas a pure solithermal

conductor

Figure 58 Initial SLM HPtest setujin operation

For charging the sample with acettmesample artie valve assembly is filled with acetone
right to the top before connectihgo asyringe to minimize the amount of the air left in the
system. Then the sample is heated up to above the acetone boiling temperature while the \
is shot. By quick openinf the valveacetone vapour rushes into the syringeands way,
pushes all the trapped air inside thespiot@ the syringe. By repeating this a few times all the

air is extracted.

Then the sampis filled with what is theoretically calculated agptmeum fill volume. This is
the volume of the pores all along the wick plus up to ten percent more. In our sample the w
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volume, considering that this sample is an annular wick sample with 500 micron regular w
and 58% porosity, is roughly 0.9 mitfeosample was filled with around 1ml of acetone and
with 5W power applied to the heater cartridge, temperatures were measured at differ
orientations. Then the pipe was ve(aedtone was emptied and the sample with an open valve
wasleft in the overat 150°C for two hours to get completelyirbigle oltand measurements
wereconductecgain at the same orientations.

5-2-2) Initial test results
The test samples at this stage included,;

x One functionafcharged3ample

x Two unfunctionalunchargedanples

Temperature asmeasured at different orientations WithARGED/ UNCHARGED pipe @

5W and the results are preseimetable52. ,Q "RULHQWDWLRQuU FROXPQ
pipe works with gravityr with its cold section above the hot regdmiQ -G dénotes operation
against gravity)

Table 51 Initial SLM HPs test resultComparison of the SLM HP
SHUIRUPDQFH LQ "FKDUJHGU DQG "XQFKDUJHGU VW]
and 5W

+60 433 40.8 39.9 39.0 38.3 5.0
Acetonecharged

sample
+30 43.9 406 38.9 38.0 37.3 6.6
-90 45.0 41.6 39.3 38.0 37.6 7.4
+90 46.9 43.9 41.5 375 35.6 11.3
+60 46.6 433 40.6 36.1 34.2 124

Unchargedempty)

sample
+30 46.6 432 40.5 36.1 33.9 12.7
-90 46.6 43.2 40.5 34.0 33.7 129
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For theunchargedcenario the values iable5-2 aremean valuesf the measurements on
three different samples with a deviation of at #8&CC. The values for the acetoharged
scenario are thmean values dive repeatedmeasurements on the same sample with a

deviation of at most0.3°C.This is explained laierthe error analysis section.

7KH REMHFWLYH RI WKH H[SHULPHQW LV FOHDUO\ PH
temperature gradient along the sample is almost independent of its inclination angle an
FRQVLGHUDEO\ KLJKHUWXKD X @HKD UIKBWIHE D W, WKH |
RQ WKH FRQGXFWLRQ WKURXJK WKH WKLFNQHVV RI ZD¢
by the evaporation and the circulation of the working fluid inside the tube. The SLM HI
samples thaare processed and charged with acetone work like any other heat pipe |

transferring the heat with a low temperature drop.

As a side note, the performance of the SLM HP sasnlativédy consistenat various
inclinationsvhich means the sirtstiyle vick provides good capillary. This is more investigated

in the final experiments.

5-3) Experiments to prove thafunctional sinter-style aluminium/ammonia heat pipes

can be produced by SLM and that thepossess the main characteristics tfie
conventionalsintered heat pipes

Final prototypes were converted into functional heat pipes and final experiments we
conducted to prove that they possess the ability to wiockration anglemgainst gravity and

can handle higsurfacéheat fluxes as any otleenventionasintered heat pipe.

The secalled final SLM heat pipe prototypes were produced witlstzapel cross section and
then machined to the final required shape as explained in the pchajoies and
demonstrateoh Hgure 59.
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Figure 59 Final SLM HP prototypesith annular sintestyle wick

5-3-1) Preparation of the final samples and test setup

These samples wetlso equipped tofdl tube andralve andkeaktest and proepressure tested
andfilled with aetone with the same process explained before for the initial samples but we
testedvith the specially designed thermal testhig tes setup isllustratedn Hgure 510,

Figure 510Final SLM heat pipes experiments setup
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Unlike the initial tests, final experiments were conducted using a liquid cooled condenser °
higher accuracyemperatur&vasmeasured atinedifferentpoints agperFigure 511 (point 9

IS on the opposite side thke point fiveatthe bottom of the heat pipe in the adiabatic section)
plus the ambient temperaturbe testab ambient temperature was automataailyolledoy

the air conditionehut for higher accurgadyne ambient temperature inside tést cbe was
recorded separately

Figure 511 Temperature measurement poont the final SLM HPs

Also, for comparison purposes, from an avagabiededaluminium axially grooved heat pipe
(AGHP) wth identical external profileyo samples were cut to the sdemgthasof the SLM

HP prototypes and were processed and tested exactly the same way. These benchmark AC
are shown in figure &;
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Figure 512 AGHP benchmarks samplesternallydentical to the SLM HP
sampleswere processed atebted at the same conditions for comparison
purposes

Themain objectivef the final experiments was to prove that sstyér aluminium heat pipes
produced by SLMompared tohe available aluminium AGHRBReeable to worlat inclination
anglesagainst gravitgnd achiexhighersurfaceheat fluxesThereforethe final experiments
compare the performance of the available aluminium AGHPslemticalaluminium sinter

style SM HPs using acetone as the working fluid.

In each test the input powesmsincreased from 1 to 16W somesteps andhe final
conclusions are made based on the maximum temperature drop along the pipe in each c
This is the maximum temperature in thegpesator minus the minimum temperature of the
condenser or the maximum value between measurements at points 1, 2 and 3 minus
minimum value between measurements at points 6, 7 and 8. Water flow rate and inlet/ou
temperature were used to calcula&evtste heat.

5-3-2) Final test results

Testsamples at this stage included four externally and geometricallysalempliesldsliows

x Two functional SLM HP sampleithaluminiumannulasinterstylewick

x Two functionaéxtrudedaluminium axially goved heat pipe (AGHP) samples
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All four samples were testedvatious inclinatioangls and input powarand the results are
presented ifigure 513.

Figure 513performance comparison between Al AGHPs and-sigterAl
SLMHPs ,Q WKH FKDUW:V OHJHQG WKH QXPEHU DIWH
angle” p VLJQ PHDQV WKDW SLSH ZRUNV ZLWK JUDYL
DERYH WKH KR-W GQHIQ R&élibN BBt grayity

These data are the mean valuadifisrentmeasurementsn the samples as explained later.
The most obvious information from the diagram is that the-syieerSLM HP has a
consistent performance in all operating angles white3AA WHPSHUDWXUH JUL
considerably at inclination angles against graw®f At when it is in a vertical position with
the cold region right below the hot section, AGHP temperature gradient gets very close to
SHUIRUPDQFH @QMWVWDQWHKDAKIHFK PHDQV WKHUH LV QR ZF
heat is transferred only by conduction through the wall.

This is more noticeable from the following graphs that show the axial heat transfer coefficie

of the pipes versus the surfaxit heat flux.
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Figure 514 Sinterstyle SLM HP axial heat transfeefficientat \arious
inclination angles and surface input heat fluxes

Figure 515AGHP axial heat transfer coefficient at various inclination angles
and surface input heat fluxes

Surface input heat flux is the ratio of the input power to the evaporator surface area and
axial heat transfer coefficient is the input power dividdek lprdduct of the cross sectional

area of the vapour channel times the temperature gradient along the pipe.
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Several interpretat®nan be made from these graphs but the main purpose (and perhaps tr
most accurate one considering the linséadples) itprove that the sintstyle SLM HP
remains operationat inclination anglesgainst gravity like any other sintered heat pipe

produced by conventional HP manufacturing method

The followings should also be noted when interpreting these data;

X These datdave a £0.6® error margin for SLM HP prototypes and +@9tor

AGHP samples. This is discussed later in more details.

x HPshave beetested at uncharged (empty) stateorizontal orientation and charged
and processetateat two orientations with gravity (0.6° and 30°) and three orientations
against gravity30°,-50° and90°).Selection of these certain angles has just been basec
on provision of a good set of data that clearly shows the performance alteration tren
Although most of the available data for the conventional A@EIRs near horizontal

operation with an angle of around +@ih gravity.

X Input power is what has been read by the power meter. This is not the actual power tt
is carried by HP. Some ofitvasted into the environment as explained later.

x The thermal mass of the rig dictates the required time before a certain test reaches
steady state situation after start and this time is considerably longer at very low pow
of IW-3W. Therefore the rasurements for the power levels between 3W and 16W are

perhaps more reliable afdnore interest

x Grooves provide a very limited capillary action so thieeAGHP works against
gravity the condensate is sucked up only to a certain dentjita working did
circulates only in a section of the @ipd theremaining lengtivorksonly as a pure
conductorAt against gravity operation, the higher the inclination angle, the shorter thi:
effective circulation length would be until it gets close to zero wehpipehworks

reaches vertical orientation.

X Uncharged (empty) SLM HPs show a considerably higher temperature gradient than
extruded AGHPs. In uncharged ¢gspes work as pure conductors so the higher
temperature gradient of the SLM HPs can only atedelo their lower thermal
conductivity caused by the remaining pores and their special morphology which is t
results of fusing separate powders together.
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5-3-3) Patrtial dry -out of the SLM HP

It is believed that the SLM BlRave alsobeen partiallgriedout at highinclinationangles
against gravityWhen capillargctionis not enough the condensate is not returned all the way
back to the other end of the heat pipe where the heat is,aguptieel pipe starts to eyt

from that end. By increagithe powetthis dried region extends further towards the condenser.
Burnout (or dryout) starts from the very end of the evaporator sethiervery short length

of the heat pipes makes the identification of the exact moment-thatltagpens, impsible.

The practical method to recognize this event is to a&a@ralthermocouples in the
evaporator region and record when the difference between two adjacent thermocouples star
increase suddenlin our experiments the very short length of #wet pipe prohibits this
approachinstead, aany orientation the power has increased from 1W to 16W at several stef
allowing the temperature grapbsldvel outbefore recording the temperatusesl the
occurrence of the dout has been roughly guesbgdrandom fluctuations that normally
happen on the temperature of the condenser section and slight jump in the overall temperat
gradient. For our sintstyle SLM HP the diyut is believed to have been at 168908
14W@60°, 12W@r0°, 10W@8B0° and 7WEO0°.For instancet-90° orientation the sinter

style SLM HP has been patrtially dried at the powers between 7W and 16W but the dried rec
has been so short (most likely only part of Znemllength ofthe evaporator) that pure
conduction in that sectidras compensated the lack of-phase cycle and has made the pipe
to show a relatively consistent performance in these highsasgkn ifkigure5-15 These

data has later been compared against the theoretical values calculated by the numerical c

tool.

5-3-4) Input surfaceheat flux

Input surfaceheat flux is the heat that enters the pipe divided by the heat input surface are
Although in the experimenthe heater block is attached to the entire width of the fin as
demonstrateth Hgure 516 but the actual heat input area into the core of the heat pipe is the

circumferential area of the coréhe evaporator region
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Figure 516heater blockreaand the actual heat input area

Usingthe evaporator lengthdf 12 mm and 12.T™am outer diameter of the core, #wtual

input heat area would;be
1.2x °x1.27x128.7/360= 1.7CmM

Input heat flux is calculated by dividing the power by the heat input or evaporator surface a
and for any specific test conditions. therabove experiments it can safely be said that sinter
style SLM HPs handle a minimum nominal input heat flux of 16/1.7= 9.4*\&{C36°

inclination angle against gravity ab&@& temperature drop.

-3C inclination has been selected as it is knoatnat that angle, the sample has hdign
functional in its entire lengfiind not partially dried Qutt is called nominal because some of

the heatswasted into the environment and not carried by thesptiscussed later.

Most of the reported ABP input heat flux values in the literature have been obtained from
testing AGHPs at slightly gravity aided orientation. The equivalent scenario in the abo
experiments is the +0.@clination anglease. For thisase, the test resuitgainshow a
minimum nominal value of 16/1.7= 9.4 W/€and 6.8C temperature drop. It should be
noted that at these conditions, the pipe has still been fully functional at 16 W and, most like
has been capable of handling higher powers but the cartridge heater beuldaded was
limited to 16W.

This isconsiderably higher than thedue reported forconventional ammonfGHPsand yet
it is measured with acetone. Since the thermal properties of ammonia are better than acetot
this temperature range dombinatiomf liquid properties which is calléderit Numberis a

mean for ranking working fluids with highlerit Numbers being more desirable and ammonia
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merit number is much higher thithat ofacetone at this range), ammonia filled heat pipe test

results arexpected to show even higher heat input densities.

These results meet tecondnainobjective othe projectvhich was terovethat sintesstyle
aluminium heat pipesinbe generated by SLM with the same characteristics attributed to the
conventionasintered heat pipes (e.g. sintered copper heat pipes) including the ability to work

orientations against gravity and high input surface heat fluxes.

5-4) Resultsreliability and eror analysis

As partly explained in the previous chagiéxsge amoundf preparation asessential before

the experiments on the finpiototypes could be conductédistakes and failures that
happened at some stages plus the limited available time to use different resources, includin:
SLM machineor machining faciliselead to only two successful functional samples to be
producedMore than thirty HPs were produced by SLM with thedfssakd Hsectiorprofile

but majority of them failed the leak test due to the Vrolugtrategy during the SLM process
Likewisefor the initial round cross section samples the welding jig and process were not fu
developed yet and that meant the experiments had domptetedwith only one fully

functional sample.

The presented resulre allmeanvalues of severatpeatedexperiments on thémited
available goosamplesind the test results are believed to have answered the project questiol
very wellSome sources of errors were eliminated, some others were ignored considering

comparative nature of the experimentsantk others were evaluated as explained below.

All the thermocouples were calibrated at the beginning of the experiments and necess
FRUUHFWLRQ IDFWRUYV ZHUH DSSOLHG LQWR WKH GDW
including the flow metewattmeter, temperature and pressure data loggers and inclinomete
had valid calibration certificates. Human errors were idrased on conductiaof all the
experiments by the author and at the same condtmns.of the other more important errors
have been analysed below to provide a rough estimate for the accuracy of the results to

extent that is possible for the conditions of these experiments.

Ambient temperature variation
Most of the experiments were conducted betwaraar®l $m. Completim of each scenario
takes a few hours for power step changes and stabilizatiolt Wwagsoted that, during this

time, the surrounding air temperature was changing by.&gtdepending on the time of the
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day although it was meant to be controllethéair conditioning system at a constai@ 20
temperatureThe possible effect was examined by condaotiegemplaryest called test A,
with the same conditism the morningandafternoorof the same daagillustrated in figure-5
17.

Figure 517 Ambient temperature variation during an exemplary test at 8AM
and 4PM and its effect on the test results

The test results show an increase of maximumif.g¢f€mneasuretiP temperature gradient
@ 1.2°C increase in tlebtemperatureBecause normally the ambient temperature change was
lower than this extreme, this effect wagreglin the final results.

HP performance change over the time

Heat pipes in general and aluminium heat pipes in particular are very delesiibeielong

term performance is very sensitive to the details during their manufaotipmmgarily the
cleaning process. Any impurity leads to generation of non condensable gasses (NCG)
reduces the effective working length of the pipe. Theesafar this project were only good
enough to prove thgrojectobjectivesand notasthe qualification samples. Their preparation
and filling process wdar from ideal andherefore were expected to show a degraded
performance over time. This was exathby repeating twexemplaryests (called tesdtand

testB here) on a newly filled pipe and on the same piplgesadne conditiaafter six days.
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Figure 518Prototypes performance variation after six days

The resultshow up to B°C higher temperature gradient after only sixataie worst case
Although this problem can be, almost fully, avoided in productiangfyicleaning and filling
processthere was no way rouitdn the limited time dhe project sall the experiments on a
specific prototypes were tried to be compkeglickly as possibleby venting and fdling

of the same.

Comparison of the performance of the two samples in each group together

Another source of error is the discrepancydeet the performances of the samples in each
groupand the repeated tests on each individual sdimglleexperiments were conducted on
WZR 6/0 +3 VDPSOHYVY FDOOHG "+3 6/0p DQG "+3 6/0u D
"+3 (1L DQG ’ F& the two samplés each group, their performance was compared for
different scenarios.
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Figure 519 Comparison of the performance of the two sstide SLM HP
samples ,Q WKH FKDUW:-V OHJHQG +3 6/0 DQG +3 6/0 D
samples, the number indicates the inclination angle and the sign denotes with

or against gravity orientation)

The specific inclination angles have been selectddrguigvision of a good sef data to
include possible maximum discrepandlazsimum °C temperaturelifferencas read from
the diagranbetween theneasured temperature gradients oftwlee SLM HE3 at similar
conditions. This maximum difference oc@r80° orientation and 3W.

The same comparison vpasformedetween the two AGHP samples.
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Figure 520Comparison of the performance of the two extruded AGHP
samples ,Q WKH FKDUW:-V OHJHQG + ( DQG + ( DUH WKH
number indicates the inclination angle and the sign denotes with or against
gravityorientation
The specific inclination angles have been selected only for provision of a good set of date
include possible maximum discrepanilazsimuml1.5C temperature differenteread from
the diagranbetween theneasured temperature gradients ofwbeAGHP samples at similar

conditions. This maximum difference oc@r0.6° orientation and5WV.

Likewise repeated tests on a specific sample at the same conditions show a maximum devi
of +£0.3°C for SLM HPs and +0.2°C for AGHFP&erefore

Max error of themeanvalue reported in Figures-B3 and 5-14 for SLM HPssamples=
0.3+0.7/2=%0.65°C

Max error of themeanvalus reported in Figure-B3 and 55 for AGHPs samples=
0.2+1.5/2=%+0.95°C

All the thermocouples were calibrated before starting the experiments and correction fact
were applied during the measurements therefore no erroriderednfr the inconsistency
between the thermocouples. Other errors including the tools and human errors have not be
taken into account.

127



Nominal and actual heat input

Although the entire test section was being cowkmedg the testby a relativelyhick
insulation layer yet some waste heat into the surrounding air is inevitable. The cooling w:
flow rate and input/output temperature were used to calculate this waste heat and the ac
power that is carried by the heat pipe. Because the labttemaedathe cooling water flow
ratewere almost constadtiring all the experimentee waste heat was a roughly constant

value for eacpower level

Therefore for each input power level read by the power meé&acandoling water flow rate,
there isan equivalergower fieaj which is actually carried away by the heat pipe and the rest is
wasted by radiation/convectioto the lab environment. The nominal and actual powers were

measured ger table 8.

Table 52 Nominal and actual power levels

Nominal

112| 3| 4|5, 6|7 | 8| 9 |10|11| 12| 13| 14 | 15| 16
power (W)
Actual

09|18 26| 35|44 |53|6.1|70| 79| 88| 9.7|105|11.4| 12.3| 13.2| 14.0
power (W)

5-5) Design tool validation based on the actual test resuleemperature drop and dry

out)

The numerical design tablat wasdeveloped during the project is based on the formulas
extracted from different sourc@&bereare discrepanciégtween different sources especially
for the maximum capillary limit whichtli® dominating factor in most of the operating
temperature range of a heat pipe. MoretheGalculation process employs empirical values
that need to be specified for any type of heat pipe e.g. permeability, pore radii, contact angle
therefore, | discussetbefore a numerical design tool must be validated by a heat pipe
manufacturer for its own specific rangprotiuctsusing a comprehensive set of experimental
data.However, for this projectsing the available experimental data and to #re et it

could be covered in the scope of the project, a comparison was performed between the de

tool - Wredictionsnd the test results to validate the tool and determine its error margin.
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Typically the main use of a design tool is before produlceay pipe to specithe maximum
power thathe HPwould be able to handle in a specific application before it hits one of its

limits (very often the capillary limit) as well as the temperature gradient along the pipe.

First thedesign toobryout power predictionsfor differentinclinationangles and operating
temperaturesavecomparegainst the experimental results as shown in-table 5

Table 53 Dry-out power comparison between the design tool predictions
and experimental results

Operating angle (°) and temperat| Dry-out power (W) calculated by  Dry-out power (W) measured in
(°C) the design tool experiments
-90° & 28°C 9.2 6.1
-80° & 33°C 9 8.8
-70° & 35°C 10.7 10.5
-60° & 38°C 13.6 12.3
-50° & 41°C 17.8 14

Dividing these values by the evaporator surface area of fo€nthe heat flyx

12
~ 10
N
€ 8
Q
= 6
x 4
= 4 m Theory
§ 2 1 m Experiment
- 0 n T T T T
= @) @) @) O O
o % & o o) —
! N ™ ™ ™ <
P 3 o3 o3 3 3
&) o) o) =) (=) o)
® ® ~ © D
Operating angle and temperature

Figure 521 Dry-out heat flux Theoretical predictions and experimental
results
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As explained before, the very short length and limited number of the samples and otf
restrictions made the precise determination of theutirgvent during our experiments
extremely ifficult. No concrete conclusion can be drawn from these data in terms of the
sources of discrepancies but the safest way is to extend the experimental results and per
this comparison in a much wider raofsamples and experiment conditiand therapply

some correction factois the theoretical modehce they are proved by repeated experiments.
For now and based on these dai@e may conclude thheoreticapredictons for maximum
dry-out heat flux are higher than the experimentalastattkesthis error margimto account

when designing an SLM Hmeldiscrepancies alge toinevitabladeal assumptions for some
parametersspecially the effective pore radius and permeéglijitgr theoretical predictions

for sintered wicks have alse@mesportedby several other scholars includienlon & Ma
(2003).

Design tool was also validated by comparing its temperature gradietibnsagainst the
experimental results.

m,W Pd ~dzZ
BE,W Pd ~ A& %

Temperature gradient ( )
o - N w £ a1 (o)) ~ (ee]

3W 6W 9W 12W 13W 14W 16 W
Input power (W)

Figure 522HP temperaturgradient s8.input power Theory and
experiment

The results show a reasonable accuracy of the theoretical valbEgyer difference at lower

powers can be explained by the fact that the theoretical model only considers the tempera
drops due to the heat passtgeugh the wall and the wick in the evaporator and condenser
and the thermal interfaces in these sections and assumes that the vapour channel is isothe

while specially at lower posar practicethere is a considerable temperature gradient between
the condenser and the evaporator.
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At higher powers the theoretical predictions begin to overestimate the temperature drops. T
can be explained by the fact that at higher powers the condensate level in the evaporator \
drops and fluid evaporationsppans from somewhere within the porous wick and not
necessarily from the edge of the wick therefore heat does not need to travel all the thicknes
the wick up to the edge of the vapour cbines can also be a confirmation forghete made

by Garimelh, Iversonet al. (2007) thaas input power is increased and more heat is dissipated
by the wick, a relatively larger amount of this heat is dissipated by vaporizing the working fl
and a correspondingly smaller value is conducted along the solideswdting indwer
temperature gradigmt
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Chapter VI : CONCLUSIONS AND DISCUSSIONS

A novel heat pipéHP) manufacturing method has been developed based on an additive lay:
manufacturing technique calledlective laser meltipgr SLM.This innovation is expected to
benefit current applications of aluminium/ammonia heat pipes in space and {Enogsttsal

as well asnanynewHP applications.

The projectwas jointly sponsored by the Northumbria University and Thermacore, a worlc
leadng heat pipe manufacturing company in thead#formedthe feasibility stage of a much
larger programn Thermacoreaiming to develop the next generation of HPs for space
applicationsin this project, sintetyle aluminium SLM HPs have been produwkteated to

prove their functionality and provide aroverall image of the new production provgts

regard tahe major involved parameters.

It is believed that this is the first time that functional heat pipes are produced with this meth:
and alsahe first time that functionaluminium HPs are produced with a sisiide wick
structureCurrently, aluminium heat pipes with aluminium sintered wick do not exist due to th

impracticality of sintering aluminium powders on the internal walls gbipdeat

An SLM machine in the Liverpool Univerbiagbeenused to ppduce the prototype3he
prototypeshave beeprocessed and tested by the especially fabricated test rigs in Thermacc
to prove their functionality and demonstratéhat theypossesall the main attributes of the
other sintered heat pipés.g. sintered copper HHRacluding highsurfaceheat flux and
capabilityo workat inclination anglegjainst gravity

Several properties of the new heat pipes e.g. wick porosity, permeabpititg armk; wall
density, hardnesgibration resistancand optimum SLM build parametéesve also been
determinedby the existing or especially developed rigs in Thermacore or Northumbric
University laboratoriegicluding scanning electronic microscope (SEM), vibration table,
permeability measurement rig, €anverting the SLM products into functional heat pipes

involves many other steps which have also been coraptktglained

The project had four mainjebtives. Firsto prove that functional heat pipes can be produced

by SLM. Thishas beemet by comparing the performance ofdbeverteedo-HP sample

132



againsunprocessed raw sanspbnd demonstrating that they operate as-phage system

whichtrangersthe heat with low temperature gradient as expected from a HP.

Production of the first sintstyle aluminium SLM HP amadl prove its operability was the
second objective. To address thigpropriateprototypes were produced, converted to
functional leat pipes and their performance was compared against identical extruded AGHPS
an especially designed rig. It was demonstrated by experiments, that they have the r

attributes of any other sintered HP.

A numerical excélased design toulas also devmied to enable designing and parametric
study of the SLM HPs. The theoretical predictions were compared against the actual test re:
and error margins were specified. This was theSHitdR Mibjdetive sind the fourth one was

to identify thecriticalaspects and potentiafsthe new production procdssbe investigated in

the future worksThese have beg@ointed outthroughout this document and are discussed

later in this chapter.

The work showed th#te SLM HPconcept i€onfirmedto be indeedefasible with interesting
advantages over the conventional methods including -atiroged flexibility and
controllability especially on the wick structure that can pave the way for researchers
investigate advanced heat transfer structures whdeiitgghrough the qualification process
for the use in real applicatioltds nowalsounderstood that this innovation is not limited to
aluminium heat pipes bot many other types of HBs welkince other material like Stainless

Steel and Titaniunneaalso established material for the use in SLM process.

However thenew production method and heat pipes have a long way before being full
characterized and qualified especially for critical applicati@ns.is vast numberof
parameters that investigng each one wouldquiremanyresources and woubé the subject

of an entire project. Some of these parameters have been quickly analyzed through this prc
within the limited available time and resources, in order to get a sense of the cessahpro

to identify the critical issues.

Although the ultimate use of the new heat pipes is expected to be in aluminium/ammonia F
applications, all the experiments were conducted using ao@tenthe required ammonia
filling rig was not completed urthe very end of the project. However this change of the
working fluid makes no difference Ire tconcluded results whatsoever as all the proving

experiments have had a comparative nature.

133



Two successful functional sampleseobtainedandclear and precise answers were found to
the project questions a reasonably good overall image of this new HP production process

the new HBwas provided through the conducteshsuremesitand experiments.

Economics of the SLM HPFs
Sintered aluminiumeht pipes are currently unavailable therefore production cost compariso
and economic justification of the novel sistye aluminium SLM heat pipeot possible

and of no value.

Moreover a very long qualification process is anticipated for theMidased process before
it is established as an alternative HP production method andMoHRH to be fully
characterized and meanwhile many of the involved economic figures may change. There

economybased conclusions should not be made at this stage.

On the other hand, the new process is believed to be more suitable for producing HPs for h
tech, low volume applicatiofsd least in the short teyrwhere the cost is not of the prime
importance The reasons for this higgch applications suitabilityclude the veryhigh
flexibility and controllabilityf the SLM procedhat enables the production of very complex
wick structurests capability to produce integratedfiifube assemblies and irregular shaped
heat pipes and the possibility of usitagnium and Stainless Steel powders in the process as

well.

However as a case stualydas theraw datéor further investigationthe followings can be
usedIn the SLM machine which was used to build the samples for this project, the substre
disc § @125mm diameter and the maxinusafulworking height is around 70mm. On this
substrate we managed to build 13 samples at one go as shown below;

134



Figure 61 Multiple SLM HP samples built simultaneously on a substrate

Build speed of the machine is between 5 to 3jp&nhour. This means building 13 of these
samples (assumigllOOmm x70mmeffectiveworking area) takes between 18 to 110 hours
depending on the build parameters e.g. laser exposure tidi#feedtnt tries tgproduce the
samples for this project took between 36 to 60 hDurgng thistime the main power
consumption of the system is for the laser which in thifasdmer200W. Labour cost is
minimal due to the level of automation and the overhead cogtsobahly be ignored
assuming the processiningin a heat pipe manufacturing company mehy more larger

scale activities running in parallel

More information on the economics of the established high volume products of the additi\
layer manufacturirtgchniques (e.g. medical implants) can be seen at (Violante, Juliano, et
2007) andTuck & Hague2006)anda case study of the cost comparison between injection

moulding and SLS (Selecting Laser Sintering) techniques to build a plastic part fmmmprising
partshas beepresented iAtzeni & Salmi(20D).

Identified challenges and critical issues Suggestions for future works
This project forms the feasibility stage of a much larger program for development of the ne
generation of space heat p@mpted by the results of the project, several issues should be

considered for future builds and in continuation of the program. These are explained below;
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X SLM build strategryd applicable extéme any other technique, SLM has limited
applicabilityange although its full capabilities are not fully explored yet. Certain metalli
powders are well established for the process e.g. titanium and Stainless Steel, s
others can potentially be used but their optimum build parameters are not full
examinedet e.g. Al6063 and some other aluminium alloys and some can not be us
mostly due to their high laser reflectivity that avoids the full powder melting e.g. coppe
Also, each SLM machine has a certain work volume that dictates the maximum possi
dimersions of the product with the largest being in the rang€.ofHimrange should
be very well defined if SLM is to be established as an alternative HP manufacturi

method.

Moreover remaining residual stresses in the SLM products is a major issu. Differ
strategies and build directions can be employed during the process as long as e
powder layer, during the build, is supported by a preceding layer and there is no sudt
protrusion that makes the build physically impossible. At further distancédsefrom
substrate and for thin walls, the geometry has to be supported by virtual pillars that ¢
cut from the object after build to avoid deformation of the product. For the prototypes
of this project, these supports proved to create stoegentration points that
consequently lead to creation of marexks in the product. Several prototypes failed
the leak test due to the leakage through Hgrigois that are believed to have been
generated by these supports. Therefore the buildyssiadetd be carefully investigated

in future builds.

x Density of the SLM solid stri@ltivtesolid structures are generated by fully melting the
powders together inside the borders of the section of the geometry that has be
defined as solid. This progess far has been associated with some remaining pores tha
can affect both the rigidity of the structure and, for the purpose of building HPs, the
thermal conductivity and lela&eness of that. Optimizing the laser build parameters
increased this densitRU WKLV SURMHFW:-V SURWRW\SHV WF
alloy but further investigations are needed especially if other alloys such as Al6063 ar
be used in the proce3#is has already been the subject of several researches reporte
in the lierature.

x Thermal conductivity of the SLM struwlresperiments of the project showed a
considerably higher temperature gradient along the uncharged AlSi12 SLM HP samf
compared to uncharged Al6063 AGHPs at the same conditions that can atdbe rel
to the lower thermal conductivity of the SLM samples. There is no considerabl
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difference between the value of this for the two alloys in raw form hence the lowe
conductivity of the SLM products should (at least partly) be related to their morpholog
and possible molecular alterations during the melting/fusing process. As the first ste
SLM built samples can be measured separately to determine their thermal conducti

value for the use in design calculations instead of using the value of tteriedw ma

Remaining loose pdvdeemaining loose powder in SLM products is normally shaken
out after the end of the build process. Appropriate provisions must be made in th
design of a product and in the SLM build strategy to facilitate this. Tiemodiffe

between the actually measured and theoretically calculated values of the permeability
pore size in the project porous samples is believed to be related to the blockage of sc

of the pores by the trapped loose powder.

Flatness and appeardheeSaiM produ@sM products have a porous appearance as
seen in the project pictures. For heat pipes, since a good contact with the hot and c
medium is essential, an extra machining/skimming procss be done on the SLM
HPs. Considerations shoblgl taken in the initial design and provisions should be made

for this.

SLM HP to functional HP conversiorrptbisepsoject, the prototypes were produced

with separate fill tube with an extra welding process involved but even if SLM HPs a
producesvith an integrated fill tube, still a conversion process of cutting from the base
plate, machining, cleaning and filling is needed before obtaining a functional heat pi

Provisions must be made for each of these steps at the HP design stage.

Contaminati.Scanning electronic microscope (SEM) images revealed the existence
titanium content in the ALSi12 samples. The contamination is believed to have caus
by the titanium powder left in the SLM machine funnel and lab environment from
previous builds. gpecially for ammonia heat pipes this can have disastrous effect in th
short or long term performance of the pipe by generating non condensable gass

through the reaction of ammonia with the unexpected contaminants.

Optimal SLM porous propEngaesminmum possible SLM unit cell size is currently in the
UDQJH RI -P 7KLV DORQJ ZLWK WKH ODVHU
parameters, material and the base geometry of the porous structure dictates 1
achievable porosity and pore size of theugostructures. For this project the porous

structures were of an octahedral base geometry. Parametric study of all the invol
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parameters simultaneously to enable generation of porous structures with any desi
porosity, permeability and pore radii aswl\@orking with smaller unit cell sizes for the
XVH LQ EXLOGLQJ RWKHU DQWLFLSDWHG W\SHV RI

considered as a subject for future works.

Shock and vibration resistengeoject samples were tested only inrawaange of
vibration by the available resources to prove their rigidity to withstand the normal force
during the build, conversion and testing process as well as the vibration level in me
normal norcritical applications. But for shock and vibrdtibrgualification especially

for critical space applications, a comprehensive study must be done.

Test layout and prototypeTthesiggry special H shape of the final prototypes of this
project was to enable a direct comparison against-ttiestime available axially
grooved profile heat pipes. While the design was good for this jhutpibskee heat
input/output areas are syratrical during the experiments, more useful results can be
concluded. Also the very short length of the prototypes makes some of the
characterizing experiments impossible. For future iwisksuggesteithe prototypes

be produced using a larger Shithine and perhaps with a different build strategy that

enables production of longer samples.
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Appendix A tFurther characterization experiments and hardware development

Hardness of the SLM solid structures

Hardness of the SLM solid structures wasuregh on four pieces with two different densities.
Two of the samples belonged to the latest prototypes built using the modified machi
parameters for improved density and the other two from the initial lower density solid sampls
Measurements were dargng two different instruments, HA000A and MH310 in Brinell or

HB units and three readings were done on each sample by each instrument.

As the samples were very light weight, they were laid on a heavy aluminium slab using s
yellow grease between theamd clamped in place as instructed in the manuals. This can explai
the inconsistency between readings on a sample by the same instrument. The results

presentech Table Al.

Table A 1 Hardness measurement results on SUMSi12 structure. H
denotes the high density samples and L, the lower density ones

Samplb instrument |+ 1 000A MH310
4H 81, 94, 85 93, 100, 81
5H 81, 80, 78 76, 78, 91
4L 81, 85, 96 89, 94, 112
5L 85, 83, 83 80, 82, 86

It is important to note thdiecause SLM products are generated by melting the material in :
powder shape and-iesing them together, the mechanical, thermal and physical properties ¢
the resulted products can be considerably different from those of that material in it@briginal s
form. For comparison purpose, the hardness of AIlBR&a&ich is the most common material

for extruded AGHPs is 73HB (Ref: ASM International) while all the measured values for AISi
samples are above this with an average value of roughhfB8Higslis show no point of
concern about AlSi12 SLM HPs with regard to their hardness.
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Yield strength/yield point of the SLM solid structures
Yield strength or yield point is the stress at which a material starts to deform permanently.
designing parts, thimrameter is vital as it specifies the maximum load that can be applied t

them.

JRU DPPRQLD FKDUJHG $*+3:V \LHOG VWUHQJWK LV D I
to ensure the wall material can withstand the very high saturation vapoargirassuonia

at the maximum operating temperature. In this project five AlSil2 solid samples were tes
along with four samples of a high strength aluminium magnesium alloy (for reference) using
Instron 3382 Tensometer. The samples machined tdogbone shapesnd clamped into

the Tensometer jaws. The force on the component is increased until the sasrqgobel yield

finally breaks hisprocesss shown in th&igure Al.

Figure A 1Yield strength measurement process

The stresstrength curves developed by the machine for different samples are shown below &
ILQDO WDEOH VKRZV WKH VDPSOHV:- GLPHQVLRQV DQG

Yield point calculation process was as follows;
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The width and thickness efch sample, in the narrow section, was measured in two
points. The highest of these two measurement values was used for yield stren

calculation

Samples 1 to 4 (magnesium aluminium alloy reference samples) have an elastic regi

shown in the diagramFor all of them the maximum yield force was 3.3KN.

Samples-9 (SLM built AlSi12 samples) break with almost negligible deformation anc
that is a known property of AlSi12 parts. As it is shown in the diagrams for s@mples 5

there is no difference betwdbe peak and break load.

The loading diagram for samples 2 to 9 is simoigure A2.

Samples-4 material are from a magnesium alloy of aluminium (used here only to sho
the elastic region) and sampi@sae made of AlSil12 by SLM.

The experiments weedone in a normal lab environment of 22°C. This value changes by

temperature and aging of the material.

Figure A 2 Yield strength measurement on SLM built AlSil12 structures and
samples of a reference magnesium alloy of aluminium
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Table A 2 Results of the yield strength measurement on SLM produced
AlISi12 samples (5 to 9) and reference aluminium alloy samples (1 to 4)

Sample No:
o
Description | Specification| 10l | Tol 1 2 3 4 5 6 7 8 9
Width 5.00 0.50 | 0.50| 5187 | 5123 | 5142 | 5112 | 5402 | 5564 | 5218 | 5540 | 5.497
Width 5.00 0.50 | 0.50| 5191 | 5124 | 5151 | 5097 | 5.288 | 5538 | 5412 | 5632 | 5.325
thickness 2.00 0.50 | 0.50| 1989 | 1.989 | 2028 | 2.077 | 2.356 | 2.284 | 2.408 | 2.352 | 2.393
thickness 2.00 0.50 | 0.50| 1996 | 2.007 | 2039 | 2.067 | 2.396 | 2331 | 2.427 | 2.344 | 2427
Yield
Strength UNIT MPa 318 321 314 311 256 | 245 | 238 | 271 | 249

AlSi12 SLM produced structures are very brittle and do not have an elastic region under Ic
The average value of the yield strength for these samples is.Z3& kidtaparison purpose,

the yield tensile strength for Al6J®3 (used to build most of the available AGHPS) is 214
MPa (REF: ASM, Aerospace Specification Metals Inc.). The results show no point of conce
about AlISi12 SLM HPs with regard to their giedshgth.

Welding fixture

A special welding jig was designed and manufactured for welding fill tubes to the machir
SLM heat pipes. This is shoimnFigure A3. The fixture holds the pipe firmly for precise
welding of the fill tube and also provides passtor hot and cold water for heating and

cooling of the sample at different stages during welding.

Figure A 3 Welding fixtures to assist welding fill tube to the SLM HP
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Shock and vibration fixtures and experiments
Shock ad vibration testing are used to simulate the extreme conditions that a product may fe
during operation and determine the ruggedness of a product. The test conditions are defil

based on the standards of the target application for the product.

SLM has ben used in this project for the first time to produce heat pipes. Through the projec
it is proved that SLM is capable of producing different types of heat pipes for variou
applications depending on the heat pipe material, wick structure and workiigrflinadim
ammonia heat pipes that are the focus of the project are currently used mainly in space
some terrestrial applications as mentioned before. Like many other parameters, |
characterization of SLM heat pipes needs a comprehensive seinoémspdepending on the

final application which is outside the scope of this project. For this project and to get a rou
LGHD RI WKH 6/0 KHDW SLSHV:- UHVLOLHQFH LQ KLJK Yl
(ESA) standard (ECSS, 2010) was osaefine the test conditions. However conducted tests
ZHUH YHU\ UHVWULFWHG FRPSDULQJ WR WKH VWDQGD!
and resources. Experiments were done only for vibration and not shock, -turygticoral
samples weredted and vibration limits were narrower than the standard requirements and we
only sinusoidal and not random due to the limited capability of the availableESkhaker.

requirements for sinusoidal vibration are list€dble A3.

Table A 3 Sinusoidal vibration qualification test levels according to ESA
standard

Instron E3000 electromechanical dynamic and static testing n{&gnume A4) was
implemented for sinusoidal vibration tests. Although E300 main use is sigtin ®sensile

or compression mode within a single frame but most of the dynamic tests can also be done |
by hanging samples from the upper jaw. Since this machine was the only available resource
benefited from the most d4p-date technology ancbntrolling software, it was used for

conducting these tests.
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Figure A 4 Instron E3000 Electromechanical testing machine

Vibration tests were planned as below;

1. To test the SLM porous structures to make sure that they will not break apart in
vibrating environment. For this purpose the permeability samples shown irlgure 4
and 420 were used and a fixture was designed for them ashghBigare A6. The
objective was to observe/measure any generated loose powder inside each of the fc
cavities after shaking.

Figure A5 SLM porous structures vibration test fixture

144



2. To test urAunctional final heat pipes. The objective was toveliseasure any
generated loose particles inside the pipe after vibration as well as testing the strengtl

the tubefill tube weld. Another fixture was designed for this as shown below;

Figure A6 SLM HP vibration test fiute

The test plan is showmTable A4.

Table A4 Test plan for sinusoidal vibration of the SLM HPs

Title Prototype / Description Pass / Fail
fluid criteria
SLM porous| SLM various| This test aims to identify a| The porous
structure integrity | porous possible failure of the poro| structure  mus
rigidity test structures structures built SLM und¢ remain intact o

the sinusoidal vibratio

conditions specified by ESA

with minimal

damage after th

vibration test

— test

[}

& | Non-functional Un-processed | This test aims to identify th The  sample(s
<=

& | heat pipe sinusoid| heat pipe possible effect of the specifi must remair

sinusoidal vibration on ju
the structure of the ndfilled
(unprocessed) SLM HPs
The possible effect(s) can
danage to the wick (@
generation and propagation

cracks due to the remaini

intact and pas
the Leak testing
proof  pressure
and burst
pressure testin
when

the

and
applicable,
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Table A4 Test plan for sinusoidal vibration of the SLM HPs

pores in the heat pig results must b
container and end cag identical to the
damage to the heat pie| results of ¢
tube weld or the contain{ sample that ha
deformation. not undergong
the vibration
tests

Phase Il would be to test the functional heat pipes (in operation) which should bieitdoae in

works.

Test Results
Considering the following equation;

NFi 6 (Eg.A. 1)
#?? AHANEFREK
Ha ET
Where;
r : Amplitude in meters
fi L t e Bvhere fis the frequency

the sinusoidal vibration requirement$aifle A3 is represented by the following diagram. But
because the instrument used for the tests was limited in performance, the actual vibration ct

was different as shownFigure A7.
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Figure A7 Standard and actual vibration tests diagrams

Testing at frequencies above 60 Hz was impossible by this instrument and at frequencies b
60Hz as well, amplitude had to be reduced (from what specified/calculated by the standard
order to avoid thenachine hitting its performance limits. For example for a frequency of 30
according to the above formula;

tr H{&sHsrrr

#ILHEP BA—— L wav tl |
Qe ‘téHur®

But in reality at a frequency of 30Hz maximum achievable amplitude (before the machine hit

performance limit and emergency shuts down) was 1mm.

Heat pipe sample opening end was blocked by a rubber bond and it was tested at two diffel
axes and two different stages, one at the frequency band of 5 to 21 Hz and then at the freque
band of 21 to @9z. It was weighed before the tests and after each frequency band and aft
shaking any possible generated loose powder out (possible damage to the structure) an

difference and no damage was observed.

Porous structures were tested the same way. Alifferent axes and two different stages
corresponding to two frequency bands and were weighed at three stages before the tests

after each stage. No difference in the weight or damage was observed.
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Table A5 SLM HP and SLMarous structures sinusoidal vibration test

results
Weight after the sinusoidal Weight after the sinusoidal
Initial weight (g) vibration tests in two axes| vibration tests in two axes
from 5 to 21Hz (gr) from 21 to 60Hz (gr)
Heat pipe 20.49 20.48 20.48
Porous  structure -300| 5.99 5.99 5.99
regular
Porous  structure -300| 5.83 5.84 5.84
random
Porous  structure -300| 3.11 311 3.10
regular
Porous  structure -300| 3.45 3.45 3.45
random

Although the tested vibration limits have been lower than thaef8kements, still the
applied vibration has been quite higher than what actually exist in many terrestrial applicati
These tests just provided enough insurance that SLM HP are rigid enough to go through the
production and test process as welmagy possible real applications for them but full
characterization of SLM HP and ultimately using them in space applications needs

comprehensive shock and vibration test that should be done in future works.

Contact Angle 2Wettability

Capillary pressuigthe main driving force in a heat pipe that transports the condensed workin
liquid through the wick to the evaporator. Capillary pressure is generated by the differer
between the curvature radius of the working fluid menisci inside the poresjooifa¢oe and
condenser regions of a heat pipe. The curvature radius in turn is dictated by the contact a
between the liquid and solid surface.

The contact angle of the liquid and the solid walls inside a pore depends on the liquid surf
tension andhe adhesion force between the liquid and the solid. If the adhesion force is great
than the surface tension, the liquid near the solid wall is pulled up and the liquid surface ten:s

causes the bulk of the liquid to move up to keep the surface intact.

(YDSRUDWLRQ LQ WKH HYDSRUDWRU FDXVHV WKH PHQ
condensation in the condenser increases this radius.
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Y S £ S (Eq.A-2)
22 2, 4op

Where R and R are the radii of curvature in the evaporator and condenser respectivel
(Peterson, 1994aximum capillary pressure happens when both of the radii curvatures to b
minimum. For a circular pore;

I (Eq.A-3)

:4Qé4'o;éUéLﬁ

and as a result,

A
(Zmoel té——

I

(Eq.A-4)

This is the same as equatidn 3

Wetting fluids are the ones with a contact angle between 0 and 90 degree-wdtii@gion
liquids have a contact angle between 90 and 180 degree. This is showk-& figure

Figure A 8 Wetting and nowvetting fluids

All the working fluids used in heat pipe have to be wetting for the heat pipe Atzienithg

to equationA-4, for a certain capillary radius, contact angle is only a functiensaffdce
tension while this is only valid for completely flat surfaces. The wetting mechanism is still
active research area mainly for development of-lsivephobic surfaces (ramtting
surfaces for setleaning, drag reduction and other applitgtbut it is known that the contact
angle is not only influenced by surface tension but also by the surface structure (roughness
morphology)In reality contact angle depends on how the fluid is delivered and formed on
surface and it changes wiilface roughness.

Because in this project AISi12 aluminium alloy was being used to build heat pipes to work v
ammonia (acetone in the experiments), it was essential to get an idea-abititg efahese

fluids on this aluminium alloy. Like otherapeeters, precise measurements of the contact
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angles needs much more comprehensive studies and resources that is out of the scope o
project.This contact angle and vedility was measured only for acetone since for ammonia,
special measuring equiptiseare needed as it is not in its liquid form at normal ambient
temperature and the following droplet method can not be used for that. The measured value

been used in the developed design tool explained in the previous chapter.

In this project the caentional method of measuring contact angle was implemented by
dropping a droplet on the surface of the SLM heat pipe prototypes and measuring its left &

right contact angles.

Figure A9 shows the measurement rig setup;

Figure A 9 Contact measurement test set up

Two SLM heat pipe samples were used, one with the natural finish as it is produced by the ¢

machine and one with a polished surface;

Figure A 10SLM HP samplesNatural surface fish and machined surface
(in inset)
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Several drops of acetone were introduced to different locations on each of the two surfaces
their contact angle was measured on both sides as depigiackiAll.

Figure A 11An a@tone drop on the surface to measure its left and right
contact angles

The results aggresented in Table-&\

Table A 6 Contact angle measurement for acetone drops on natural and
machined surfaces of SLM ALSi12 samples

Machineetropl 22 21 Naturaidropl

Machineddrop2 20 19 Naturaidrop2 25 22
Machineddrop3 20 18 Naturaidrop3 22 14
Machineddrop4 18 15 Naturaidrop4 20 20
Machineddrop5 18 16 Nauraidrop5 21 19
Machineddrop6 22 25 Naturaldrop6 12 17

All drops were tried to be similar and to be delivered in the same way but generating ident
droplets and measuring conditions was impossible due to the test rig setup method. Morec
surface flatness slightly differs at different area and acetooratesaguickly in the lab

environment so the time spent to generate the droplet and to take each photo could he
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affected the measurements. These justify the variations in measukamerganingful
difference is seen between the natural and machiaedsurhis might be due to the fact that
the droplets have been much bigger than the average roughness. For the calculations in

project the average value of all the above measurement or 19.4 degree has been used.

Development of the ammonia filling iy
The process to fill the working fluid into heat pipes varies considerably depending on the type
the heat pipe and the fluid. This process for the coper heat pipes was explained in

section & but for aluminium/ammonia heat pipes it is corasiemore complicated.

The first issue is that ammonia is in its gaseous state at normal ambient temperature unlike v
or acetone. Moreover working with ammonia is associated with serious safety hazards and n
specially designed environment andpewgrit and on top of that, aluminium is extremely

reactive with the smallest traces of oxygen (that also exist in any remaining water conter
ammonia) so purity of ammonia and cleanliness of the process is of prime importance to av

short or long termfailure of the pipe due to generation of non condensable gasses inside tt
pipe.

One of the major activities during almost the entire project was to develop an ammonia filli
rig in a specially designed ammonia laboratory in Thermacore, the indtrstriabfpéae
project. The operation principle of the rig is to evaporate the anhydrous ammonia from thi
ammonia tank, condensing and measuring the required volume inside an intermediate t:
called Ullage tank and then evaporating the measured volbenarofrionia from the Ullage
tank and condensing it inside the heat pipe and then repeating this process for several tim:
filling and flushing the pipe to ensure that any remaining air or impurity has been extracted fr
the pipe.

This process stimulatesveral cooling and heating circuits, vacuum tight precision valves

connections and measuring instruments as shévwguieA-12schematically.
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Figure A 12 Ammonia filling/venting rig

An Ullagetank assembly including the heating/cooling features were designed for this rig
shownin Figures AL3 and Al4.

Figure A 13Ullage tank and its cooling/heating jacket

Figure A 14Ullage tank assembly. Two of the holes shown are the passages
for the liquid from Chiller for cooling the Ullage tank and the other two are
fitted with heater cartridges for heating

FigureA-15demonstrates the completed ammonia filling rig.
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Figure A 15Completed ammonia filling rig to fill ammonia into SLM HPs

Proof pressure test

Proof pressure tests were conducted on all the samples to ensure that they will not deform
burst) at the maximum temperature thatwhiepe exposed to, in a functional ofunctional

state. For the acetone experiments, the samples wesgrggoofe tested at 20bar and then at
70 bar in preparation for the ammonia tests although the latter was not conducted. All t
samples passed the gfrpressure tests with no deformation. Following is a description of the

process in each test.

For initial thermal performance tests with acetone, the heat pipe temperature is not expecte
go above 150°C. Acetone saturated vapour pressure at 150Qfi@lig dar. With a high safety
factor, the sample was prpoéssure tested at 20 bar. To do this, the s@ésnplerked and
measured at several point before and after the test. The difference between these measurer
reveals any possible deformatiorhefdgample. This is to recognise if any section of the pipe
hasbulgel or distored at that pressure. Pressigréncreased atlfar increments with a few
minutes stop at each increment and fifteen minutes hold at 20 bar pressure. The test lay

measurenmd points and measured results are shown below;
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Figure A 16 Proof pressure test layout

Figure A 17Dimension measuring points on the sample before and after
proof pressure test

Table A 7 Initial sample dimensions before and after proof pressure test @

20bar
Left-to-right Top-to-bottom
Location ID
i i . i i Ratio
3UHu 3RV Wy Ratio(post/pre) 3UHu 3RV Wy
(post/pre)
A 13.513 13.512 1.000 13.507 13.496 0.999
B 13.530 13.529 1.000 13.531 13.530 1.000
C 13.525 13.522 1.000 13.521 13.521 1.000
D 13.521 13.519 1.000 13.522 13.520 1.000
E 13.508 13.508 1.000 13.510 13.510 1.000
F 13.515 13.515 1.000 13.516 13.516 1.000
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Table A 7 Initial sample dimensions before and after proof pressure test @

20bar
Left-to-right Top-to-bottom
Location ID _
. Ratio
"3UHu "3RV Wyl Ratio(post/pre) "3UHU "3RVWu
(post/pre)
G 13.383 13.382 1.000 13.383 13.382 1.000
H 13.383 13.384 1.000 13.392 13.392 1.000

Measurement results show no sensible deformation at any point of the sample at 20bar.
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Appendix B zList of the electrical instruments used for the experiments in

Thermacore Europe for experiments traceability

Picco data logger

Picco data logger

DC power supply

Power meter

Water pump

157




REFERENCES

Abd El-Baky, M. A., & Mohamed, M. M. (2007). Heat pipe heat exchanger for
heat recovery in air conditioningpplied ThermaEngineering 27(4), 795801.

Ahmed, Y. M. Z., M. I. Riad, et al. (2007). "Correlation between factors controlling
preparation of porous copper via sintering technique using experimental design."
Powder Technolog$ 75 48-54.

Almeida, R. (2004). NOVEL,COMPOSITE WICKS (FOR TW@PHASED
LOOPS), European Space Research and Technology Centre.

Application of heat pipe technology in frozen soil safety. (20R@jrieved May 01,

2013, from |http://shengnudeatpipe.com/product/35ipplicationof-heatpipe

technologyin-frozensoil-safety--8b92

Arima, H., J. H. Kim, et al. (2010). "Local boiling heat transfer characteristics of
ammonia in a véical plate evaporator.lhternational Journal of Refrigerati88:
359-370.

Aronson, R. B. (1976). The heat pip®t new way to save energ¥achine
Design 48, 52-56.

Atzeni, E., & Salmj A. (2012). Economics of additive manufacturing for -end
usable metal partsThe International Journal of Advanced Manufacturing
Technology62(9-12), 11471155.

Bai, L., Lin, G., Wen, D., & Feng, J. (2009). Experimental investigation of startup
behaviorsof a dual compensation chamber loop heat pipe with insufficient fluid
inventory.Applied Thermal Engineerin@9(8), 14471456.

Barantsevich, V., & Shabalkin, V. (2003). Heat pipes for thermal control of ISS
solar battery driveApplied thermal engineerin@3(9), 11191123.

Barthau, G. (1977). "Experimental investigation of convective boiling of ammonia at
high pressure.Haet And Mass Transfer Source Bdekh: 106119.

Bayasan, R. M., Korotchenko, A. G., Volkov, N. G., Pustovoit, G. P., & Lohanov

A. D. (2008). Use of twgphase heat pipes with the enlarged fea@hange surface
for thermal stabilization of permafrost soils at the bases of structApgdied

Thermal Engineering?28(4), 274277.
158



Bear, J. (2013)Dynamics of fluids in porous mediaoverPublications. com.
%HUWROGR - 90DVVRY 9 &DQGLGR 3 % *HQL
performance comparison of axially grooved heat pipes charged with acetone and
DPPRQLD’ WK LQWHUQDO KHDW SLS4FRQIHUHQF
Built environment. 2013. irCollinsdictionary.com Retrieved July 9, 2013, from
http://www.collinsdictionary.com/dictionary/english/built
environment?showCookiePolicy=true

Carson, J. K., Lovatt, S. J., Tanner, D. J., & Cleland, A. C. (2005). Thermal
condutivity bounds for isotropic, porous materialaternational Journal of Heat

and Mass Transferd8(11), 21562158.

Chen, Y., Zhang, C., Shi, M., Wu, J., & Peterson, G. P. (2009). Study on flow and
KHDW WUDQVIHU FKDUDFWHULV Wshdpd Ritrofrbdves. S L
International Journal of Heat and Mass Transfg2(3), 636643.

CHEN, Y., ZHU, W., ZHANG, C., & SHI, M. (2010). Thermal characteristics of
heat pipe with axially swallowailed microgroovesChinese Journal of Chemical
Engineering 18(2), 185193.

Chi, S. W. (1976). Heat pipe theory and practice: a sourcebook.

Chiu, L. H., Wu, C. H., & Lee, P. Y. (2007). Comparison between erddaced

and wateratomized copper powders used in making sintered wicks of heat pipe.
China Particuology5(3), 220224.

Combs, S. K. (1978). "An Experimental Study of heat Transfer Enhancement forr
Ammonia Condensing on Vertical Fluted TubeBéchnical Report, ORNBE356,

Oak Ridge National Laboratary

Combs, S. K. (1979). "Experimental Data for Ammonia Condensation on Vertical
and Inclined Fluted TubesTechnical Report, ORNH488, Oak Ridge National

Laboratory

Cotter, T. P. (1965). "Theory of Heat Pipes"”, Los Alamos Scientific Laboratory
Report NoLA-3246MS.

Dobre, T., Parvulescu, O. C., Stoica, A., & lavorschi, G. (2010). Characterization

of cooling systems based on heat pipe principle to control operation temperature of
high-tech electronic componenté&pplied Thermal Engineering30(16), 2435

2441.

Domingo, N. and J. W. Michel (1981). "Ammonia Condensation Experiments at Oak
Ridge National Laboratory."Technical Report, CONB106221, Oak Ridge
National Laboratory

159



Domingo, N. (1982). "Condensation of Ammonia on the Outside of Smooth and
Fluted Tubes at Various Tube PositioriBgthnical Report, ORNH826, Oak Ridge

National Laboratory

Dullien, F. A. (1991).Porous media: fluid transport and pore structurkccess
Online via Elsevier.
(&66 (XURSHDQ FRRSHUDWLRQ IRU VSDFH VWDQG
two-SKDVH KHDW WUDQV S RESE31-020/ WNadtdwijk, T&eb 6
Netherlands, ESASTEC Requirements & Standards Division.
Eggers P. E., Serkiz A. W., BULDQ 5 - S'HYHORSPHQW
GHQVLW\ DPPRQLD KHDW SLSHV™ $60( ZLQWHU D
November 28December 2.
ESDU (1979). "Heat Pipe Properties of Common Small Pore WIERDU 79013
Faghri, A. (1995, July). Heat pipgcience and technology. Fuel and Energy
Abstractg(Vol. 36, No. 4, pp. 28285). Elsevier.
Hanlon, M. A., & Ma, H. B. (2003). Evaporation heat transfer in sintered porous
media. TRANSACTIONAMERICAN SOCIETY OF MECHANICAL ENGINEERS
JOURNAL OF HEATTRANSFER1254), 644652.
Harwell, W., Mcintosh, R. (1981). "The OAO heat pip&s1/2 years of flight data".
Conference proceeding8dvances in heat pipe technology; London; September 7
10, 1981. (A8242091 2134) Oxford, Pergamon Press, 1981, p.-608.
Hayley, D. W. (1982). Application of heat pipes to design of shallow foundations
on permafrost. InFourth Canadian Permafrost Conference: National Research
Council of Canada, Ottawgp. 535544).
Heuer, C. E. (1979)The application of heat pipes dhe TransAlaska Pipeline
(No. CRREL:SR-79-26). COLD REGIONS RESEARCH AND ENGINEERING
LAB HANOVER NH.
Hoa, C., Demolder, B., & Alexandre, A. (2003). Roadmap for developing heat
SLSHV IRU $/&%$7(/ 63%& Apyliely BhvrhbD énbikéetig23(9),
10991108.
Iverson, B. D., Davis, T. W., Garimella, S. V., North, M. T., & Kang, S. S. (2007).
Heat and mass transport in heat pipe wick structdmsnal of thermophysics and
heat transfer21(2), 392404.
Jiao, A. J., Ma, H. B., & Critser, J. K. (2007). Ipoaation heat transfer
characteristics of a grooved heat pipe with micepezoidal groovesnternational
journal of heat and mass transf&0(15), 29052911.

160



x

-RQHV - & 3$OXPLQLXP $PPRQLD KHDW SLSH
system impactit RU WKH VSDFH WHOHVFRSHfV ZLGH ILH
mechanics technology, Jet propulsion laboratory.

Kaya, T. (2009). Analysis of vapegas bubbles in a single artery heat pipe.
International Journal of Heat and Mass Transfe2(25), 57315739

. HUULJDQ . 2T1T'RQQHOO * ( -RXKDUD + B5RELQV
density and low water content heat pipe natural convection heat exchanger for
GRPHVWLF KHDWLQY irethationaF beat Loe conference, Lyon,
France, May 24.

Kreeb, H., Groll, M., & Zimmerman, P. (1973). Lifetest investigations with-low
temperature heat pipeBroceeding of 1stiIHPC, Sttutgart, Germany, October1973,
Paper, (4), 1.

Larkin B.S., Dubuc6 S6HOPLGH QDYLIJDWLRQ EXR\V X
Division of mechanical eng. national research council Ottawa, Canada.

Leong, K. C., Liu, C. Y., & Lu, G. Q. (1997). Characterization of sintered copper
wicks used in heat pipe3ournal of Poous Materials4(4), 303308.

Li, C., G. P. Peterson, et al. (2006). "Evaporation/Boiling in Thin Capillary Wicks
(1) 2 Wick Thickness EffectsJournal of Heat Transfa28 1312.

Li, Y., Xiao, H., Lian, B., Tang, Y., & £ng Z. X. (2008). Forming method of axial
micro grooves inside copper heat pipeansactions of Nonferrous Metals Society

of Ching 18(5), 12291233.

Lips, S., Lefevre, F., & Bonjour, J. (2009). Nucleate boiling in a flat grooved heat
pipe.International Jairnal of Thermal Science48(7), 12731278.

Liu, D., G. Tang, et al. (2006). "Modeling and experimental investigation of looped
separate heat pipe as waste heat recovery fachipplied Thermal Engineeringe6:
24332441.

Liu, Z., Chong, P. H., SkeldorP., Hilton, P. A., Spencer, J. T., & Quayle, B.
(2006). Fundamental understanding of the corrosion performance oiietied
metallic alloys.Surface and Coatings Technolo@p((18), 55145525.

Loh, C. K., Harris, E., & Chou, D. J. (2005, March). Cargiive study of heat

pipes performances in different orientations. Bemiconductor Thermal

Measurement and Management Symposium, 2005 IEEE Twenty First Annual IEEE

(pp. 192195). IEEE.

Louvis ( )R[ 3 6XWFOLIIH & - 3S6HOHFWLYH

FRPSRQHQWYV" -RXUQDO RI ODWHULD®84. 3URFHVVLC
161



Maydanik, Y. F. (2005). Loop heat pipe&pplied Thermal Engineering25(5),
635657.

McGlen, R. (2011). Nexgeneration Heat pipes for Thermal Management in Space,
Thermacore Europe.

Mclintosh, R., Ollendorf, S. T. A. N. F. O. R. D., & Harwell, W. (1975). The
International Heat Pipe ExperimeAilAA Paper (75726).

Mercelis, P., & Kruth, J. P. (2006). Residuaksses in selective laser sintering and
selective laser meltindgrapid Prototyping Journall2(5), 254265.

Munzel, W. D., & Savage, C. J. (1976). Lifetests of artery heat pipes for low
temperature rangéleat Pipesl, 383392.

Murr, L. E., Gaytan, S. MMedina, F., Lopez, H., Martinez, E., Machado, B. I, ...
& Bracke, J. (2010). Nexgeneration biomedical implants using additive
manufacturing of complex, cellular and functional mesh arr&yslosophical
Transactions of the Royal Society A: Mathematidhysical and Engineering
Sciences368(1917), 19992032.

Noie-Baghban, S. H., & Majideian, G. R. (2000). Waste heat recovery using heat
pipe heat exchanger (HPHE) for surgery rooms in hospitgiplied Thermal
Engineering20(14), 12711282.

Okihara T.,Kanamori M., Kamimura A., Hamada N., Matsuda S., Buturlia J.,

OLVNROF]\ * 3'HVLJQ 7HVWLQJ DQG VKLSE
deLFLQJ V\VWHP  $,$$ 3DS $,$%$ “"KHUPRSK\V &RQI
Ollendorf 6 OF,QWRVK 5 +DUZHOO : 33HUIRU

=HUR *U D'Vtéwhetional Heat Pipe Conference

Panchal, C. B., E. H. Buyco, et al. (1980). "A spirally fluted tube heat enhancement
as a condenser and evaporator on a verticadfisteface."Numer Heat Transfes:
357-371.

Peterson, G. P. (1994). An introduction to heat pipes. Modeling, testing, and
applications. Wiley Series in Thermal Management of Microelectronic and
Electronic Systems, New York, Chichester: Wiley,| c1R94
Prado P., Mishkinis D., Kulakov A., Radkov A., Torres A., Tjibtahardja T., Merino
$ SBHUIRUPDQFH RI DQ DPPRQLD ORRS KHD)
XS WR }“Rafernational heat pipe conference, Lyon, France, Mag420
Pruzan, D. A.Klingensmith, L. K., Torrance, K. E., & Avedisian, C. T. (1991).
Design of highperformance sinteredick heat pipesinternational journal of heat
and mass transfeB4(6), 14171427.

162



Ranjan, R., Murthy, J. Y., & Garimella, S. (2009). Analysis of the ingland
thin-film evaporation characteristics of microstructures.

Reay, D., & Kew, P. A. (2006)Heat pipes: Theory, design and applications
Butterworth Heinemann.

Riehl, R. R., & Dutra, T. (2005). Development of an experimental loop heat pipe
for applicdion in future space mission8pplied Thermal Engineerin@5(1), 10t

112.

Riffat, S. B., & Gan, G. (1998). Determination of effectiveness of-piget heat
recovery for naturallwentilated buildingsApplied Thermal Engineerindl8(3),
121-130.

5RVHQIHOG - + 6DQ]JL - / 3$QDO\WVLYV UHVX(
OLIH WHnewational heat pipe conference(16PC), Lyon, France, May 20

24,

Sabin, C. M., H. F. Poppendiek, et §1977). "Heat Transfer Enhancement foe t
OTEC Evaporator Technical ReporGLR.197 Geoscience, CA

Savage, C. J. (1976). Development of artery heat pipes in Europe under ESA
sponsorshipHeat Pipesl, 373381.

Semenic, T., Lin, Y. Y., Catton, |., & Sarraf, D. B. (2008). Use of bipoxigks

to remove high heat fluxeApplied Thermal Engineerin@8(4), 278283.

Semenic, T. and |. Catton (2009). "Experimental study of biporous wicks for high
heat flux applications.International Journal of Heat and Mass Tran§fr5113

5121.

Shag L., & Riffat, S. B. (1997). Flow loss caused by heat pipes in natural

ventilation stacksApplied thermal engineerind7(4), 393399.

Shigehid Takagi and S. Yamauchi (1990). Porous Ceramic Material and Process for
Preparing some. United States.

Somchai,J., D. John, et al. (2007). Heat Pipe Applicatiéncyclopedia of Energy
Engineering and Technology Volume Set (Print VersionCRC Press807-813.

Soylemez, M. S. (2003). On the thermoeconomigaimization of heat pipe heat
exchanger HPHE for waste heat recovdipergy conversion and management
44(15), 25092517.

Spindler, K. (2010). "Overview and discussion on pool boiling heat transfer data and

correlations of ammonialhternational Journaf Refrigeration33; 12921306.

163



Sviridenko, 1. (2008). "Heat exchangers based on low temperature heat pipes for
autonomous emergency WWER cooldown systepglied Thermal Engineering
28: 327-334.

Thermacore. frm!inttp://www.thermacore.com/products/extretemperature.aspx

Thermacore. "Axially Grooved Heat Pipes." from

http://www.thermacore.com/products/axiatiyoovedammoniaheatpipe.asp

~

Thermacore. "Heat Pipe Technology." frdnle://WWW.thermacore.com/thermlal

basics/heapipe-technoloqy.aspgx

Thome, J., L. Cheng, et al. (2008). "Flow boiling of ammonia and hydrocarbons: A

stateof-the-art review."International Journal of Refrigerati®i: 603620.

Tuck, C., & Hague, R. (2006). The pivotal role of rapid manufacturing in the
production of coseffective customised productBiternational Journal of Mass
Customisation1(2), 366373.
9DVLOLHY / *UDNRYLFK / 3 3\OLOR / ( 3
IUHH]LQJ JURXQGV’ ™ T7heht a&hd asy Xansf& Yinstitute, Minsk,
USSR.
Vasiliev, L. L. (1998). REVIEW PAPER Statd-the-art on heat pipe technology
in the former Soviet UniorApplied thermal engineerind8(7), 50%551.
Vasiliev, L. L. (2005). Heat pipes in modern heat exckeang\pplied thermal
engineering25(1), 1-19.
Vasiliev, L., & Vasiliev Jr, L. (2005). Sorption heat pfa new thermal control
device for space and ground applicatibmternational journal of heat and mass
transfer, 48(12), 24642472.
VasilievL, * UDNRYLVK / 3 5DEHWVN\ 0 9DVLOLHY
SLSH HYDSRUDWRUYV ZLWK SRURXV FRDWLQJ’ W
Lyon, France, May 2@24.
Violante, M. G., luliano, L., & Minetola, P. (2007). Design and production of
fixtures for freeform components using selective laser sinterfRapid Prototyping
Journal 13(1), 30:37.
Vlassov, V. V., de Sousa, F. L., & Takahashi, W. K. (2006). Comprehensive
optimization of a heat pipe radiator assembly filled with ammonia or aeeton
International journal of heat and mass trans#4®(23), 45844595.
Wan, J. W., Zhang, J. L., & Zhang, W. M. (2007). The effect of-pgr air
handling coil on energy consumption in centralanditioning systemEnergy
and buildings 39(9), 10351040.

164



Wang, Y. X., & Peterson, G. P. (2003). Analytical model for capillary evaporation
limitation in thin porous layerslournal of thermophysics and heat transfef(2),
145149.

Weibel, J. A., Garimella, S. V., & North, M. T. (2010). Characteraratof
evaporation and boiling from sintered powder wicks fed by capillary action.
International Journal of Heat and Mass Transfg8(19), 42044215.

Weinbrandt, R. M., & Fatt, I. M. (1969, June). Scanning electron microscope study
of the pore structuref@andstone. ImThe 11th US Symposium on Rock Mechanics
(USRMS)

Wong, S:C., J-H. Liou, et al. (2010). "Evaporation resistance measurement with
visualization for sintered coppeowder evaporator in operating fialate heat

pipes."International Journailf Heat and Mass Transf&8: 37923798.

Yadroitsev, |., Bertrand, P., & Smurov, |. (2007). Parametric analysis of the
selective laser melting proceggplied surface scienc25319), 806480609.

Yau, Y. H., & Ahmadzadehtalatapeh, M. (2010). A reviewtl@ application of
horizontal heat pipe heat exchangers in air conditioning systems in the tropics.
Applied Thermal Engineerin@0(2), 7784.

Zhang, H., & ZhuangJ. (2003). Research, development and industrial application
of heat pipe technology in Chin&pplied thermal engineerin@3(9), 10671083.

Zhang, E., & Wang, B. (2005). On the compressive behaviour of sintered porous
coppers with low to medium porost? Part |: Experimental studynternational
journal of mechanical science$7(4), 744756.

Zhang, C., Chen, Y., Shi, M., & Peterson, G. P. (2009). Optimization of heat pipe
ZLWK D ][isbBaPed micro grooves based on a niched Pareto genetic algorithm
(NPGA). Applied Thermal Engineerin@9(16), 33403345.

Zhang, L., & Lee, W. L. (2011). Evaluating the use heat pipe for dedicated
ventilation of office buildings in Hong Kongnergy Conversion and Management
52(4), 19831989.

165



BIBLIOGRAPHY

{da Silva Lima}, R. J., J. {Moreno Quibén}, et al. (2009). "Ammonia {pltase

flow in a horizontal smooth tube: Flow pattern observations, diabatic and adiabatic
frictional pressure drops and assessment of prediction methods.” International
Journal of Heat ahMass Transfer 52: 2272288.

Anderson, W. G., P. M. Dussinger, et al. (2008). "High Temperature Titanium
Water and MoneWater Heat Pipes." Aerospacel2.

Azad, E. (2008). "Theoretical and experimental investigation of heat pipe solar
collector."Experimental Thermal and Fluid Science 32: 16662.

Bourdoukan, P., E. Wurtz, et al. (2008). "Potential of solar heat pipe vacuum
collectors in the desiccant cooling process: Modelling and experimental results."
Solar Energy 82: 1209219.

Fang, G., X. Lu, et al. (2009). "Experimental investigation on performance of ice
storage ahconditioning system with separate heat pipe." Experimental Thermal
and Fluid Science 33: 1140155.

James, C. and S. J. James (1999). "The heat pipe and its potential fariregkize
IUHH]LQJ DQG WKDZLQJ RI PHDW LQ WKH FDWHU
alimentaire , pour la Le caloduc et ses possibilite * lation et la de “~ conge “ lation de
la viande conge." International Journal of Refrigeration 22:4P24

Kerrigan, K., H. Jouhara, et al. (2010). "Heat pipased radiator for low grade
geothermal energy conversion in domestic space heating.” Simulation Modelling
Practice and Theory=-10.

Ling, Z. (2004). "A study on the new separate heat pipe refrigerator and heat
pump.” Applied Thermal Engineering 24: 273745.

Max, A. (2006). Ammonia. Ullmann's Encyclopedia of Industrial Chemistry,
Weinheim: WileyVCH: 143.

Malek, A. and R. Colin (1983). "Ebulition de 'ammoniac en tube long. Transfer de
chaleur et pertes de chaggen tubes vertical et horizontal " Centre Technique des
Industries Mecaniques, Senlis, France CETI#4011: 165

166



Marcus, B. D. and G. L. Fleischman (1977). H#ate Heat pipe. U. S. Patent.
United States, The United States of America as representibe Bydministartor of

the National Aeronautics and Space Administration, Washington, D.C. 4046190.
Ohadi, M. M., S. S. Li, et al. (1996). "Critical review of available correlations for
two-phase flow heat transfer of ammonia Synthese critique des corr&latio
disponibles pour le transfert de chaleur lors de | ' 6coulement biphasique de | '
ammoniac." Science 19: 2-284.

Oliveti, G. and N. Arcuri (1997). "Solar Radiation Utilizability Method in Heat
Pipe Panels." Solar Energy 57.

Riffat, S., S. Omer, et al2001). "A novel thermoelectric refrigeration system
employing heat pipes and a phase change material: an experimental investigation.'
Renewable Energy 23: 31323.

Riffat, S. and X. Zhao (2004). "A novel hybrid hgape solar collector/CHP
systen? Part I theoretical and experimental investigations.”" Renewable Energy
29: 19651990.

Shabgard, H., T. L. Bergman, et al. (2010). "High temperature latent heat thermal
energy storage using heat pipes.” International Journal of Heat and Mass Transfel
53: 29792988.

Tundee, S., P. Terdtoon, et al. (2010). "Heat extraction from safjratjient solar
ponds using heat pipe heat exchangers." Solar Energy 8417166

Yau, Y. (2008). "The use of a double heat pipe heat exchanger system for reducing
energy consumptioof treating ventilation air in an operating thedte full year
energy consumption model simulation." Energy and Buildings 469257

Zhao, X., Z. Wang, et al. (2010). "Theoretical investigation of the performance of a
novel loop heat pipe solar wateeating system for use in Beijing, China." Applied
Thermal Engineering 30: 252636.

Ziapour, B. M. and A. Abbasy (2010). "First and second laws analysis of the heat
pipe/ejector refrigeration cycle.” Energy 35: 338314.

167



