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Abstract 

Heat pipes have been a large part of the thermal management market for the past 

four decades and have contributed to the development and optimisation of countless 

components in the design of satellites, spaceships, formula racing cars, power plants and 

electronics cooling. These thermal management systems span a wide range of 

temperatures, which in turn, requires the heat pipe fluid to be specially selected to meet the 

application requirements. Recently, there has been an increasing demand for heat pipes 

which can operate in the 300°C to 600°C temperature range – a range which is still severely 

underdeveloped in the heat pipe marketplace due to the lack of conventional fluids which 

can adequately operate at these temperatures. This range is dubbed the ‘medium’ or 

‘intermediate’ temperature range.  

 

Though there has been some development in this temperature range with the aim 

of testing particular fluids and metals which may be suitable, there appears to currently be 

a severe lack of continuity in the work with little progression towards a definitive solution 

and little effort to catalogue successful and unsuccessful tests. The author has identified 

from literature review of the topic that the lack of a framework to follow which would aid 

the researcher to advance more rapidly in identification, modelling and experimentation of 

potential fluids may be a contributing factor. Previous works on the topic tends to follow a 

‘patchwork’ process, often with overlaps in testing and with a focus only on long term 

compatibility tests without a well-rounded scientific process beforehand which often lead 
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to incompatible results. This in some ways has ‘stalled’ the assessment of new potential 

fluids due to the long-winded nature of the approach. 

 

The following work intends to progress the research capabilities in this temperature 

range and set the foundations for rapid directed research effort in this area by developing 

the necessary equipment, techniques, databases and modelling tools. While the means to 

develop novel fluids themselves is beyond the scope of this work, the intention of this work 

is to advance the capabilities of the participating organisations to reach a point in which 

they are able to focus solely on novel fluids following the framework laid out in this thesis. 

The work also provides a comprehensive analysis of all currently available fluids and, 

through the developed ‘fluid selection process’, has identified a range of fluids which have 

the best potential for further development. The most cost-effective solutions were found to 

be Bismuth Trichloride and Antimony Trichloride, while other fluids such as Ruthenium 

Pentafluoride, Rhenium Heptoxide and Rhenium Heptafluoride have excellent thermal 

transport capability in the intermediate temperature range but are substantially more 

expensive. The fluid selection process has also proven to work universally in any 

temperature range through application in commercial projects. This has led to the 

identification of alternative fluids in what was previously thought as well-established 

temperature ranges which could provide better cost-benefit while maintaining high thermal 

conduction capabilities.  

 

The focal fluid selected to prove the processes was Antimony Trichloride due to 

the low cost and greater ease of handling. Theoretical analysis concluded that refractory 
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metals such as Tungsten, Molybdenum, Zirconium and Tantalum are most likely to be 

compatible with halides in general. Preliminary contact angle results showed a 

Molybdenum has a superior wetting ability than the conventionally used Stainless Steel 

and the Molybdenum/Zirconium alloy TZM when testing with Antimony Trichloride. The 

wetting ability of Antimony Trichloride is also superior to that of water on the same 

surfaces. Compatibility tests were in agreement with predictions that refractory metals have 

the highest resistance to reaction with Halides. Molybdenum was shown to have the 

greatest resistance to reaction form analysing surface changes through SEM and EDX 

techniques. Molybdenum is selected to be focus of the future work due to its superior 

corrosion resistance, reasonable cost and wide application in targeted industries such as 

nuclear and aerospace. 

 

Water heat pipe tests were conducted to prove the testing ability of medium 

temperature heat pipe test rig. The study focused on the upper limitation of mesh wick heat 

pipes in the horizontal position. Experimental results show good agreement with numerical 

predictions of power handling capacity surrounding the boiling limit of the heat pipe, but 

they underestimated the temperature drop experienced across the heat pipe possibly due to 

there being a higher thermal resistance across multiple mesh layer than expected. The 

attempted fabrication of Molybdenum/Antimony Trichloride heat pipes was unsuccessful 

using conventional joining methods, future work will aim to create heat pipe structures 

using Electron Beam or Laser welding.  
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This work has developed numerous novel concepts and analyses including: (1) 

Comprehensive fluid property, metal property and fluid/metal compatibility databases (2) 

Development of a heat pipe modelling tool incorporating these databases (3) Construction 

of a test rig able to test heat pipes in the medium temperature range (4) Development of 

short term compatibility and wettability tests for air sensitive fluids (5) Analysis of the 

performance of water heat pipes around their boiling limit, within the ‘intermediate’ 

temperature range. 
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1 Chapter I 

Introduction 
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1.1 Outline and Background of research 

 

 

Thermal management forms a fundamental part of most engineering products and 

industries. In modern day, heat regulation is a vital component to any high-power 

technology industry, including industries such as consumer/high power electronics, motor 

vehicle, aerospace, defence, power generation and medical devices. To advance, enhance, 

optimize and innovate new component designs in all these fields, the ability to conduct 

heat at high rates is vital. In this respect, the heat pipe has had a high interest in many 

applications requiring heat regulation due to its superior heat transfer qualities with ability 

to transfer heat at conductivity rates far beyond any conventional solid material. The heat 

pipe can be so effective, in fact, that it can even completely replace actively pumped 

cooling systems diminishing the system complexity and potential for failure while 

maintaining an equivalent rate of cooling.   

 

Since the conception of the heat pipe in the 60s, their use has been abundant, 

particularly in space and electronics applications. From this, heat pipes were developed for 

use in every temperature range spanning cryogenic to exceptionally high temperature 

applications. Over this time, however, the development of heat pipes in a particular 

temperature range has proven exceptionally challenging due to the lack of conventional 

fluids which are able to operate in it. This is the ‘medium temperature range’, loosely 

spanning 300°C to 600°C. This range is dictated though the maximum working 

temperature of water heat pipes to the minimum working temperature of liquid metals such 
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as Lithium and Potassium. Within this range, there is a limited choice of fluids which can 

be used to cover this gap, and the fluids which are theoretically able, such as Mercury for 

example, is met with extreme production difficulties relating to wick wetting, compatibility 

with wall metals and worker safety in the filling process.  

 

While some fluids are able to cover the upper or lower limits of the gap, their heat 

transfer capacity tends to be magnitudes lower than that of water or any liquid metal, 

reducing the effectiveness of the heat pipe and many present compatibility challenges with 

conventional metals. This study is aimed at analysing fluids which may be capable of 

operating over either a larger portion or all of the medium temperature range compared to 

currently studied fluids and develop the necessary equipment to be able to study these 

fluids in the medium temperature range. The outcome of this work intends to be a 

foundation by which novel fluids can be developed and tested for use in the medium 

temperature range using the framework and techniques proposed in this thesis.  
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1.2 Aims and Outcomes 

 

This thesis has the aim of advancing research in the medium temperature range by 

creating analytical and experimental tools to identify and validate the most likely currently 

available fluids and metals to take forward into prototyping. In addition to this, the end 

results of this thesis are to provide a structure by which to rapidly identify and assess the 

viability of new experimental fluids which may be unveiled in future work.      

 

The main objectives of the project are defined as follows: 

1. Develop a new, more accessible and more extensive databases of fluid properties, 

metal properties and fluid/metal compatibilities. 

During the initial phase of the project, it was noticed that there are no comprehensive 

databases available (at least publicly) which provide a meaningful overview of 

compatibility tests which have already been published and extensive and accessible 

fluid and metal properties which can be used for heat pipe modelling. This became the 

first project objective. 

2. Develop a new heat pipe modelling code which can easily incorporate the 

databases. 

To be able to predict the performance of a heat pipe containing any of the fluids and 

metals in the previously created databases, a heat pipe modelling program was created 

in MATLAB. This is the source of all predictive modelling graphs in this work. 
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3. Develop a framework by which fluids can be rapidly identified and selected for 

testing. 

Heat pipe fluid selection for a specific application is very subjective. Each application 

(in any temperature range) may have different weightings and prioritisations which 

could see a benefit in identifying a selection of fluids and weighing their merits. This 

work proposes such a framework and outlines a process by which large databases of 

fluids can be scanned to find a handful of potential fluids for a specific application. 

This was developed initially to scan the large databases and identify the most suitable 

available fluid for the medium temperature range, but it’s benefits to industry were 

quickly realised and the process was adapted to cater for a wide range of temperatures 

and applications.  

4. Perform extensive metal search and compatibility modelling to select likely 

compatible metals. 

The next phase in creating a heat pipe after selecting a fluid is to select an adequate 

metal. In this work a few key metals were initially identified using the Citrix database 

of metals and alloys using key filters. From these metals, a compatibility model based 

on electromotive force potential is used to predict the compatibility of the shortlisted 

metals and fluids.   

5. Develop methods and test rigs to perform compatibility tests and wettability tests 

on the selected fluids and metals. 

Once a key fluid and metals were shortlisted, custom rigs were developed in order to 

assess short term compatibility and compare the wettability of the fluid on various 
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metal surfaces. The development of these rigs was unique due to the high reactivity 

nature of the selected fluid.  

6. Develop a test rig which can support heat pipe testing in the medium temperature 

range. 

In all partnering institutions, there was no test rig identified which could test heat pipe 

prototypes within the medium temperature range (300°C to 600°C). Hence a major part 

of this project was to conceive, design and construct a test rig which would be capable 

of this.  

7. Validate the test rig at the lower end of the medium temperature range using water 

heat pipes. 

To validate the constructed test rig, water heat pipes were used in the 300°C 

temperature range. The results from these experiments analysed the performance of 

water heat pipes around its boiling limit, something which there are limited studies 

covering.    
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1.3 Thesis structure 

 

The thesis is arranged into nine chapters. Chapters 4 to 7 detail the original 

contributions to the field and contain published works. A brief description of each chapter 

follows: 

 

Chapter 1 – Introduces the need for this research and the relevance to industry 

 

Chapter 2 – A literature review of various aspects of heat pipe modelling and the 

previous work that has been done on medium temperature heat pipe development 

 

Chapter 3 – Outlines all the experimental and numerical procedures and processes 

which were used throughout the thesis.  

 

Chapter 4 – Details the creation of fluid, metal and compatibility databases. 

Outlines the processes developed to interact with the database and create the ‘fluid 

assessment framework’. Undertakes an extensive review of 350 inorganic fluids to select 

the optimal fluid to take forward for further testing. Models each shortlisted fluid to predict 

their heat transport capability in the horizontal orientation.  

 

Chapter 5 – Outlines the major work undertaken in developing a custom medium 

temperature heat pipe test rig which is capable of testing heat pipe in the medium 

temperature range. 
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Chapter 6 – Details the compatibility and wettability tests undertaken on custom 

test rigs and presents the attained results. 

 

Chapter 7 – Outlines testing with water heat pipes using the medium temperature 

test rig to analyse the performance of water heat pipes over its Boiling limit up to 320°C.  

 

Chapter 8 – Details the suggested manufacturing strategies for developing a 

medium temperature heat pipe prototype using the identified fluids and metals. It also 

outlines attempts which were made at Thermacore to manufacture a first pass prototype 

and the difficulties that were met as well as how to overcome these in future.   

 

Chapter 9 – A summary of the main conclusions and suggestions for future work. 
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2 Chapter II 

Literature review 

  



 

10 

 

2.1 Introduction 

 

Heat pipes can be described as structures of very high thermal conductance. Often 

referred to as super thermal conductors, they are used as means to distribute and/or 

dissipate heat within a physical system. They provide an excellent alternative to active 

cooling systems through their ability to conduct large heat fluxes from source to sink using 

only solid heat pipe structures. The distinct advantage of these is their light weight, 

reliability, minimal maintenance requirements and an extensive working life.  

 

Currently heat pipes are used in a wide range of commercial applications such as 

aviation part cooling, communication systems heat management, CPU cooling, high power 

electronics cooling, power station heat exchange, satellite and spaceship thermal 

management, formula racing cooling systems, etc. The temperatures in which the heat 

pipes operate are generally categorized into three ranges; low (0 to 450 K), intermediate 

(450 to 725 K) and high (725 to 2500 K) [1]. The primary focus of this investigation is 

geared towards heat pipes in the intermediate range. There is currently very little option of 

effective working fluids for heat pipes in the 573 to 873 K temperature range (falling within 

the intermediate category). Various fluids which could theoretically work within the 

temperature range have been identified in prior research and some life tests have been 

performed. A review of current work which has been done in the intermediate temperature 

range and identification of areas which could be further explored in terms of working fluid 

analysis and testing will be highlighted.   
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The focus of the research will be evaluating the thermo-fluid properties, limitations 

and compatibilities of alternative fluids which can theoretically operate within the required 

temperature range. The initial stages are to determine which fluids are of interest to be 

further explored. This is determined through analysis of previous research done in the area 

together with a thermal transport assessment of each fluid. Later stages then analyse and 

compare application specific properties, such as the wettability, compatibility, thermal 

decomposition and reactivity of each shortlisted fluid.   

 

The interest in pursuing the optimisation of heat pipes within the medium 

temperature range stems from the increased need for thermal management for applications 

operating at these temperatures. These include applications such as geothermal power 

harvesting, waste heat recovery, electronics cooling, fuel cell thermal management and 

nuclear power radiators. Hence, the development of effective heat pipes within the medium 

temperature range is of great interest to companies currently working in the thermal 

management field.  
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2.2 Concept and history of heat pipe 

 

The first instance of the idea behind the modern Heat Pipe occurring was in 1942 

when Gaugler, while assigned to General Motors Corporation, first filed for a patent 

outlining a ‘heat transfer device’ consisting of an evacuated tube and wick structure with 

working fluid inside proposed to be either ammonia, water or methyl/ethyl alcohols [2]. 

The invention, however, did not fully come into fruition until 1963 when Grover [3] 

independently developed what he refers to as a ‘structure of very high thermal 

conductance’ composed of a Niobium1% Zirconium evacuated tube with Lithium as the 

working fluid. Thus, the popularised modern heat pipe was born. The principal mechanisms 

and concepts behind this particular heat pipe are further detailed in the report by Cotter [4] 

in 1965.  

 

Throughout the 1960’s, various similar conceptions, using the same principals of 

passive heat transfer and heat pipe theory, began to emerge particularly within the 

Aerospace industry. This solidified its place as an industry standard means for highly 

effective heat transfer and management. As such, heat pipes started to become an area of 

interest for researchers and industry. This gave a rise to a rapid advancement in its 

capabilities by investigation and development into pipe hydrodynamics, fluid/metal 

compatibilities, capillary structures, manufacturing methods, shape design, etc. Since the 

operational requirements of a heat pipe tends to be application specific (for example 

different operating temperature ranges, different orientations relative to gravity/no gravity, 

minimum power conduction requirements, geometrical constraints, etc.) research and 
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development into design optimisation for numerous applications began to emerge. 

Nowadays, heat pipes have spread into a wide range of applications and numerous 

variations of this technology have spawned as a result. Some common types of heat pipe 

are highlighted in Figure 2-1. 

 

 

Figure 2-1 Variations of types of heat pipe developed over the years 

  

In 1989 the 6th International Heat Pipe Convention took place, whereby three papers 

were published highlighting the developments of heat pipe technologies in the America’s, 

Eastern Europe and Western Europe [5]–[7]. In these it was possible to analyse the research 

focus and direction each part of the world was heading in relating to heat pipe usage and 

development. Since then the technological landscape has vastly changed, but the general 

purpose of heat pipes in each industrial sector has maintained relatively stable. Adaptations 

to cater for new designs and technologies as well as more thorough and accurate modelling 

due to increased computational power have been the main advancements in the field since 

this period.  
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 Classification of heat pipes 

 

Generally, heat pipes can be classified into three main categories: low, medium and 

high temperatures. The low temperature category these include heat pipes spanning from 

cryogenic applications to most common applications using heat pipes at room temperature 

upwards to around 300°C. The medium temperature range as define by Anderson (2007) 

is a small window between where low temperature heat pipes reach their maximum 

capacity and high temperature heat pipes begin their minimum capacity temperature. This 

spans from around 300°C to 500°C. High temperature heat pipes are those which operate 

at temperatures above 500°C and generally consist of liquid metal working fluids. Figure 

2-2 shows some of the principal working fluids currently in use and their useful 

temperature ranges. While heat pipes operating in the low and high temperature ranges are 

well established and are currently being produced for a huge range of applications spanning 

from satellite thermal management to nuclear waste heat recovery. 

 

 

Figure 2-2 Principal working fluids for heat pipes spanning all working temperature ranges 



 

15 

 

High temperature heat pipes using liquid metal working fluids have long been 

established in applications such as nuclear heat exchangers, thermionic generators, 

industrial ovens, etc. These applications usually involve heat transfer at temperatures above 

700 K. Metals such as Sodium, Potassium, Silver, Lithium and Caesium have all been well 

established in this temperature range. Their high surface tension and latent heat make them 

ideal heat pipe working fluids, capable of transmitting large heat fluxes and reaching 

effective thermal conductivities of up to 108 W/mK [8]. The main potential difficulty for 

such heat pipes les in the start-up dynamics where the metal often must transition from 

solid to liquid first, requiring some level of pre-heating. 

 

The medium temperature range spans from the highest effective temperature of 

water heat pipes and the lowest effective temperature of metal heat pipes, this is roughly 

550 to 700 K. Thus far there are no thoroughly tested fluids which can definitively operate 

within this temperature range. Numerous studies have been conducted on potential fluids 

which could theoretically work within this range including fluid categories such as Halides, 

Elemental fluids and Organic fluids, but none have conclusively determined a viable fluid 

to take forward as standard. 
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2.3 Heat pipe theory and modelling 

 

Although many different types of heat pipe exist with varying shapes, structures, 

functionality and design, the general principal behind the heat pipe remains the same 

throughout. All heat pipes are composed of an outer metal structure (the heat pipe wall) 

with a two-phase working fluid within. When a temperature difference is applied across 

the structure, the fluid circulates by evaporation and condensation at each end of the pipe. 

The vapour phase flows through the void within the pipe (also referred to as a vapour 

chamber) from the evaporator region to the condenser region and the condensed liquid 

phase is pumped back through various means depending on the type of heat pipe at hand.  

 

 

Figure 2-3  The internal liquid/vapour interface of a heat pipe. Source: [9] 
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Figure 2-4 Heat transport operating limits for standard capillary driven heat pipes. Source: [10] 

 

The principal method of liquid phase delivery is though capillary action in the wick 

structure of the heat pipe. Other methods used to pump the liquid phase back include; 

osmosis, electro-hydrodynamics, electro-osmosis and magneto-hydrodynamics [9]. The 

focus of this study is on conventional heat pipes as first described by Grover [3]. 

 

The heat pipe is divided into three sections: the evaporator section, the adiabatic 

(transport) section and the condenser section. External heat applied to the evaporator region 

is conducted through the wall and wick structure causing the liquid within the wick to 

vaporise. The vapour then travels through the adiabatic region to the condenser driven by 

the pressure differential caused by the vapour influx. The vapour then transfers its energy 

in the form of latent heat to the heat sink causing condensation. 
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The condensed liquid seeps into the porous wick structure and is driven back to the 

evaporator region through capillary action. Throughout the spread of liquid in the wick, the 

meniscus of the liquid at the liquid-vapour interface tends to recede into the pores as it 

travels from the condenser back to the evaporator as demonstrated in Figure 2-3. This 

difference in curvature is caused by the capillary pressure change across the heat pipe.  

 

The heat transport capacity of the heat pipe is determined through the fluid 

properties. The functionality of the fluid is determined by a set of limitations as described 

in Figure 2-3. These set the boundary for the maximum heat flux which can be applied to 

the heat pipe at a given temperature before it loses its heat transportation capabilities. These 

form the principal operational assessment of the working fluid to predict its heat transport 

capacity before conducting compatibility and life tests on the heat pipe. Each of these 

limitations can be quantified as demonstrated by Reay and Kew (2006) [1] and Faghri 

(1995) [11]. These will be further explored in this chapter. 

 

Overall, there are many factors contributing to the functionality of the heat pipe. 

Many of these different aspects are phenomena which have been analysed and studied 

extensively on their own, such as flow in porous media, multiphase flow, thermo-fluid heat 

transport, pool boiling on porous surfaces, evaporation/condensation modelling and solid-

state heat conduction. In order to make a prediction of the performance of new working 

fluids based on their property data, a combination of these theories should be used. In the 

following sections, the basic concepts and theories for each aspect of the heat pipe is 
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outlined in order to gain a complete understanding of the system. The subject areas to be 

explored are divided up as seen in Figure 2-5. 

 

 

Figure 2-5 Heat pipe theory topic structure overview 

 Fluid Flow 

 

The fluid flow within a heat pipe has two components: the vapour flow and the 

liquid flow. The vapour phase is modelled as a gas flow in a pipe or channel. The walls 

tend to have a high roughness due to the coarse nature of the wick structure. This can 

contribute to higher vapour pressure drops across the pipe. The liquid phase it reliant on its 

surface tension and ability to wet the wick structure in order to successfully flow. The study 

of fluid flow through porous media is utilised to characterise the capillary action and 

pressure losses in the liquid flow. The liquid/vapour interface is also a subject of great 
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interest. The interaction at this boundary is a key element to determining the nature of the 

flow and pressure drops within each of the phases. 

 

It is clear that modelling of such devices includes studies such as two-phase flow 

in a pipe, flow through porous media and liquid/vapour interface modelling. The following 

section will highlight the main flow theory describing both the vapour and liquid flows 

showing how to characterise and quantify key operational parameters and describe the 

typical flow behaviours.  

 Pressure Distribution 

 

The internal pressure changes during the heat pipe start-up and operation are of 

vital importance to its functionality. Faghri (1995) [11] states that the vapour pressure 

change across the heat pipe can be associated to friction, inertia/blowing from evaporation 

and suction from condensation. The liquid pressure along the pipe changes mainly as a 

result of friction. The axial variation of both the liquid and vapour pressures are outlined 

in Figure 2-6. These figures represent the variation in vapour and liquid pressure 

throughout the heat pipe under 3 main operating modes: low, moderate and high evaporator 

heat flux which in turn equate to low, moderate and high vapour flow rates respectively. 

As can be seen, at low vapour flow rates the vapour pressure tends to plateau along the 

condenser region, whereas at higher flow rates there is some pressure recovery present 

along the condenser region due to the reduction in mass flow rate from condensation and 

hence, the inertial term of the flow would be negative. The liquid pressure drop is 

proportional to the permeability and area of the wick following Darcy’s law. The total 
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capillary pressure required to overcome the liquid and vapour losses is therefore the sum 

of the two pressure drops. As can also be observed in Figure 2-6, gravitational forces 

directly affect the liquid pressure drop, hence in a gravitational field, the capillary pressure 

must be larger in order to overcome the additional liquid pressure drop.      

 

 

Figure 2-6 Axial pressure variation at a) low vapour flow rates b) moderate vapour flow rates c) high 
vapour flow rates. Source: Faghri (2012) [9] 

 

For the heat pipe to function, the capillary pressure must be equal or greater than 

the sum of the losses incurred in the vapour and liquid phases as well as any gravitational 

potential work done. As demonstrated in Figure 2-6 (b), during moderate vapour flows, the 

dynamic effects cause a vapour pressure recovery across the condenser. Grover et. al. 

(1966) [3] successfully demonstrated this heat recovery using a sodium heat pipe and 

achieving up to 60% pressure recovery. When considering the pressure drop in the 

condenser region, however, it is usual to assume there is no net pressure drop or gain should 

the vapour pressure change greatly exceed the liquid pressure change in the condenser [10].  
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Since there is a clear variation in temperature and pressure across the pipe while in 

operation, it is reasonable to assume that a two-dimensional analysis would be required to 

accurately describe the mechanisms in play. Indeed Bankston et al. [12] and [13] were early 

researcher to use numerical methods to solve the associated Navier-Stokes equations. The 

work shows that at high evaporation and condensation rates, a reversal of axial flow can 

occur at Re > 2.3. Despite this, it was shown that a one-dimensional analysis yields good 

results for Re < 10[12]. 

 

There are three main types of pressure drops in the vapour phase; the evaporator 

drop (∆𝑃𝑣𝑒), the adiabatic drop (∆𝑃𝑣𝑎) and the condenser drop (∆𝑃𝑣𝑐). In the evaporator and 

condenser regions, the pressure drops are a direct result of evaporation and condensation 

respectively, hence, there is a direct relation to the radial flow of the fluid. Assuming the 

vapour is modelled as an incompressible flow (i.e. the flow velocity is small compared to 

the speed of sound, 𝑀𝑎 < 0.3), the relation between the radial Reynolds number, 𝑅𝑒𝑟, and 

the heat input per unit length was described by Busse (1967)  [14] as seen in Figure 2-7, 

where the radial Reynolds number is defined as ratio of inertial to viscous forces in the 

radial direction of the wick structure: 

 

 𝑅𝑒𝑟 =
𝜌
𝑣
𝑣𝑟𝑟𝑟

𝜇𝑟
  1 
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Figure 2-7 Radial Reynolds number vs heat input p/ length of heat pipe. Source: [13] 

 

Through a one-dimensional numerical analysis of all three pressure drops, 

Busse[14] reached the flowing expression to describe the total vapour pressure drop across 

the pipe: 

 

 
∆𝑃𝑣 = (1 −

4

𝜋2
)
𝑚̇

8𝜌𝑣𝑟𝑣4
+
8𝜇𝑣𝑚̇𝑙𝑎
𝜋𝜌𝑣𝑟𝑣4

  
2 

 

The assumptions made may be considered invalid at start-up and in the case of 

high temperature liquid metal pipes.   
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Figure 2-8 Graphs of (A) The temperature profile of a Sodium heat pipe and (B) The pressure profile 
across a converging/diverging nozzle. Source: [15] 

 

In the cases where the vapour must be modelled as a compressible flow, Deverall 

et al. [15] pointed out that the vapour flow resembles that of a gas flowing through a 

converging-diverging nozzle. The axial mass flow increases along the evaporator region 

up to a maximum value. The vapour velocity then decreases along the adiabatic and 

condenser sections. A graphical representation of this observation is demonstrated in where 

Kemme (1968) [16] used a sodium heat pipe transmitting 6.4 kW of energy and using 

varying argon-helium ratios to alter the thermal resistance. 

 

The curves represented in Figure 2-8 (A) are as follows: 

 

• A: Subsonic flow with pressure recovery 

• B: Sonic flow at end of evaporator, choked flow  

• C: Further reduction of condenser pressure (by cooling), choked flow  

• D: Further reduction of condenser pressure (by cooling), choked flow  
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Deverall (1970) [15] conducted a one dimensional analysis on this study and found 

that it provided a good description of the fluid behaviour. It was found that the heat flow 

through the heat pipe is expressed as: 

 

 
𝑄̇ =

𝜌
𝑣
𝐴𝐶𝑜𝐿𝐶

√2(𝛾 + 1) 
 

3 

 

Where 𝐶𝑜 is the sonic velocity of the vapour corresponding to its stagnation 

temperature, 𝑇𝑜 and 𝐶 is the compressibility parameter (chocked flow at  𝑀 = 1). 

 Wick structure 

 

The flow through wicks tends to be a laminar flow in most cases. A modified 

version of the Hagen-Poiseuille equation, considering small interconnected channels, is 

used to model the flow. In general, there are three main types of wick capillary geometry: 

 

i. Interconnecting homogenous porous structures (gauzes, felts, sintered 

wicks, etc.) 

ii. Open groves 

iii. Composite wicks (a combination of groves and fine mesh) 

 

Each wick type uses a unique variation of the Hagen-Poiseuille to account for the 

different geometrical structures and in some cases with the presence of correction factors. 

file:///C:/Users/thomas.werner/OneDrive%20-%20The%20University%20of%20Nottingham/EngD/5.%20Literature/1.%20Review/Main%20Authors/Deverall/Deverall%20-%201970%20-%20Sonic%20Limits%20&%20Startup%20Problems%20of%20HP.pdf
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Figure 2-9 demonstrates some common wick sections used. The relevant equations for 

pressure loss through each wick type can be seen in Table 2-1. 

 

 

Figure 2-9 Common wick sections. Source: [1] 

 

Table 2-1 Liquid pressure drop expressions for various wick types. Source: [1] 

Flow type Equation Reference 

Homogenous wicks 
∆𝑃𝑙 =

𝑏𝜇𝑙𝑄̇𝑙𝑒𝑓𝑓

𝜋(𝑟𝑤
2 − 𝑟𝑣

2)𝜀𝑟𝑐
2𝜌𝑙𝐿

 

OR  

∆𝑃𝑙 =
𝜇𝑙𝑚̇𝑙𝑒𝑓𝑓

𝜌𝑙𝑘𝐴
 

OR  

∆𝑃𝑙 =
150𝜇𝑙(1 − 𝜀

′)2𝑙𝑒𝑓𝑓𝑢𝑙

𝐷2𝜀′3
 

(for laminar flow only) 

Derived from the 
Heigan-Poiseuille 
equation [1] 
 
 
Derived from Darcy’s 
law [1] 
 
 
Derived from the 
Heigan-Poiseuille 
equation with 
correction factors by 
Blake & Koseney [1], 
[17]  

Longitudinal groove 

wicks ∆𝑃𝑙 =
8𝜇𝑙𝑄̇𝑙

𝜋 (
1
2
𝐷𝑒)

4

𝑁𝜌𝑙𝐿

 
Derived from the 
Heigan-Poiseuille 
equation [1] 

Composite wicks 
∆𝑃𝑙 =

6𝜇𝑙𝑄̇𝑙

𝜋𝑟𝑣𝛿𝑎𝑛
3 𝜌𝑙𝐿

 
Derived from the 
Heigan-Poiseuille 
equation [1] 
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2.3.3.1 Liquid/vapour interface 

 

The focal point of studies involving the liquid/vapour interface in a heat pipe is 

surrounding the entrainment limitation. Grover [18] points out that the physical 

characteristics of the wick (pore size, spacing and weave) tend to impose a periodic pattern 

on the interface. It is known that for Weber numbers greater than one, waves tend to grow 

exponentially, causing high probability of entrainment occurring. A studies by Kemme et 

al. shows that very fine screen meshes tend to suppress entrainment [16]. It is uncommon, 

however, that a heat pipe would need to be operated close to its entrainment limit. The 

Weber number is defined as the ratio of drag to cohesion forces: 

 

 
𝑊𝑒 =

𝜌𝑣2𝑙

𝜎
 

4 

 

2.3.3.2 Conductivity of wicks  

 

When in operation, wick structures consist of a porous media with a fluid occupying 

the pores. For this reason, the conductivity of the wick is a function of the pore and fluid 

properties in accordance with its void fraction. The void fraction is a ratio between the 

volume occupied by the fluid and the total volume of the wick. Chisholm [19] describes 

that when the fluid and wick are modelled in parallel, the effective thermal conductivity of 

the structure becomes  

 

 𝜆𝑒𝑓𝑓 = 𝜀𝜆𝑙 + (1 − 𝜀)𝜆𝑤   5 

 

file:///C:/Users/thomas.werner/OneDrive%20-%20The%20University%20of%20Nottingham/EngD/5.%20Literature/1.%20Review/ESDU%20report/Heat%20Pipes%20-%20Properties%20of%20common%20small%20pore%20wicks%20esdu_790131.pdf
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If the fluid and wick are modelled perpendicular to each other, then the effective 

conductivity becomes 

 

 1

𝜆𝑒𝑓𝑓
=
𝜀

𝜆𝑙
+
(1 − 𝜀)

𝜆𝑤
 

  6 

 

 

If modelled in series. While these equations are useful to provide upper and lower 

limitations of the wick conductivity, often they do not represent the true conductivity of 

the structure. This is particularly true when the conductivities of the wick and the fluid are 

vastly different from one another. Table 2-2 shows improved equations for different mesh 

types which have been developed over various journal papers.  

 

For further analysis of wick structures, Chisholm [19] also various properties are 

used to describe the structure such as the minimum capillary radius and the permeability. 

The minimum capillary radius helps to describe the pore structure of complex wicks. This 

is given as: 

 

  
𝑟𝑐 =

2𝜎cos𝜃

∆𝑃𝑐
 

  7 

 

This quality can also be measured experimentally using the ‘rising column’, ‘falling 

column’ or ‘bubble test’ methods. These all use the maximum capillary difference ∆𝑝𝑐 to 

determine the minimum capillary radius and often presume a contact angle of zero.  
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Table 2-2 Alternative conductivity equations for other mesh types. Source: [19] 
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The permeability of the wick is a direct faction of the size and shape of the porous 

channels. By assuming a laminar flow (and therefore negligible inertial effects) the 

permeability of an object is independent of flow rate and the nature of the liquid. The 

permeability of wicks is usually anisotropic when comparing the axial to radial 

permeabilities. When assessing the pressure drop in the liquid phase, only the axial 

permeability is considered [1], [19] and is measured through: 

 

 
𝐾 =

𝑙𝑚̇𝜇𝑙
𝐴𝑤∆𝑃𝑙𝜌𝑙

 
  8 

 

More accurate permeability values for specific wick structures can be determined 

experimentally. These usually are measure through a constant mass flow whereas heat 

pipes in operation tend to experience a varied mass flow along its length with maximum 

mass flow occurring at the adiabatic section. This maximum mass flow rate together with 

effective evaporator and condenser lengths are usually used to determine the Reynolds 

number and pressure drops along the pipe. It is approximated that the maximum flow rate 

is equal to the overall rate of heat transfer divided by the latent heat of vaporisation [20], 

[21] (assuming no or negligible heat losses).  

 
𝑚̇ =

𝑄̇

ℎ𝑓𝑔
 

  9 

 

Where the Reynolds number is defined as the ratio of inertial to viscous forces in a flow: 

 
𝑅𝑒 =

𝜌𝑢𝐷

𝜇
 

  10 
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 Thermal network 

 

The heat transfer modelling of a heat pipe can be divided into two categories: 

1D/2D heat conduction modelling (by modelling the pipe as a solid material with an 

equivalent conduction coefficient) and 3D two-phase thermo-fluid modelling (by 

modelling the two-phase fluid within the pipe hence the behaviour of the heat transfer 

fluid). The modelling of two phase fluids in simple thermosiphon systems (with no wick 

structures) have been explored by Fadhl (2013, 2015) using a Volume of Fluid (VOF) 

Ansys Model with user-defined code functions for modelling of the phase change [22], 

[23]. Arab and Abbas (2014) [24] propose a reduced order model to predict the impact of 

changing the working fluid in trapezoidal micro-grooved heat pipes. These more complex 

modelling methods may be explored in future to enable a prediction of the heat pipe 

performance using various previously untested fluids. The basic heat transfer principals, 

however, can still be applied to these devices where the pipes are modelled as one-

dimensional solid objects with equivalent conductivities. Hence, the overall thermal 

resistance of the heat pipe can be defined through equation 11.  

 

 
𝑅 =

𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑

𝑄̇
 

  11 

 

Additionally, the total conductivity of the system can be broken down into its 

various components for a fuller understanding of the thermal resistance throughout the 

system.  details the individual resistive components involved in the thermal resistance 

network.  
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Thermal 

Resistance  

Expression 

𝑹𝟏 1

ℎ𝑒𝑆𝑒
 

𝑹𝟐 log𝑒 (
𝑟0
𝑟𝑖
)

2𝜋𝑙𝑒𝜆𝑥
 

𝑹𝟑 log𝑒 (
𝑟𝑖
𝑟𝑣
)

2𝜋𝑙𝑒𝜆𝑤
 

𝑹𝟒 
√𝑅𝑇𝑒𝑓𝑓

3 /2𝜋

𝐿2𝑙𝑒𝑟𝑖𝜌𝑣
 

𝑹𝟓 𝑇𝑒𝑓𝑓∆𝑃𝑣

𝐿𝑄𝜌𝑣
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𝑹𝟔 
√𝑅𝑇𝑒𝑓𝑓

3 /2𝜋

𝐿2𝑙𝑐𝑟𝑖𝜌𝑣
 

𝑹𝟕 log𝑒 (
𝑟𝑖
𝑟𝑣
)

2𝜋𝑙𝑐𝜆𝑤
 

𝑹𝟖 log𝑒 (
𝑟𝑜
𝑟𝑖
)

2𝜋𝑙𝑐𝜆𝑥
 

𝑹𝟗 1

ℎ𝑐𝑆𝑐
 

𝑹𝟏𝟎 𝑙𝑒 + 𝑙𝑎 + 𝑙𝑐
𝐴𝑥𝜆𝑥 + 𝐴𝑤𝜆𝑤

 

 

 

 

 

 

 

 

Figure 2-10 Thermal resistance network model for a Heat Pipe. Source: [19] 

 

Zuo et. al. (1998) [25] uses this thermal resistance network model to predict the 

transient behaviour of the heat pipe using first-order linear ordinary differentials. Using 

this resistance model, it is possible to calculate the individual resistive expressions at each 

point.  
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 Working limitations of heat pipes 

 

The operating limitations of a heat pipe are the primary numerical analysis methods 

used to determine its suitability for operation. They also serve to predict the performance 

of a given heat pipe when making any fundamental changes to the structure (e.g. shape, 

dimensions, porosity, working fluid, etc.). These are the starting points to designing and 

building any heat pipe structure necessary for an application. Here each of these limitations 

will be described and numerically evaluated through one dimensional empirical equation.  

 

2.3.5.1 Capillary limit 

 

The capillary limit is the minimum capillary force required to ensure the full 

wetting of the wick. This acts as the returning mechanism for the liquid phase from the 

condenser to the evaporator. The capillary pressure must be greater than or equal to the 

sum of pressure losses along the vapour-liquid path [1], [11], [20], [21].  

 

 ∆𝑃𝑐 ≥ ∆𝑃𝑙 + ∆𝑃𝑣 + (∆𝑃𝑒,𝛿 + ∆𝑃𝑐𝑜,𝛿) + ∆𝑃𝑔 12 

 

The maximum capillary pressure attainable is dependent on the physical properties 

of both the wick and the fluid. Faghri et. al. [11] derives that for a cylindrical heat pipe 

where the vapour flow can be approximated to a laminar and incompressible flow and the 

wet point is located at the beginning of the condenser section (also neglecting the pressure 
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drops due to evaporation and condensation due to negligible pressure differences) the 

equality shown in equation 12 can be expressed as 

 

 2𝜎

𝑟𝑐
≥
𝜇𝑙(𝑄̇𝑙)𝑐𝑎𝑝,𝑚𝑎𝑥
𝜌
𝑙
𝐴𝑤𝐾ℎ𝑓𝑔

+
4𝜇𝑣𝑄̇𝑒
𝜋𝜌

𝑣
𝑟𝑣
4ℎ𝑓𝑔

[𝐿𝑒 (1 +
𝐹𝑅𝑒𝑟

2𝜋𝜇𝑣𝑙𝑒ℎ𝑓𝑔
)+ 2𝐿𝑎]+ 𝜌𝑙𝑔(𝑙𝑒

+ 𝑙𝑎) sin θ 
13 

 

Assuming there is an equal heat distribution along the heat pipe and the evaporation 

and condensation rates are in equilibrium (i.e. 𝑚𝑙̇ = 𝑚𝑣̇ =
𝑄(𝑧)

ℎ𝑓𝑔
), where (𝑄𝐿)𝑐𝑎𝑝,𝑚𝑎𝑥 is the 

‘heat transport factor’ as described by Faghri et al. [11]. For a laminar incompressible flow 

where the wet point is near the condenser end cap the equation is expressed as 

 

 2𝜎

𝑟𝑐
≥ (

𝜇𝑙
𝜌
𝑙
𝐴𝑤𝐾ℎ𝑓𝑔

+
16𝜇𝑣

2𝜌
𝑣
𝑟𝑣
2ℎ𝑓𝑔𝐴𝑣

) (𝑄̇𝐿)
𝑐𝑎𝑝,𝑚𝑎𝑥

+ 𝜌
𝑙
𝑔𝐿𝑡 sin 𝜃 

14 

 

In cases where vapour compressibility is contributing factor or the liquid 

permeability/flow area are not constant, an alternative numerical evaluation is used 

 

 2𝜎

𝑟𝑐
−∫ 𝜌

𝑙
𝑔 sin𝜃𝑑𝑧

𝑙𝑚𝑖𝑛 

0
≥ ∫

𝜇𝑙𝑚𝑙(𝑙)
̇

𝜌
𝑙
ℎ𝑓𝑔

𝑙𝑚𝑖𝑛 

0
𝐴𝑤𝐾𝑑𝑧 + ∆𝑝𝑣 

15 

 

Where 𝑙𝑚𝑖𝑛 is the location of the wet point (usually can be assumed to be at the end 

cap). 
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2.3.5.2 Boiling limit 

 

When referring to the upper temperature limitation of heat pipes, it is largely driven 

by the boiling phenomenon and is derived by calculation of the critical heat flux of the 

fluid on a particular surface. While the terminology ‘Boiling limit’ is often used in literature 

to match the terminology used in all other heat pipe limitations, this can generally be used 

interchangeably with ‘critical heat flux’. The term ‘Boiling limit’ therefore acts as a general 

term covering all variation of mechanisms which can cause the critical heat flux to be 

reached over a wide range of wick and heat pipe types.  

 

Various empirical correlations have been defined to describe the boiling 

phenomenon within different types of wick structures. In general, it was found that boiling 

a liquid from a porous surface required much lower wall superheating due to the excess of 

nucleate sites. A study by Marto et al. [26] analysed this phenomenon by observing pool 

boiling from various metallic porous surfaces.  Experiments conducted by [8] using a 

sodium compound wicked heat pipes showed that the heat fluxes reached at the evaporator 

wall were three times higher than the critical heat fluxes under pool boiling conditions. The 

actual boiling limit was not determined as the experiment was limited by the melting 

temperature of components in the apparatus.  

 

The boiling limit has been widely studied for a variety of surface conditions and 

wick types [27] , however, it remains a notoriously difficult limit to predict with certainty 

due to the ‘random’ nature of the boiling phenomena and the number of factors which can 
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affect it (porosity, permeability, surface finish, capillary potential, etc.). Various empirical 

correlations have been defined to describe the boiling phenomenon within different types 

of wick structures, surface conditions and geometries. In general it was found that boiling 

a liquid from a porous surface required much lower wall superheating due to the excess of 

nucleate boiling sites [28]. A study by Marto et. al. [26] analysed this phenomenon by 

observing pool boiling from various metallic porous surfaces.  Experiments conducted by 

Ivanovskii et. al. [8] using sodium compound wicked heat pipes showed that the heat fluxes 

reached at the evaporator wall were three times higher than the critical heat fluxes under 

pool boiling conditions. Several authors have proposed relationships to predict the critical 

heat flux under approximate conditions found inside a heat pipe [1], a summary of the 

principal correlations considered for this study is presented in Table 2-3. 

 

Table 2-3  Empirical boiling correlations 

Author Correlation 

Rohsenow and Griffith [29] 
𝑞𝑐𝑟̇ = 0.012𝐿𝜌𝑣 (

𝜌𝑙 − 𝜌𝑣
𝜌𝑣

)
0.6

 

Caswell and Balzhieser [30] 
𝑞𝑐𝑟̇ = 1.02 × 10

−6
𝐿2𝜌𝑣𝑘𝑙

𝑐𝑝
𝛾 (

𝜌𝑙 − 𝜌𝑣
𝜌𝑣

)
0.6

𝑃𝑟0.71 

Ferrell et. al.  [31] 

𝑞𝑐𝑟̇ =
𝑔 (ℎ𝑐𝑜𝜌𝑙 (

𝜎𝑙
𝜎𝑙𝑜
) − 𝜌𝑙𝑙 sin 𝜃)

𝑙𝑒𝜇𝑙
ℎ𝑓𝑔𝜌𝑙𝑘𝑑

(
𝑙𝑒
2
+ 𝑙𝑎)

 

Ferrell et. al.  [31] 

𝑞𝑐𝑟̇ =

𝑔 (ℎ𝑐𝑜𝜌𝑙 (
𝜎𝑙
𝜎𝑙𝑜
) − 𝜌𝑙𝑙 sin 𝜃 (1 + 𝛼𝑡∆𝑇))

𝑙𝑒𝜇𝑙
ℎ𝑓𝑔𝜌𝑙𝑘𝑑(1 + 𝛼𝑡∆𝑇)

(
𝑙𝑒
2
+ 𝑙𝑎)

 

Ivanovskii et al [8] 
𝑞𝑐𝑟̇ =

4𝜋𝑙𝑒𝜆𝑒𝑇𝑣𝜎𝑙

ℎ𝑓𝑔𝜌𝑣 ln
𝑟𝑖
𝑟𝑣

(
1

𝑟𝑛
−
1

𝑟𝑒𝑓𝑓
) 
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The boiling limit chosen for the study in Chapter 7 is that by Ivanovskii et. al. [8] 

as this is most commonly used for mesh type wicks [1].The equation is a derivation of the 

critical heat flux for an equivalent planar mesh surface is commonly used in the heat pipe 

field by numerous authors including Chi [32] and Faghri [11]. The re-arrangement of the 

equation to determine the maximum heat transfer rate is presented in Equation . 

 

 
𝑄𝑏 =

2𝜋𝑙𝑒𝑘𝑒𝑇𝑣

ℎ𝑓𝑔𝜌𝑣 ln (
𝑟𝑖
𝑟𝑣
)
(
2𝜎

𝑟𝑛
− 𝑃𝑐) 

16 

 

 

Where ‘𝑟𝑛’ indicates the maximum nucleation radius (i.e. the maximum bubble 

radius which can be released from the wick structure pores). This equation is a 

representation of the heat transfer rate required to maintain equilibrium vapour bubbles of 

radius ‘𝑟𝑏’ within the wick. Depending on surface conditions and presence of dissolved 

gas, the nucleation radius has a finite value, ‘𝑟𝑛’, to which bubbles will begin to grow within 

the wick structure and form film boiling conditions. The nucleation radius largely relies on 

empirical data to be determined and have a large variance from wick to wick. One 

estimation method would be to use the pore size of the wick as the maximum nucleation 

value, depending on the homogeneity of the wick, however, this could present a large error. 

As mesh wick is used in this study, the porosity can indeed have a lot of variance. The 

approach in this case was to match a range of ‘𝑟𝑛’ values to the acquired data. Using this 

approach, the average value of the range can be used for future predictions using the 
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designated wick structure or a maximum and minimum range value can be determined 

depending on the application.  

 

Boiling limit derivation and the nucleation radius  

 

The boiling limit equation is highly dependent on two processes: the formation of 

bubble (nucleation) and the subsequent growth and motion of those bubbles. The maximum 

nucleation radius presented in equation  denotes the finite radius at which the vapour 

bubbles will begin to collapse within the wick structure [32]. This equation is derived from 

the equation of a bubble at equilibrium, where the one-dimensional analysis of the forces 

present at the bubble boundary can be resolves as: 

 

 π𝑟𝑏
2(𝑃𝑠𝑎𝑡 − 𝑃𝑙) = 2𝜋𝑟𝑏𝜎 17 

 

Where ‘𝑟𝑏’ is the bubble radius, ‘𝜎’ is the surface tension, ‘𝑃𝑠𝑎𝑡’ is the saturation 

vapour pressure at the pipe-wick interface and ‘𝑃𝑙’ is the liquid pressure. Assuming that 

the capillary pressure at any point along the heat pipe is equal to the sum of the liquid 

pressure and vapour pressure at that point, this equation can be rearranged to: 

 

 π𝑟𝑏
2(𝑃𝑠𝑎𝑡 − 𝑃𝑣 + 𝑃𝑐) = 2𝜋𝑟𝑏𝜎 18 

 

 The Clausius-Clapeyron equation relating temperature and pressure along a 

saturation line states that: 
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 dP

dT
=
𝐿𝜌𝑣
𝑇𝑣

 
19 

 

Where ‘𝐿’ is the latent heat capacity, ‘𝜌𝑣’ is the vapour density and ‘𝑇𝑣’ is the 

vapour temperature. Using this equality, the term (𝑃𝑠𝑎𝑡 − 𝑃𝑣) in equation  can be converted 

to represent the temperature change across the wick structure.  

 

 
𝑇𝑝𝑤 − 𝑇𝑤𝑣 =

𝑇𝑣
𝐿𝜌𝑣

(
2𝜎

𝑟𝑏
− 𝑃𝑐) 

20 

 

Where ‘𝑇𝑝𝑤’ is the temperature at the pipe-wick interface and ‘𝑇𝑤𝑣’ is the 

temperature at the wick-vapour interface. The term ‘𝑇𝑝𝑤 − 𝑇𝑤𝑣’ therefore denoted the 

temperature difference across the wick structure. Using conduction theory for heat transfer 

across cylindrical structures (assuming there is a uniform heat flux across the evaporator 

section) the temperature difference across the wick can also be defined as: 

 

 

𝑇𝑝𝑤 − 𝑇𝑤𝑣 =
𝑄𝑙𝑛 (

𝑟𝑖
𝑟𝑣
)

2𝜋𝑙𝑒𝑓𝑓𝑘𝑒𝑓𝑓
 

21 

 

Hence by combining equation  with equation , the maximum heat transfer at the 

evaporator can be represented as: 
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𝑄̇ =

2𝜋𝑙𝑒𝑓𝑓𝑘𝑒𝑓𝑓𝑇𝑣

𝐿𝜌𝑣𝑙𝑛 (
𝑟𝑖
𝑟𝑣
)
(
2𝜎

𝑟𝑏
− 𝑃𝑐) 

22 

 

This equation therefore represents the heat transfer rate required to maintain vapour 

bubbles at radius ‘𝑟𝑏’ in equilibrium in the heat pipe wick structure [32]. The term ‘𝑟𝑏’ can 

then be replaced by ‘𝑟𝑛’, the initial bubble radius at its formation in order to assign a finite 

value. Hence, if the thermal load exceeds the calculated value, bubble will begin to form 

and grow in the wick structure. Griffith and Wallis [33] used water immersed copper sheets 

to estimate the 𝑟𝑛 values on plane surfaces with the presence of non-condensable gasses. 

The experiments concluded that for those conditions the nucleation radius can vary form 

10E-4 to 10E-3 inches. The presence of non-condensable gasses, however, greatly affect 

this value and may differ significantly in degassed systems (such as conventional heat 

pipes). Marcus [34] has observed ‘𝑟𝑛’ values between 10E-5 and 10E-6 when analysing 

conventional degassed heat pipes but states that “The consequences of wick boiling 

depends on the nature of the wick used”. Surface features which may influence the 

maximum nucleation radius include: 

 

• Surface finish and uniformity 

• Wick pore size and uniformity 

• Surface to wick interface 

• Wick to wick layer interface (if using meshed wick) 
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Griffith et al. [33] observes that the surface conditions generally affects the boiling 

process in two ways; through altering the bubble shape, size and frequency and affecting 

the amount of superheat needed to initiate bubble growth. The latter tends to be the main 

focus of studies which analyse the effect of varying surface conditions. An approximate 

solution to the estimated nucleation radius assuming ideal surface conditions can be 

calculated from the fluid properties using the nucleation theory [34]. 

 

 

𝑟𝑛 =
√
2𝜎𝑇𝑣𝑘𝑙 (

1
𝜌𝑙
−
1
𝜌𝑔
)

𝐿𝑞𝑟
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Where ‘𝑞𝑟’ is the radial heat flux into the evaporator. Using this approximation, it 

is possible to determine the effect that both the saturation temperature and heat flux will 

have on the nucleation radius value.   presents a series of constant heat flux lines at 

increasing saturation temperature of water.  
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Figure 2-11 Effects of increase in heat flux and saturation temperature on the maximum nucleation 
radius 

 

 

2.3.5.3 Sonic limit 

 

Once reaching temperature capable of overcoming the viscous forces in play, the 

increase in heat flux into the system can cause the evaporated vapour to reach sonic 

velocities and cause ‘choking’ of the evaporator. This has a direct impact on thermal load 

handling capabilities of the heat pipe. Levy et al. [35] derived a closed-form relation of the 

sonic limit reaching the relation for heat input needed to reach sonic velocities. 
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𝑄̇𝑠 =
𝜌
𝑣
𝑐𝑣ℎ𝑓𝑔𝐴𝑣

√2 (𝐾′ + 1) 

= 𝐴𝑣𝜌𝑣ℎ𝑓𝑔 [
𝐾′𝑅𝑔𝑇𝑣

2 (𝐾′ + 1)
]

1
2
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Where ‘𝐾′’ is the ration of specific heats and ‘𝑅𝑔’ is the gas constant. Additionally, 

Busse (1973) [36] derives another equation which shows good agreement with empirical 

data. 

 

 𝑞 = 0.474ℎ𝑓𝑔(𝜌𝑣𝑃𝑣)
0.5
  25 

 

2.3.5.4 Entrainment limit 

 

When observing the liquid/vapour interface within the heat pipe, the shearing effect 

of the vapour flow against the liquid boundary causes small turbulences at the boundaries. 

Once the magnitude of the shear force reaches a maximum limit, the liquid flow will begin 

to entrain into the vapour flow. This can ultimately lead to dry out in the evaporator. As 

the vapour flow velocity is much greater than the liquid flow, the shear stress at the 

interface can mainly be attributed to the vapour flow. Kemme (1967) [15] defines the axial 

heat flow entrainment limit as 

 
𝑄̇𝑒𝑛𝑡 = 𝐴𝑣ℎ𝑓𝑔 (

𝜎𝜌
𝑣

2𝑟ℎ
)

1
2
 

26 

Or 

file:///C:/Users/thomas.werner/OneDrive%20-%20The%20University%20of%20Nottingham/EngD/5.%20Literature/1.%20Review/Main%20Authors/Busse/Busse%20-%20Theory%20of%20the%20ultimate%20heat%20transfer%20limit%20of%20cylindrical%20heat%20pipes.pdf
file:///C:/Users/thomas.werner/OneDrive%20-%20The%20University%20of%20Nottingham/EngD/5.%20Literature/1.%20Review/Main%20Authors/Kemme/Kemme%20-%201968%20-%20Ultimate%20Heat%20Pipe%20Performance.pdf
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𝑞 = √
2𝜋𝜌

𝑣
ℎ𝑓𝑔

2𝜎1
𝑧

 

 

27 

Where 

 
𝑟ℎ =

2𝐴𝑙
𝑃′

 
28 

Where ‘𝑃′’ is the wetted perimeter of the individual surface pores and ‘𝐴𝑙’ is the area of 

the individual surface pores. Additionally, Prenger et al. [37] derived a relation based on a 

physical model and the critical Weber number. 

  

 
𝑄̇ = √

2𝜋𝐸𝑡
𝛼𝑣

𝛿

𝛿∗
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Where 𝐸𝑡 is a dimensionless entrainment parameter (
𝜎𝑙
𝜌𝑙𝐿𝛿

), ‘𝛼𝑣’ is the velocity 

profile correction factor, ‘𝛿’ is the surface depth and ‘𝛿∗’ is the reference surface depth.  

 

Though many entrainment models have been developed and tested over the years 

Faghri et al. [11] observes that in general the studies fail to observe entrainment occurring 

in conventional capillary-driven heat pipes, possibly due to the dampening effects of the 

capillary structure on boundary turbulences. The entrainment phenomenon itself has been 

studied in finer detail by authors such Ishii et. al [38] and Kataoka et. al. [39] who applied 

various visualisation techniques in stratified flows with high velocity gasses. Kim et. al. 

[40] then incorporated these findings into a study which analysed stratified flows in mesh 

file:///C:/Users/thomas.werner/OneDrive%20-%20The%20University%20of%20Nottingham/EngD/5.%20Literature/1.%20Review/Main%20Authors/Prenger/Prenger%20-%201993%20-%20Develop%20of%20Cryogenic%20HP.pdf
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wicked heat pipes. Here the wave disturbance patterns such as those in Figure 2-12 were 

observed by Kim.  

 

 

Figure 2-12 Wave disturbance pattern in stratified flow containing a mesh wick structure where 
entrained droplets are formed. Two different entrainments modes are shown: A) Roll-wave 

entrainment and B) Stripping entrainment. Source: [40] 

 

The study by Kim et al. [40] agreed with predictions by Faghri et al. [11] concluded 

that the presence of a capillary structure may act as a dampener to the liquid/vapour surface 

oscillations. The main conclusion of this study found that “the critical (vapour) velocity for 

a given heat pipe mesh wick is strongly influenced by the mesh dimensions and that the 

previously developed criteria for estimating the critical velocity results in significant 

underestimations of the upper critical velocity for all but very small pore sizes” [40].  

 

2.3.5.5 Viscous limit 

 

This is the minimum temperature at which the pressure difference caused by the 

vapour pressure due to boiling exceeds the viscous forces, allowing for fluid circulation. 

Busse et al. [36] derives the limitation by manipulation of conservation equations and 

equations of state reaching the relation  

(A) (B) 

file:///C:/Users/thomas.werner/OneDrive%20-%20The%20University%20of%20Nottingham/EngD/5.%20Literature/1.%20Review/Main%20Authors/Busse/Busse%20-%20Theory%20of%20the%20ultimate%20heat%20transfer%20limit%20of%20cylindrical%20heat%20pipes.pdf
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𝑞̇ =

𝑟𝑣𝐿𝜌𝑣𝑃𝑣
16𝜇𝑣𝑙𝑒𝑓𝑓
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Where the effective length, ‘𝑙𝑒𝑓𝑓’, is calculated as: 

 

 
𝑙𝑒𝑓𝑓 =

𝑙𝑒𝑣
2
+ 𝑙𝑎 +

𝑙𝑐
2
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Or it can be defined as a function of the heat input and output distribution as follows 

 

 
𝑙𝑒𝑓𝑓 =

1

𝑞𝑚𝑎𝑥
∫ 𝑞(𝑧)
𝑙𝑡

0
𝑑𝑧 
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The temperature dependency of viscous effects is demonstrated by the term 𝜌
𝑣
𝑃𝑉, 

which is directly proportional to temperature. At low temperatures the viscous effects tend 

to be the limiting factor in heat transportation, whereas at high temperatures, the sonic 

limitations tend to be the primary limiting factor due to the choking phenomenon.  

 Other mechanisms 

 

When in steady state, the output heat in the condenser is equal to the input heat at 

the evaporator. When dealing with high temperature heat pipes, heat transfer through 
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radiation can become the main transfer mechanism from the condenser [11]. The total heat 

input into the evaporator becomes 

 

 
𝑄̇𝑒 =∬ 𝜖𝜎(𝑇4 − 𝑇∞

4
) 𝑑𝐴𝑐𝑜

𝐴𝑐𝑜

= 2𝜋𝑟𝑜𝑙𝑐𝜖(𝑇
4 − 𝑇∞

4 ) 
33 

 

Where ‘𝑟𝑜’ is the outer pipe radius and ‘𝑙𝑐’ is the length of the condenser and ‘𝐴𝑐𝑜’ 

is the surface area of the condenser. Here it can be seen that the physical heat transport 

capacity of the system is dependent on the heat retransfer surface area and the operating 

temperature. This indicated that the test rig design constraints (such as operating 

environment, maximum allowable temperatures of the apparatus, etc) may be a major 

limiting factor during heat pipes capacity tests at high temperatures.  

 Heat pipe heat flux in medium temperature range 

 

Heat pipes which have been previously produced for use in the ‘medium’ 

temperature range include; various organic fluid heat pipe by Kenney et al. [41], Ti/water 

and Monel/water heat pipe by Sarraf et al. [42], further Ti/water and Monel/water testing 

and testing on Halides by Anderson et al [43], Ti/water heat pipes for space radiators by 

Hay et al. [44], Sulphur heat pipes by Rosenfeld et al. [45] and life tests using naphthalene, 

quinoline, biphenyl, o-terphenyl, decafluorobiphenyl, and perfluoro-1,3,5-

triphenylbenzene performed by Grzyll et. al. [46] and Saaski et al. [47]. In these cases, 

some were developed for specific applications and other only for the purpose of research.  
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The maximum het flux that a heat pipe is able to achieve is generally determined 

by the specific properties of the heat pipe which is being studied. This includes the physical 

geometry such as wick type, pipe length, pipe diameter, surface conditions and operation 

angle, however the most important determinant is of course the particular fluid which is 

being used. To better understand the heat fluxes which are to be expected from medium 

temperature fluids which have been previously tested, Table 2-5 shows a summary of fluids 

that were tested by Saaski et. al. [47] which fall within the medium temperature range. 

 

Table 2-4 Maximum achieved heat fluxes for previous testing on medium temperature fluids by Saaski 
et. al. [47] 

  

Fluid Wick 
type 

Heat pipe 
diameter 
(cm) 

Heat 
pipe 
length 
(cm) 

Maximum heat flux 
tested (W/cm2) 

Orientation Author 

O-Terphenyl Screen 1.26 44.5 5.1 Vertical Saaski 

Antimony 
Trichloride 

Screen 1.26 44.5 2.7 Vertical Saaski 

Naphthalene Screen 1.26 44.5 4.3 Vertical Saaski 

Biphenyl Screen 1.26 44.5 5.9 Vertical Saaski 

Titanium 
tetrachloride 

Screen 1.26 44.5 2.5 Vertical Saaski 

1-
Fluronapthalene 

Screen 1.26 44.5 4.9 Vertical Saaski 
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2.4 Heat pipe working fluid 

 

As discussed previously, the working fluid in the heat pipe plays a vital role in the 

functionality of the device. The usefulness of the fluid is defined by its key properties such 

as its viscosity, surface tension, vapour pressure and heat capacity. All these qualities 

combined determine the heat transport capabilities of the fluid and its limitations. A general 

assessment of the heat transport capacity of the fluid with respect to temperature can be 

determined through its ‘Merit Number’ [1], [11]. This provides a preliminary judgement 

of the effectiveness of the fluid at transporting heat and an indication of the effectiveness 

of the fluids against others over a certain temperature range. Once a selection of fluids is 

made from this analysis there is several further criteria to be assessed to make a weighted 

comparative study on each fluid. These comprise of two categories: the numerical 

assessment and the industrial assessment. The various criteria for each of these categories 

are detailed below in order of importance. 

 

Numerical assessment criteria: 

• Melting point/boiling point/critical temperature 

• Merit number 

• Vapour pressure 

• Fluid stability/thermal decomposition 

• Fluid Compatibility with metals 
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Environmental criteria: 

• Toxicity and handling analysis 

• Economic analysis 

• Compatibility with commonly used materials  

 

The following chapter will address each of these criteria and detail the fluid 

categories which will be taken into consideration as well as the work which has already 

been done in each fluid category. The numerical modelling of each assessment criteria and 

the methodology behind the industrial assessment will be outlined. Previous studies for of 

fluids used in the medium temperature range will also be outlined. To categorise the fluid 

analysis, there are two distinguishable fluid groups which all fluids can be subdivided into 

Organic and Inorganic compounds. These are defined as follows: 

 

Organic compound: Any compound which contains carbon bonds 

Inorganic compound: Two or more elements combined in definite proportions 

with no carbon bonds 

 Organic Fluids 

 

Interest in organic fluids for use in heat pipes has a long history dating back to work 

by Saaski et al at the NASA Lewis Research centre [47]–[49], Grzyll et al. at the 

Mainstream Engineering Corporation [46], [50] and Kenney et al at the University of New 

Mexico [41]. Much of this work investigates the use of organic fluids up to 400°C using 
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the theory of thermal stability developed by Johns et al. [51]. A review of key concepts 

involved in the stability theory as well as a summary of lifetime testing done on organic 

fluids in the context of heat pipe applications is presented. 

 

2.4.1.1 Thermal degradation 

 

Thermal degradation is mainly related to organic chemicals to assess their stability 

at high temperatures. The principal behind it is to determine the rate of pyrolysis based on 

the activation energy of the various bonds within the molecule to break the molecule into 

its constituents. In the Rice, Ramsper and Kassel (RRK) model [52], the first order rate of 

bond breakage is given as 

 
𝑅1 = 𝐴𝑒

𝐸+

𝑅𝑇 
34 

 

Where ‘𝐸+’ is the activation energy and ‘𝐴’ is a constant in the same magnitude as 

the bond vibration frequency. When dealing with a complex molecule, however, the many 

intermediary reactions and activated species may occur. This causes the decomposition rate 

to lose its linearity with the bond breakage rate due to collisions occurring with many lower 

energy molecule impacts retarding the decomposition process. The particles denoted with 

a ‘+’ symbolise an energised state greater than their critical energy. In this state the 

molecule will either decompose or return to its original state by colliding with a lower 

energy particle. Sources of complexity and error in the modelling of these reactions come 

from intermediate stage reaction complexity, reaction with impurities or decomposed 

products and the heterogeneous nature of the container should residual air still be present 
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[41]. Saaski et al. [49] propose a simple reaction model in Figure 2-13 by showing all the 

possible intermediate species in the hypothetical reaction of species D to decomposition 

products A and B.  

 

As seen in Figure 2-13 this reaction would possess a total of 16 rate constants. The 

vapour can also exist in a variety of conditions, all of which would affect the rate of 

decomposition in different ways. Some of the main cases will be highlighted. 

 

 

Figure 2-13  (1) Various intermediate species in the decomposition reaction and their relative internal 
energies (2) Unimolecular decomposition of species D to A + B. Source: [49] 

 

2.4.1.2 Rate equations 

 

The general form of the equation giving the rate of pyrolysis for any given species is 

 

𝑅𝑓 =
[𝐷] (

𝐾1
𝐾2
)𝐾3

1 +
𝐾3
𝑐𝐾2
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Where C is the total concentration. The assumption made in this case are: 

 

• ∆𝐸2 > 0 (energy needed to form (𝐴𝐵)+and (𝐴𝐵)) 

• 𝐾7 ≫ 𝑃𝐾6 

• The concentration of D is much greater than A or B 

 

The intermediate species concentrations do not have an influence on decomposition 

rate; however, the decomposition rate is directly related to the system pressure. At low 

pressure the decomposition rate becomes: 

 

 𝑅𝑓,𝑙 ≅ 𝐶[𝐷]𝐾1 36 

 

Since A and B are in such small quantities, the concentration is proportional to [𝐷] 

hence the pyrolysis increases at a rate of [𝐷]2. At high pressure the rate equation takes the 

form 

 

 
𝑅𝑓,ℎ ≅ 𝐶[𝐷] (

𝐾1
𝐾2
)𝐾3 

37 

 

In the instance where ∆𝐸2 → 0 (where A and B become free radicals) the high-

pressure rate becomes 

 

 
𝑅𝑓,ℎ ≅

[𝐷]

2
(
𝐾1
𝐾2
)𝐾3 

38 
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Benson and Sidney (1960) [52] shows in Figure 2-14 the pressure limitation where 

the decomposition rate reduces by a factor of two for a given number of atoms and degrees 

of freedom possessed by the molecule. The pressure limit reduction is caused by the energy 

absorbing effects of multiple bonds.  

 

 

Figure 2-14  Pressure at which the unimolecular rate constants fall by a factor of two. Source: Benson 
and Sidney (1960) 

 

Ingold et. al. [53] explores this pressure dependency by studying the thermal 

decomposition of several paraffin hydrocarbons. This gave the rate equations of the form 

 

 𝑅𝑓,𝑙 ≅ 𝐴𝑃 +𝐵𝑃
2
 39 

 

For low pressure pyrolysis (0 – 0.66 atm) and 

 

 𝑅𝑓,𝑙 ≅ 𝐴′𝑃 40 
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For high pressure pyrolysis (>0.66 atm). Where A’, A and B are curve-fitting rate 

constants. In general, the thermal decomposition of a vapour is characterised by 3 factors: 

 

1. An Arrhenius-type rate equation with a pre-exponential factor of approximately 

10^13 s^-2 

2. Concentration dependant rate constant at low pressure 

3. A relatively concentration-independent rate constant at high pressure 

 

2.4.1.3 Stability prediction 

 

The stability of a molecule is determined by its bond stability. When analysing a 

compound, acquiring data on its bond strength is of great interest to determine its stability. 

Since the dissociation energy of covalent bonds are generally consistent independent of 

molecular structure, this data can also be used to make predictions on stability of compound 

with limited data available.       

    

One particular characteristic of stable compound is described by Saaski and 

Owzarski [47] where they analyse the structure of electron orbitals around certain types of 

bonds. It was found that the stability of a molecule can be determined by the bond strengths 

of localised hybrid orbitals (𝜎 bonds) and delocalised hybrid orbitals (𝜋 bonds). Hence 

organic compound stability can be described through containing carbon rings tend to have 

high levels of stability due to their 𝜋 bond structure. Naphthalene is one such structure 

which stands out due to its high boiling point and heat transport capabilities. Some common 

dissociation energies are presented in Figure 2-15. 
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1. Characterising the bond dissociation energies of various 𝜎 bonds (particularly C-H 

bonds) 

2. Defining classes of compound with 𝜋 orbital bonding 

3. Correlating points 1 and 2 with available data 

 

 

Figure 2-15 Bond dissociation energies for various vapours. Source: [47] 

 

The critical decomposition rate for a fluid is relative to the application at hand. 

Saaski and Owzarski (1977) give a hypothetical maximum allowable decomposition rate 

of 0.1% volume decomposition per year, this gives 

 

 𝑅𝐶𝑟 = 1.14 × 10
−7 ℎ𝑟−1 41 

 

The works of Siefert et. al. and Miller (1972) both run pyrolysis experiments on 

different compounds at temperature between 343 and 412°C. It was found that aromatic 

ethers presented high stability, alkylated aromatic ethers varied in stability and saturated 

alkyl compound demonstrated very poor stability. It was also noted that molecular 

symmetry tends to be beneficial to its stability. 
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2.4.1.4 Halogenated Alkanes 

 

Due to low dissociation energies and susceptibility to catalytic decomposition, long 

chain halogenated compound tends to have relatively low decomposition temperatures. 

Studies conducted on coolants R12, R22, R114 and R216 found that the maximum 

operating temperatures would be in the region of 200 to 250°C without the presence of 

oxides and 100 to 125°C in the presence of oxides. The catalytic effects of various metals 

were also determined as follows (in order of high to low decomposition effect): 

 

𝑆𝑖𝑙𝑣𝑒𝑟 > 𝐴𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 > 𝑆𝑡𝑒𝑒𝑙 > 𝑁𝑖𝑐𝑘𝑒𝑙 > 𝐶𝑜𝑝𝑝𝑒𝑟 > 𝑆𝑡𝑎𝑖𝑛𝑙𝑒𝑠𝑠 𝑆𝑡𝑒𝑒𝑙 > 𝐼𝑛𝑐𝑜𝑛𝑒𝑙

> 𝑃𝑙𝑎𝑡𝑖𝑛𝑢𝑚 

 

It was also noted that catalytic effects are related to factors such as temperature, 

pressure, relative strength of chemical bonds, type of molecule hybridization and 

intermediate species. Hence, the catalytic effects for other chemical groups may differ 

significantly. The conclusion of the studies show that halogenated hydrocarbon would be 

unable to perform as working fluids.   

 

2.4.1.5 Halogenated aromatic compounds 

 

The 𝜎 bond strength of an aromatic compound with a halogen attached is what give 

the fluid it’s resilience to decomposition. The magnitude of the 𝜎 bond strength varies with 
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the halogen attached. Saaski and Owzarski (1978) [47] determined that the strongest to 

weakest the halogen order is 

 

𝐹 > 𝐶𝑙 > 𝐵𝑟 > 𝐼 

 

This indicated that fluorinated species are expected to be the most stable. Some examples 

of fluids in this category are detailed in Table 2-5. 

Table 2-5 Various halogenated aromatic fluids and their properties 

Fluid Melting Point (°C) Boiling Point (°C) 

Dowtherm E - 177.8 

Naphthalene 80.1 218 

Monochloronapthalene -25 250 

Dichloronapthalene 60 - 

Octofluronapthalene 88 - 

Octachloronapthalene 185 - 

1-Fluronapthalene -9 216 

 

Extensive work has been done by Miller (1972) [54] on halogenated aromatic fluids 

and their decomposition during gas phase pyrolysis with surface activated catalytic effects. 

The survival time are in agreement with the relative bond strengths of each halogen. It is 

important to note, however, that the results do not reflect the formation of NGS’s and 

sludge/tar, both of which would cause adverse effects as a heat pipe working fluid. The 

fluids are also in complete vapour states and in the presence of air.  
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Table 2-6 Decomposition temperatures for halocarbon refrigerants in presence of steel and the 
influence of metals on decomposition of R-11 at 249°C. Source:  [54] 

 

 

 

2.4.1.6 Previously tested organic fluids in medium temperature range 

 

The most recent research directed towards identifying and testing organic fluids for 

the intermediate temperature range have origin in various institutions in the USA. Various 

works by Anderson et al. [10], [43], [55]–[57] Devarakonda et al. [58], Rosenfeld et al. 

[45], Groll et al. [6] and Vasil’ev et al. [59]. Table 2-7 shows a summary of all results 

falling within the medium temperature range, the highest tested temperature for organic 

fluids is 400°C. 

Table 2-7 Summary of organic fluids tested in the medium temperature range 

Fluid Working 
Temperature 
range (°C) 

Author(s) Summary 

Dowtherm A 150-450 Anderson 2007 
[43]   
Groll 1989 [46] 
Kenney 1978 
[41] 

Highest tested temperature: 400°C 
Tested compatible metals: 304 SS, 321 SS, St35, 
Ti 99.4 

Naphthalene 135-350 Vasil'ev 1988 
[59] 
Gryzll 1994 
[46] 

Highest tested temperature: 320°C 
Tested compatible metals: Al 6061, A-178 Steel, 
13CrMo44, St35, CuNi10Fe, 316L, Ti 99.4, 316 
SS, Alloy 20 SS 
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Groll 1989c 
Saaki 1980 [49] 

Diphenyl 250-400 Gryzll 1994 
[46] 
Groll 1989 [6] 
Saaki 1980 [49] 
Kenney 1978 
[41] 

Highest tested temperature: 400°C 
Tested compatible metals: 304 SS, Carbon 
Steel, Black Iron, 316 SS, Mild Steel 

O-Terphenyl 250-400 Gryzll 1994 
[46] 
Saaski 1980 
[49] 

Highest tested temperature: 380°C 
Tested compatible metals: Al 6061, A-178 Steel, 
316 SS 

 

From extensive literature surveying, it is concluded that most organic compounds 

suffer from decomposition at temperature above 400°C. In addition to the tests presented 

in Table 2-7, there have been numerous more recent tests on these and other organic fluids 

at temperatures reaching up to 450°C (Dowtherm A [43], [60], P-Terphenyl [61], Diphenyl 

[55]) , all current studies, however, are yet to present a successful result above 400°C. From 

this it can be concluded that the vast majority of viable organic medium temperature fluids 

have been empirically proven to only have a functioning capacity of no more than 400°C. 

While this does give some overlap into the medium temperature range, it is unlikely that 

an organic fluid would be able to reliably cover all of the temperature range, and thus, has 

limited scope for use as a mass-produced medium temperature solution.   

 Inorganic fluids 

 

Inorganic fluids have been analysed and tested largely alongside organics in studies 

by Saaski et al at the NASA Lewis Research centre [47]–[49], Grzyll et al. at the 

Mainstream Engineering Corporation [46], [50] and Kenney et al at the University of New 
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Mexico [41]. In the study by Saaski and Owzarski [47] the analysis of two particular fluid 

groups within the ‘inorganic’ category is carried forward. These are halogenated alkanes 

and halogenated aromatic compounds.  

 

2.4.2.1 Stability prediction model for inorganic fluids 

 

Inorganic fluids are characterised as being either molecular or ionic liquids. 

Molecular and ionic behaviours differ from one another, molecular fluids do not lose their 

structure in the liquid/vapour transition whereas with Ionic compound the structure tends 

to be destroyed. Most inorganic fluids which fall into the medium temperature working 

fluid range tend to be in the metal halide category. The physical properties of these 

inorganic compounds can be generally characterised as: 

 

• The vapour pressure characteristics are similar to water or somewhere in-

between water and liquid metals 

• The thermal conductivities and surface tension are similar to organic fluids 

• Liquid densities are high compared to organic fluids (this is good as Nussle 

film tends to be thinner) 

• Limited amount of data tends to be available  

• They tend to vary in toxicity from non-toxic to extremely toxic 

• Latent heat of vaporisation (for metal halides) varies between 30000 to 

100000 Kcal/g-mole 
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The stability of inorganic compounds tends to be very good (usually around -

100kcal/g-mole free energy at 25°C), with the distinct advantage of no NCG formation on 

decomposition. The decomposition of metal halides in the presence of water results in the 

halogen’s acid with a metal oxide. The main factor to determine the suitability of the 

inorganic fluids as working fluids is their reactions with the metal envelope. The main 

methods to determine the fluid/envelope stability are discussed below.  

 

2.4.2.2 Compatibility of metal/fluid envelopes 

 

The reactivity of a metal halide in contact with a metal container is characterised 

by their relative stabilities. The general reaction can be expressed as 

 

 𝑓𝑀𝑎 + 𝑔𝑀𝑏𝑋𝑐 ↔ 𝑓𝑀𝑎𝑋𝑐𝑝 + 𝑔𝑀𝑏 42 

   

Where 𝑀𝑏𝑋𝑐 is the metal halide and 𝑀𝑎 is the wall metal. The free energy change 

during this reaction is given by 

 

 

∆𝐺 = ∆𝐺0𝑅𝑇 + ln [(
(𝑀𝑎𝑋𝑐𝑝)

𝑓
(𝑀𝑏)

𝑔

(𝑀𝑎)𝑓(𝑀𝑏𝑋𝑐)𝑔
)] 

43 

 

Where ‘∆𝐺’ is the Gibbs free energy (J/molK). The electromotive force can be 

calculated as 
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∆𝐸 = ∆𝐸0 −
𝑅𝑇

𝑛𝐹
ln [(

(𝑀𝑎𝑋𝑐𝑝)
𝑓
(𝑀𝑏)

𝑔

(𝑀𝑎)𝑓(𝑀𝑏𝑋𝑐)𝑔
)] 
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Where 𝑛 is the number of electrons transferred in the balance equation and 𝐹 is the 

Faraday constant (96485C/mol). If the reaction has a large negative energy formation, the 

left to right reaction will be spontaneous. However, a film of the shell metal halide may 

form over the surface due to the low solubility of a metal in a dissimilar metal halide. An 

example of this is given in the reaction between Bismuth Trichloride and Iron as seen in 

Figure 2-16.  

 

 

Figure 2-16 Corrosion of Iron by film of molten Bismuth Trichloride (hypothetical reaction cells). Source: 
[47] 
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The FeCl3 and Bi ‘cells’ that can be seen in Figure 2-16 form over the metal surface 

and act as electrodes coupled by Ionic conduction in the liquid Bismuth Chloride. By 

neglecting the solubility of Fe in BiCl3 and of Bicl3 in FeCl3, the activities of the various 

constituents can be approximated to unity. The model also neglects the changes in mutual 

solubilities and diffusivities during phase change. To determine the EMF of the reaction 

the decomposition potentials of the fluid and metal wall halides must be determined. These 

can be found from existing data tables as shown in Figure 2-16. The total EMF for a given 

reaction is then calculated as: 

 

 ∆𝐸0 = 𝐸𝑝(𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑙𝑖𝑑𝑒) − 𝐸𝑝(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ℎ𝑎𝑙𝑖𝑑𝑒) 
 

 

If the result returns a positive value, then spontaneous reaction will occur between 

the wall and the fluid. If the EMF is strongly negative the reaction between the fluid and 

the wall is insignificant. From this it can be inferred that the ideal combination would be 

to have fluids with high decomposition potentials and walls with low decomposition 

potentials. Figure 2-17 shows a visual aid developed by [47] to more easily identify which 

chloride fluids would be compatible with standard metals. From analysis of , the chloride 

compounds which stand out are those of groups 4b, 5b, 3a, 4a and 5a on the periodic chart.  
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Figure 2-17 Decomposition potential of various inorganic chlorides. Source: [47] 

 

2.4.2.3 Liquid metals 

 

In general, liquid metals have a start-up temperature much higher than 600°C, 

hence the gap in the medium temperature range. Table 2-8 shows some common liquid 

metal elements and their working range.   
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Table 2-8 Common heat pipe liquid metals 

Fluid Melting 
point 

Boiling 
point 

Working 
range (°C) 

Mercury 234.2 630.1 250-650 

Sulphur 386 718 257-674 

Caesium 302 943 350-900 

Rubidium 313 959 400-1600 

Potassium 336 1032 400-1800 

Sodium 371 1151 600-1200 

Lithium 454 1615 1000-1800 

Calcium 1112 1762 1127-1827 

Lead 601 2013 1397-1927 

Indium 430 2353 1727-2727 

Silver 1234 2485 1800-2300 

 

Observing Table 2-8, there are distinctly five metals which can theoretically operate 

within the medium temperature range, these are: Mercury, Sulphur, Caesium, Rubidium 

and Potassium. The most obvious contenders from initial observation would be Mercury 

and Sulphur as these fluids span the entire working range. Naturally, these metals have 

indeed been the subject of many trials as heat pipe fluids, unfortunately, each of these come 

with their own set of drawbacks which is detailed in Table 2-9. 

 

Table 2-9  Liquid metals tested in the medium temperature range 

Fluid Author(s) Summary Primary fluid 
issues 

Mercury Yamamoto 1994 
[62]  

Lowest tested temperature: 
350°C 
Tested compatible metals: No 
compatible metals proven, high 
corrosion  

Low wetting 
ability 
Highly toxic 
High density 
 

Sulphur Anderson 2007 
[63] 

The major factor contribution to 
its inadequate use in heat pipes 
is the incredibly high liquid 

Highly toxic 
Low vapour 
pressures 
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viscosity over almost all the 
working temperature range  

High liquid 
viscosity 

Caesium Dussinger 2005 
[64] 

A Caesium heat pipe was tested 
at 350°C for 48 hours with no 
sign of degradation 

Highly corrosive 
Highly flammable 
Unstable in air 
Expensive to 
manufacture 

Rubidium El-Genk 2011 
[65] 

A theoretical analysis of 
rubidium heat pipes is 
conducted but no experimental 
validation as of yet not proof of 
compatible long-term metals for 
use with Rubidium. 

Highly toxic 
Corrosive 

Potassium Dussinger 2005 
[64] 

A Potassium heat pipe was 
tested at 430°C for 48 hours 
with no sign of degradation 

Highly corrosive 
Highly flammable 
Unstable in air 
Expensive to 
manufacture 

 

Within the medium temperature range, there are Reports by Sena et al. [66], [67] 

show successful operation of a Potassium heat with Niobium and Tantalum wall materials 

at temperatures down to 522°C.  

 

2.4.2.4 Previously tested inorganic fluids in medium temperature range 

 

The most recent tests conducted on novel inorganic fluids are those undertaken by 

Anderson et al. [63]. In this work, a large range of fluids were selected for lifetime testing, 

mostly resulting in incompatible matches at high temperatures. The most promising results 

from Anderson as well as previous studies which have tested at or near the medium 

temperature range can be found in  Table 2-10. Here it can be seen that a series of halides 

have shown good compatibility with Hastelloy within the medium temperature range. As 

far as the author is aware, there have been no further advancements from these to date. 
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Table 2-10 Most recent compatible results for novel inorganic fluids 

Fluid Working 
Temperature 
range (°C) 

Author(s) Summary 

Sulfur/Idoine10 350 - 700 Anderson 2004 
[63] 
Reid 1991 [68] 

Highest successful tested 
temperature: 350°C 
Tested compatible metals: Al 6061, 
A-178 Steel, 316 SS 

AlBr3 120 - 420 Anderson 2007 
[43] 
Locci 2005 [69] 
Tarau 2007 [57] 

Highest successful tested 
temperature: 400°C 
Tested compatible metals: HastC22, 
HastC2000, HastB3  

SbCl3 100 - 500 Saaski 1980 [49] Highest successful tested 
temperature: 203°C 
Tested compatible metals: A-178 
Steel 

TiCl4 100 - 300 Anderson 2007 
[43] 

Highest successful tested 
temperature: 300°C 
Tested compatible metals: HastC22, 
HastC2000, HastB3  
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2.5 Current experimental studies in medium and high temperature heat pipes 

 

As seen in previous sections, many studies have directed research specifically into 

the medium temperature range for heat pipes. The vast majority of research in the field 

comes from a handful of research centres mostly based in the USA. Early work can be 

dated back to at Los Alamos Scientific Laboratory, Lewis Research Centre (NASA). More 

recent work can be attributed to Thermacore Ltd. and Advanced Cooling Technologies Ltd 

dating up to 2013. Since then, there have unfortunately been limited resources invested into 

perusing the research, possibly due to identification of alternative solutions for the specific 

projects the research in the institutions were aimed towards. From 2013 to the current year 

(2020), the main interest of researchers has directed towards the optimisation of 

applications using current heat pipes or the use of nanofluids to enhance heat transfer in 

established heat pipe fluids [28], [70]–[74]. This, however, is of course still limited to the 

working temperature of that particular fluid and does little to advance the research into 

novel heat pipe fluids for use in the medium temperature range. As it currently stands, this 

work appears to be the only recent attempt at reviving investigations into medium 

temperature heat pipes, and the author is hopeful that the tools provided here will promote 

researchers to continue investigations into the field. The following chapter will review 

some of the major contributions and explore some of the primary techniques used in heat 

pipe fabrication and testing. 
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 Experimental techniques 

 

Many papers have explored a variety of experimental techniques used to evaluate 

the performance of heat pipes. This section will explore the main techniques used and how 

they are applied.  

 

Table 2-11 Papers outlining medium and high temperature heat pipe testing 

Author(s) Test type  Summary 

Jang [75]  Performance test 

Experimental study highlighting the start-

up characteristics of a potassium heat 

pipe. Heat pipe was tested in a vacuum 

chamber using radiation heat transfer 

mode.  

 

Reid et al. [76] 

Performance 

and 

compatibility 

(life) tests 

Various experimental studies of water 

and gas-loaded sodium heat pipes. 

 

 

Wits et al. [77] Performance test 

Undefined fluid operating from 0 to 

100°C. Heat pipe tested at multiple 

angles with gravity. Air cooled condenser 

section with varying heat input 

configurations. 

Tu et al. [78] 
Compatibility 

(life) tests 

Study of corrosion failures occurring 

with alkali metal heat pipes with a variety 

of steels.  

 

Meng [79] 
Compatibility 

(life) tests 

Study of corrosion behaviour of Mo, W 

and SS with lithium. 

Rosenfeld et al. 

[80] 

Compatibility 

(life) tests 

Long term life test conducted on Ti and 

Monel with Water at temperatures from 

200°C to 300°C. 

Basilius et al. [81] 
Compatibility 

(life) tests 

Compatibility tests were performed on a 

variety of organic fluids with Copper, 

Aluminium, Stainless Steel, Nickel and 

Refrasil.  
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Ghanbarpour et 

al. [82] 
Performance test 

The thermal performance of water heat 

pipes with nanoparticles present is 

assessed. 

Khandekar et al. 

[28] 
Performance test 

Thermal performance of thermosyphon 

using water with suspended 

nanoparticles.  

Anderson et al. 

[83] 
Performance test 

Performance of Ti/Water heat pipes for 

space applications. 

Anderson et al. 

[43] 

Compatibility 

(life) tests 

Life tests conducted with water, and a 

variety of halides with Titanium and 

Monel pipe structures.  

Rosenfeld et al. 

[84] 

Compatibility 

(life) tests 

Sodium/Inconel vapour chamber test 

with stainless steel mesh wick.  

Anderson et al. 

[10] 

Compatibility 

(life) tests 

High temperature water heat pies tests 

with Titanuim and Monel heat pipes. 

Deverall et al. 

[85] 

Performance 

tests 

Pioneering work on Lithium and Silver 

heat pipes at over 1200°C. Concept 

development of early heat pipes.  

Min et al. [60] 
Performance 

tests 

Tests on Stainless steel/Dowtherm A heat 

pies to quantify thermal performance at 

250°C  

 Heat pipe life tests  

 

Life tests are a standard testing procedure usually carried out as part of the 

Technology Readiness Level (TRL) advancement process. Any new metal and/or fluid 

must be subject to life tests which are at least equivalent to the lifetime of the application. 

The aim of life tests is to identify any failure modes associated with continuous long-term 

operation and have a bank of data proving the reliability of a specific fluid/metal 

combination. In the life testing process, there are three main failure modes to consider: 

 

1. Corrosion of the metal envelope or wick structure  

2. Generation of non-condensable gasses (NCG’s) 
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3. Leakage from welded joints or damage to wick structure from the internal 

pressure 

 

To monitor the heat pipe over the testing process, only temperature measurements 

of the outer structure is necessary. Should any of the failure methods occur, this will be 

detectable in temperature measurements (generally through raising heat pipe temperatures)  

as the heat transport capabilities of the heat pipe are compromised. The test continues until 

either there is total failure, or the necessary duration has been completed. In either case, 

the heat pipes are usually then examined using both destructive (SEM/EDX analysis of 

sectioned heat pipe) and non-destructive methods (CT scan). 

 

In Table 2-11 there are a variety of experimental papers outlining life testing 

directed towards medium and high temperature heat pipes. Figure 2-7 shows the life test 

apparatus used by Anderson et al. [10] in investigating high temperature water heat pipes 

with a variety of wall materials. 

 

Figure 2-18 Apparatus set up for high temperature water heat pipe life test by Anderson et al. [10]  
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As seen in Figure 2-18, the general setup for a lifetime test rig can be fairly simple. 

The heat pipes are connected to a frame with heater blocks at the bottom and an aluminium 

box surrounds the heat pipes to contain insulation material. A PID controller is generally 

used to control the temperature of the heat pipes so they are kept stable at the desired test 

temperature. The heat pipes are then fitted with a series of thermocouples along their length 

to monitor the temperature at desired points.  

 Heat pipe thermal performance tests  

 

Thermal performance tests differ from life tests in many ways, one critical 

differentiating factor though is the use of a calorimeter at the condenser side of the heat 

pipe. The addition of a calorimeter (by either convection or radiation) allows for the 

measurement of the heat being transferred through the heat pipe, this give a much wider 

picture of the heat pipe functionality. As seen in Table 2-11, thermal performance tests are 

widely conducted to quantify the effectiveness of a specific fluid and compare this against 

a baseline. Deverall and Kemme [85] pioneered this work in 1965 by testing Lithium and 

Silver heat pipes in the vertical orientation using both induction and electron beam heating 

methods in vacuum while using thermal imaging and emissivity calculations to quantify 

the heat transfer rate. Figure 2-19 shows the apparatus setup for the Lithium and Silver heat 

pie tests.  
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Figure 2-19 Apparatus setup for Lithium and Silver heat pipe testing Source: [85] 

 

More recently, authors such as Ghanbarpour et al. [82], Min et al. [60] and 

Anderson et al. [83] have explored more precise calorimetry methods allowing the ability 

to quantify key features of the heat pipe such as the overall thermal conductivity and 

thermal resistance. In some cases, these qualities were attempted to be improved by the use 

of nanofluids - a more recent development in the heat pipe field. Figure 2-20 shows a 

typical schematic layout for heat pipe performance tests in all most recent cases. The figure 

also shows an advanced calorimeter developed by Anderson et al. which is able to adjust 

its thermal resistance using a small gas gap. This provides a means to regulate the thermal 
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output of the pipe allowing for various thermal load conditions to be met at a single vapour 

temperature.  

 

 

 

Figure 2-20 Typical schematic diagram for a heat pipe thermal performance rig (top) and a picture of a 
test rig using a variable conductance calorimeter (bottom) from recent literature. Sources: [86] and [82] 
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2.6 Chapter Summary 

 

Heat pipes clearly have had a meteoric rise in the last 50 years and have expanded 

its use throughout a range of industries. Despite this, there has been a severely neglected 

temperature range for the development of heat pipes due to the lack of obvious/safe fluids 

which can work in this range. The literature review has pointed out the growing need for 

heat pipes in this range and has outlined the research that has been conducted in this area 

which thus far has not surpassed feasibility studies and individual fluid evaluations. While 

there has been some headway in directed investigations of medium temperature heat pipes, 

mostly authored by Anderson, Devarankonda and Tarau in the latest investigations, there 

has been no conclusive results for intermediate temperature fluids taken forward into 

thermal management applications.  

 

The advantages of developing heat pipes for the intermediate temperature range are 

to aid the expansion of applications which heat pipes could be used for. Many industries 

such as renewable energy, nuclear power, high power electronics and aerospace are 

currently developing next generation technology which operate in the intermediate 

temperature range and have a great need for high level thermal management. This chapter 

has highlighted all the main theory surrounding the mechanisms by which the heat pipe 

operates and has made a comprehensive review of medium and high temperature fluids 

that have been identified and studied so far as well as their shortfalls. It is clear that much 

more work need to be done in this field to identify and quantify new potential fluids.  
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3 Chapter III 

Methodology - Analysis and application of experimental and numerical methods  
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3.1 Experimental methods 

 

The various testing methods and full overview of the test plans, approaches used, 

equipment and procedures are described in this section. Figure 3-1 shows an umbrella view 

of the experimental work done towards the final goal of producing a viable medium 

temperature heat pipe. One of the goals of this thesis is to provide a blueprint of the 

procedures necessary to explore new chemicals in heat pipes, this section provides an 

overview of all the equipment and methodology necessary to achieve this. Of course, these 

can be further refined and modified to suit different chemicals and metals in future work, 

but the general structure should follow a similar process.  

 

 

Figure 3-1 Umbrella view of the overall thesis 

 

The experimental work is concentrated in parts 2 and 3 of the project studying the 

compatibility and wettability of various fluids and metals and in the development of a 

thermal performance test rig for medium temperature heat pipes. The designed structure of 
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these tests builds on the testing done by Rosenfeld et al. [87], Sarraf et al. [42], 

Devarakonda et al. [58] and Hay et al. [44] on high temperature water heat pipes, Jaworske 

et al. [88] on water/Titanuim thermocyphons and Martin et al. [89] on Sodium heat pipes 

with reference also to the work by Yang [90],  Tarau et al. [57] and Sena et al. [67]. The 

following chapter will detail the theory, techniques, apparatus, procedures and error 

analysis for all experimental methods.  
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3.2 Wettability and Compatibility Testing 

 

The wettability and compatibility testing of the selected fluids on various metal 

samples is an essential part to selecting the best potential fluid for prototyping. Wettability 

tests show the relative ‘spreading’ ability of the fluid on each surface, which in turn 

indicates which metal may have the best capillary action associated with its wick structure. 

The compatibility tests indicate whether any reaction is likely to occur between the fluid 

and the metal resulting in undesirable by products or corrosion of the metal surfaces.  

3.2.1 Wettability testing (using measure of contact angle) 

 

A ‘wetting’ phenomenon takes place between solid/liquid substance interfaces, 

usually also with the presence of non-condensable gases (i.e. air). It is observed that any 

liquid on a solid surface forms a hemispherical shape due to the surface tension of the liquid 

acting against gravitational forces. The degree of wetting is dictated by the angle formed 

between the edges of the liquid hemisphere and the solid surface. This is measured by 

taking a two-dimensional side image of the droplet on the surface and measuring the angle 

at the left and right contact locations. The wetting angle is directly related to capillary force 

of the liquid in a porous surface, dictating the amount of lift that can be experienced.  

 

In the liquid/solid droplet scenario, the interaction between the liquid and solid is 

dictated by the amount of surface energy – that is, the degree of intermolecular forces 

experiences on that surface. This creates the ‘attractive’ or ‘repulsive’ effect experienced 
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by the liquid. From this it can be ascertained that if the surface energy of the solid is 

stronger than the surface tension of the liquid, this would create a ‘wetted’ surface, whereas 

if the opposite was true this would create a ‘non-wetted’ surface. In the case of a heat pipe, 

the wick structure would benefit from the ‘attractiveness’ of its material to the liquid in the 

heat pipe as this would promote spreading through the wick structure and ultimately lead 

to higher capillary action. For this reason, the degree of wettability of the surface is a great 

measure of suitability of the metal as a heat pipe wall and wick material.  

 

All contact angle experimentation is performed in accordance with BS EN 

828:2013. The contact angle is the angle formed at the interface between liquid/vapour and 

solid surface as shown in Figure 3-2.  

 

 

Figure 3-2  Contact angle example diagram 

 

Where 1 is the substrate, 2 is the liquid drop, 𝜎𝐿 is the surface tension, 𝜎𝑆 is the 

surface free energy of the substrate, 𝛾𝑆𝐿 is the interfacial energy of the substrate in contact 

with the liquid and θ is the contact angle. 
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This experiment aims to determine the contact angle of each chemical on each 

potential metal surface. The contact angle is used to calculate the capillary lift height of the 

liquid. The contact angle will be measured by direct inspection goniometry and a profile 

image of the drop will be taken and appropriate software will be used to measure the angle. 

For water tests standard conditions (temperature and pressure) will be maintained 

throughout the experiment to ensure results accuracy. For tests with halides, the 

temperature of the sample and surroundings is slowly elevated until melting point of the 

fluid is reached, and the contact angle can be measured. For health and safety reasons this 

experiment will be performed in a ventilated chamber. The drop volume needed will be 

determine so that gravitational effects on the contact angle are minimal. Measurements 

shall be carried out on different areas of the substrate. The microscope that will be used for 

the contact angle experiment can be seen in Figure 3-3.  

3.2.2 Contact angle measuring techniques  

 

In general, there are two classifications of contact angle: static and dynamic. The 

dynamic contact angle refers to the advancing and receding angles formed when the mass 

of the droplet is steadily increased and decreased, respectively. The static contact angle is 

the angle formed when a static droplet of the fluid is placed on the surface. For this study, 

both the static and advancing contact angles will be considered. 

 

As the tests involve both liquid and solid chemicals at room temperature, two 

different testing techniques were employed. The first is the traditional technique where the 

fluid is dropped on to the metal surface through a syringe and the contact angle is measured 
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by a horizontally placed microscope. The second technique involves pre-placing the solid 

chemical on the metal surface within sealed container with an inert environment and 

heating the container with a heat gun until the melting point of the chemical is reached. 

 

3.2.2.1 General apparatus 

 

Figure 3-3 shows the apparatus used in each technique to measure the contact angle. 

This is the principal equipment used to image the droplet on the surface. This can be done 

in either still image or video form. The main test setup consists of: 

 

• A long-range microscope 

• An adjustable sample platform with monochromatic back light  

• A programmable syringe 

• Laptop with PyDSA and microscope software installed  

 

 

Figure 3-3  Kruss contact angle measuring apparatus  
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Measurements using Antimony trichloride and Gallium trichloride are taken within 

a fume hood for safety and require a heat source to melt the chemical, in this case a variable 

temperature heat gun was used. Each metal sample that was used was pre-prepared by 

polishing the surface down to a 6um finish. The chemicals also required preparation in a 

low water inert atmosphere. There are three main procedures undertaken throughout 

testing; sample preparation, liquid contact angle testing and solids contact angle testing.    

 

3.2.2.2 Procedure: Sample preparation 

 

Various studies [91][92][93] have shown that the surface roughness can influence 

the degree of wetting between the liquid and solid. These studies show that the surface 

topography can have a major impact on the degree of wetting. For this reason, the sample 

preparation is a key process by which any meaningful comparison would only be possible 

if the surface topographies are be similar in roughness and structure.  

 

Similarly, during compatibility testing, the surface roughness can be a measure of 

reactivity between the chemical and metal as deposits and corrosion can be indicated 

through roughening of the surface [94]. For these reasons, each of the samples flat surfaces 

is prepared beforehand using standard metal polishing process.  
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Figure 3-4  Polishing Apparatus 

 

Figure 3-4 shows the apparatus used to polish the samples. These consist of rotating 

platforms on which the gritted paper is placed and rotated where the sample faces are then 

pressed against to effectively ‘sand down’ the surface to a finish. The general process 

requires the sample to be taken from the largest grit size to the smallest grit size in order. 

The grit sizes used in order of larges to smallest are P240, P400, P800, P1200 and 6um.  

 

 

Figure 3-5  Polishing process 



 

87 

 

Figure 3-5 demonstrates how the polishing process works. The grit size determines 

the depth of the surface features as these are what removes the surface layer of metal. The 

grit must be used in the designated order as otherwise the surface features would be too 

large to be removed by the smaller grit sizes (which would drastically increase polishing 

time).  

 

Table 3-1 shows the polish finish used for the top face of each sample. The coarse 

samples are used for compatibility testing as the tests aim to promote any reaction which 

may occur by increasing surface area while still maintaining a comparable surface finish. 

The smooth samples are the ones used for contact angle tests to take away any uncertainty 

of the contact angle with regards to a rough surface finish.  

 

Table 3-1 Sample list and end polish specifications 

Name 
Date 
received/Produced Size Polished? 

Weight 
(after 
polish) 

Mo1 01-Jan 15x15 P240 26.6100 

Mo2 01-Jan 15x15 P240 26.6900 

Mo3 01-Jan 15x15 P1200 26.7300 

Mo4 01-Jan 15x15 P1200 26.7400 

TZM1 01-Jan 15x15 P240 26.7700 

TZM2 01-Jan 15x15 P240 26.7100 

TZM3 01-Jan 15x15 P1200 26.6000 

TZM4 01-Jan 15x15 P1200 26.8100 

W1 27-Feb 15x15 P240 50.8800 

W2 27-Feb 15x15 P240 50.8100 

W3 27-Feb 15x15 P1200 50.7200 

W4 27-Feb 15x15 P1200 50.8300 

W4 27-Feb 15x15 P1200 - 

CuNi1 07-Jun 12.7x15 P240 16.6800 

CuNi2 07-Jun 12.7x15 P240 16.6900 

CuNi3 07-Jun 12.7x15 P1200 16.8000 
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CuNi4 07-Jun 12.7x15 P1200 16.3600 

316SS1 24-Jul 15.875x15 P240 23.4400 

316SS2 24-Jul 15.875x15 P240 23.2600 

316SS3 24-Jul 15.875x15 P1200 23.6400 

316SS4 24-Jul 15.875x15 P1200 23.4900 

316SS4 24-Jul 15.875x15 P1200 - 

304SS1 24-Jul 15x15 P240 20.9400 

304SS2 24-Jul 15x15 P240 20.9600 

304SS3 24-Jul 15x15 P1200 20.9800 

304SS4 24-Jul 15x15 P1200 20.8700 

304SS4 24-Jul 15x15 P1200 - 

Ta1 27-Feb 15x15 P240 43.3300 

Ta2 27-Feb 15x15 P240 43.9600 

Ta3 27-Feb 15x15 P1200 44.3700 

Ta4 27-Feb 15x15 P1200 44.4800 

Ta4 27-Feb 15x15 P1200 - 

Zr1 27-Feb 15x15 P240 17.1700 

Zr2 27-Feb 15x15 P240 17.3300 

Zr3 27-Feb 15x15 P1200 17.3900 

Zr4 27-Feb 15x15 P1200 17.3200 

Zr4 27-Feb 15x15 P1200 - 

Nb1 27-Feb 15x15 P240 22.5200 

Nb2 27-Feb 15x15 P240 22.6300 

Nb3 27-Feb 15x15 P1200 22.4800 

Nb4 27-Feb 15x15 P1200 22.9000 

Nb4 27-Feb 15x15 P1200 - 

 

In addition to polishing, the samples which will be used for the SbCl3 and GaCl3 

contact angle tests require pre-preparation of a sealed sample within an inert atmosphere 

glovebox (to ensure there is no reaction with water once melted). The metal sample is 

lowered into a test tube and the equivalent of 4-6ul of the chemical is placed on the surface 

in solid form. The test tube is then sealed with a rubber septa to maintain the inert 

atmosphere as seen in Figure 3-6. For the inert atmosphere sample preparation process, a 

helium glovebox with water count of less than 6ppm is used.    
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Figure 3-6  Inert atmosphere sample 

 

 

Figure 3-7  MBraun Glovebox 
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3.2.2.3 Procedure: Liquid contact angle 

 

The first set of contact angle tests are undertaken with DI water. This will be used 

as a baseline to compare the wettability of the chosen metals against each other and 

compare the wettability of the chosen chemicals to that of water. Figure 3-3 shows the main 

apparatus used to conduct these tests and the equipment and procedure is described below.  

 

Equipment: 

• Sample 

• 5ml syringe 

• DI Water 

• Kruss CA measuring system 

 

Procedure:  

• Prepare the syringe and mount on the Kruss syringe dispenser 

• Set the delivery options to 4ul and 300ul/min 

• Set backlight to 40% 

• Position sample in focus of camera and dispense one droplet, adjust focus 

position accordingly 

• For each sample, photograph 10 separate droplets and store the CA data 

• Tests can be done on both sides of the sample for different roughness 

conditions comparison  
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3.2.2.4 Procedure: Solid-to-liquid contact angle  

 

The second set of contact angle tests uses the selected fluids on the same (or very 

similar) metal surfaces. This test uses the samples prepared in inert atmosphere where the 

solid chemical is placed on the metal surface and films the heating process of the sample 

until the solid becomes fully liquid and the contact angle of the liquid chemical can be 

determined.  

 

Once the video files are completed, the open access CA software pyDSA [95] is 

used to analyse the contact angle in each frame. A graph of contact angle over time is then 

plotted and the average contact angle of the point at which the chemical is liquefied to the 

end of the video is taken. Figure 3-8 shows the apparatus used for this procedure.  

 

 

Figure 3-8  Solid-to-liquid contact angle test apparatus 
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Equipment: 

• Microscope 

• Stand and backlight 

• Heat gun 

• Laptop 

 

Procedure:  

• Prepare the equipment in a fume hood as present in Figure 3-7 

• Ensure camera and sample are set so that the solid chemical is in focus 

• Switch on the heat gun at 300°C and wait for the sample to start melting 

• Once melting begins to occur, start recording on the microscope 

• Stop recording a few seconds after the chemical is fully melted 

• Save the video file  

• Use pyDSA to calculate the contact angle over time 

 

3.2.2.5 Software 

 

There are two main software used for the contact angle testing, the inbuilt Kruss 

DSA software specific to the instrument and the open source pyDSA software [95] which 

is an open source python program for measuring contact angle with video files.  
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The Kruss software main window can be seen in Figure 3-9 where the syringe, 

lighting and imaging is controlled. The pyDSA software can measure the contact angle 

using a variety of best fit options, these can be adjusted according to the image quality and 

expected angle. Figure 3-10 shows the pyDSA software interface. 

 

 

Figure 3-9  Kruss apparatus software 

 

 

Figure 3-10  pyDSA software 
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3.2.3 Compatibility tests 

 

The compatibility test aim to determine the extent of compatibility of each metal 

sample with the chosen chemicals at their melting point. To simulate internal heat pipe 

conditions and prevent any reaction of the chemical with water vapor, all samples were 

tested in vacuum. The metal samples were prepared according to the specification given in 

section 3.2.2.2. After polishing the surfaces of each sample with P240 grit, the roughness 

of the surfaces was tested using the Mitutoyo Surftest SJ-310 and the samples were 

prepared in vacuum resistant glass vials.  

 

The main aim of the compatibility tests is to identify any reaction which may occur 

between the chemical and the metal by analysing the following features: 

 

• Any changes in topography of the metal sample 

• Any deposits on the metal surface 

• Changes in the chemical colour in liquid form  

• Deposits appearing in the chemical in liquid form 

• Changes in chemistry of the liquid 

 

These changes are tracked mainly through imaging techniques. The samples are 

photographed under a microscope before and after testing to identify changes on a macro 

scale and identify areas of interest. This then identifies section to be analysed under SEM 

and EDX. The surface roughness changes are identified by measuring the surface 



 

95 

 

roughness before and after the tests using the Mitutoyo Surftest mechanical surface 

analyser. The full sequence of testing can be seen in Figure 3-11.  

 

 

Figure 3-11  Compatibility sample pre and post-test prep sequence 

 

The testing process simply consists of heating the vacuum sealed metal and fluid 

samples on a hot plate at the designated melting temperature of the fluid. A heat gun is also 

used to melt any condensation of the fluid occurring on the glass vial walls.  

 

3.2.3.1 General apparatus 

 

Table 3-2 shows a list of all apparatus used for the low and high temperature 

compatibility testing.  
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Table 3-2  Compatibility test apparatus list 

Name Image Function 

Glovebox 
 

To handle chemicals 
safely and prepare each 
compatibility sample 

Glass vial 
 

Vacuum resistant glass 
vials with a glass valve 
is used to keep samples 
under vacuum 
conditions 

Vacuum 
pump 

 

Pfeifer vacuum pump is 
used to pull a vacuum 
in the glass vials 
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Hot plate 
 

Hot plate used to 
maintain the chemicals 
above melting point 

Vacuum 
Oven 

 

Vacuum oven used to 
test the samples at 
higher temperatures 

 

3.2.3.2 Procedure: Compatibility tests 

 

• Label the samples and prepare using the process described in section 3.2.2.2  

• Photograph each sample using both a microscope and normal camera 

• Insert sample into glass vial 

• Insert 10g of chosen chemical into glass vial 

• Seal the joints using vacuum seal grease 

• Pull vacuum in glass vial to as low as is possible and close the valve 

• Place sample on hotplate set to 100°C 

• Photograph sample at each designated time interval 

• Remove sample form hot plate and wait to cool, observe if re-solidification happens 
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Figure 3-12  Starting image of compatibility test 

 

Figure 3-12 shows an image of the start of the compatibility test using Antimony 

Trichloride on a variety of samples.  

 

3.2.3.3 Procedure: Roughness tests 

 

• Program the device to desired sensitivity according to smoothness of surface being 

tested 

• Place sample on testing platform 

• Lower the testing pin manually until it touches the surface and registers as ‘mid-

level’ (i.e. when the pointer on the screen is mid-range) 

• Press ‘Start’ 



 

99 

 

• Wait until process is finished 

• Register the results for ‘ra’ in a results spreadsheet  

• Repeat process 10 times for each sample, changing the sample orientation on the 

platform each time 

 

3.2.3.4 Procedure: Microscope Imaging 

 

• Place the sample on the microscope platform 

• Manually adjust the focus  

• Use the ‘brightness settings’ on the microscope to adjust brightness as necessary 

• Click ‘Save image’ in the Leica software settings 

 

3.2.3.5 Procedure: SEM/EDX Imaging 

 

A short summary of the SEM and EDX imaging process can be found in Appendix 

C. 
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3.3 Medium temperature thermal performance test rig 

 

The heat pipe thermal performance test rig was developed with the aim to identify 

experimentally the maximum working limitation of the designed heat pipes. This section 

explores the validation and performance of each of the final component designs for the test 

rig detailed in Chapter 5. A full list of the apparatus used can be seen in Table 3-3.  

 

Table 3-3 Test rig apparatus list 

Component Function 

Julabo High 
Temperature Circulator 

To cool and circulate the 
condenser fluid 

Badger Pneumatic 
valve 

Accurately control the flow rate of 
the cooling oil and feedback to 
flow meter  

RHEONIC RHM 04 Flow 
meter 

To measure the flow rate and 
control the valve  

Heater To provide input heat flux to heat 
pipe 

Condenser To provide a sink for the heat flux 

Thermocouples To measure the temperature 
across the heat pipe and the 
inlet/outlet temperature of the 
condenser oil 

PICO logger 
temperature logging 
equipment 

To record the temperature 
readings from each thermocouple 
over time 

 

  The test procedures and results are presented in this section. The main outputs are 

to define the following: 

 

• Condenser temperature vs heat loss trend 

• Heater temperature vs heat loss trend 

• Condenser heat loss vs flow rate trend 

• Thermocouple reading offset vs temperature 
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This section will summarise the procedures and results for the component part test. 

In each case, the outcomes will be presented and an explanation of how this was used to 

optimise component parts and increase precision is described.  

 

 

Figure 3-13 Experimental layout 

3.3.1 Flow meter calibration 

 

While the software offers a ‘calibration’ option, the flow meter has been used with 

various signal receivers and display software, hence the absolute accuracy of the readings 

are unidentified and systematic errors were prone from the receiver change. The calibration 
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utilises both mass and volume measurements over time to compare the displayed reading 

from actual values.  

 

Nominal flow rates of 0.01, 0.02, 0.03 and 0.04 Kg/s were chosen as the reference 

points as these provide a low enough flow rate to more accurately determine the time at 

which the volume increments are reached. All tests were carried out at 80°C flow 

temperature. A slow-motion camera is used to record the scales as the test progresses, this 

allows the fluid weight data for each interval to be collected via picture, eliminating human 

error in the measurement. The volumetric data is measured by timer which does incur high 

likelihood of human error.  

 

Equipment: 

• Oil circulator and flow meter 

• Scale 

• 1l volumetric flask 

• Camera 

• Timer 

 

3.3.1.1 Procedure: Flow meter calibration 

• Set the circulator temperature to 80°C and flow meter reading to 0.01Kg/s 

• Begin camera recording  

• Begin timer 
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• Change oil outlet to volumetric flask 

• Lap timer at every 50ml interval 

• Stop when 1l has been reached 

• Re-connect oil to circulator loop 

• Increase flow rate reading by 0.01Kg/s 

• Repeat steps 1 to 8 until 0.04Kg/s is reached 

 

Table 3-4 shows an extract of the first test at 0.01Kg/s. The variables which are 

extracted from the tests are the time at which each volume interval was reached and the 

weight of the oil per time interval. The time is then corrected to account for transferal time 

of the oil line to the measuring vessel. From this, the mass flow rate and volume flow rates 

can be calculated at each interval and an average of these is taken. The ‘correction ratio’ is 

then calculated by dividing the set flow rate by the measured flow rate. This is done for 

both the mass flow rate and volume flow rate measurements, after which these two results 

are averaged. This process is then repeated for all four of the flow rates chosen. The final 

correction ratio is the total average of all the final mass and volume averages from each 

test; this was calculated to be 4.5.  

 

Table 3-4  Flow rate calibration results example 

Flow rate = 0.01 Kg/s 
      

ml l g Kg time time Kg/s l/s l/min 

100 0.1 92.484 0.0925 47.66 42.86 0.002158 0.002333 0.139991 

150 0.15 142.979 0.1430 71.72 66.92 0.002137 0.002241 0.134489 

200 0.2 196.597 0.1966 97.34 92.54 0.002124 0.002161 0.129674 

250 0.25 248.027 0.2480 121.17 116.37 0.002131 0.002148 0.128899 
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300 0.3 298.723 0.2987 143.94 139.14 0.002147 0.002156 0.129366 

350 0.35 349.150 0.3492 166.25 161.45 0.002163 0.002168 0.130071 

400 0.4 399.924 0.3999 189.17 184.37 0.002169 0.00217 0.130173 

450 0.45 450.573 0.4506 211.36 206.56 0.002181 0.002179 0.130713 

500 0.5 500.000 0.5000 233.7 228.9 0.002184 0.002184 0.131062      
Average 0.002155 0.002193 0.131604   

Correction ratio 4.64 kg/s 
   

    
4.56 l/min 

   

    
4.60 av 

   

 

3.3.2 Thermocouple calibration 

 

To calibrate the thermocouples for accurate readings. The test aims to determine the level 

of variance in each thermocouple over the operating temperature range relative to both the 

oven temperature and a reference thermocouple temperature.  

 

3.3.2.1 Procedure: Thermocouple calibration 

 

The test consists of heating a calibration block with thermocouples attached in a 

highly thermally stable oven. To comply with national calibration standards [96] the block 

is heated in steps of 100°C varying from 100°C to 500°C.  

 

Figure 3-14 shows the temperature data results for the calibration test in an 

isothermal oven. A time average of the last 10 minutes of each test was taken to determine 

each steady state thermocouple reading. From this, each thermocouple had a temperature 

reading difference against the oven set point was plotted as seen in Figure 3-15, where a 
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polynomial expression was the extracted to determine the correction factor for each 

thermocouple. The calibration was conducted after the testing was finished to gain a 

general sense of systematic error which may be present in the data. In this case it is 

observed that as the temperature increases, the temperature reading error tends increase 

with temperature from 100 to 300°C and then steadily decline again. This trend was the 

same for all thermocouples tested. The variation tends to reach up to 6°C at 300°C in all 

cases. Due to the quantity of data and the fact that the key qualities observed are dependent 

on temperature differences and not absolute temperature (e.g. the effective thermal 

conductivity), the calibration was performed by analysing the relative error of each 

thermocouple against each other. 

 

Figure 3-14  Thermocouple isothermal oven temperature data 
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Figure 3-15  Individual thermocouple temperature difference trend with polynomial expression  

 

3.3.3 Condenser heat loss  

 

To define the amount of heat loss experienced by the condenser at various 

temperatures. At moderate temperatures, the test rig can achieve flow rates between 0.0056 

kg/s and 0.0167 kg/s. To quantify the heat loss, a nominal flow rate of 0.0111 kg/s (the 

average flow rate of the minimum and maximum achievable) was determined to be most 

suitable.  

 

The test methodology is to simply elevate the condenser temperature in steps of 

50°C and record the inlet and outlet fluid temperatures from the condenser. The 
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temperature difference between these two values will then determine the amount of heat 

loss experienced over the condenser block through the heat equation, equation 45. 

 

 𝑄 = 𝑚̇𝑐𝑝∆𝑇 45 

 

 

3.3.3.1 Procedure: Condenser heat loss test 

 

• Set the oil flow rate to 0.0111 kg/s 

• Start recording the inlet and outlet fluid temperatures 

• Set the circulator temperature at 50°C 

• Wait until steady state is reached (approx. 1.5h) 

• Increase the circulator temperature by 50°C 

• Repeat steps 3 and 4 until 350° 

• Stop recording data 

• Cool circulator back to 50° 

• Switch off 

 

The recorded temperature data was analysed and the last 15min interval of each 

steady state was selected to determine the heat loss at each condenser temperature. From 

this, the inlet and outlet temperature data were averaged over the nominated time.  
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Figure 3-16  Condenser heat loss trend against average condenser fluid temperature 

 

Figure 3-16 shows the results achieved from these tests, where the average trend line was 

then determined to provide a line equation and Table 3-5 shows each data point extracted 

from the tests.  

Table 3-5  Condenser heat loss results table 

Heat loss 
(W) 

AV Fluid 
Temp (°C) 

25.00 47.98 

76.25 94.77 

133.30 142.97 

188.41 191.20 

257.80 238.27 

 



 

109 

 

3.3.4 Heater heat loss 

 

To define the amount of heat loss experience by the heater block at a given 

temperature. The test aims to increase the thermal load in designated intervals and record 

the temperature at which the heater stabilises at. This determines the thermal load required 

to maintain the block at a given temperature which, in turn, equates to the amount of heat 

loss experienced by the block.  

 

3.3.4.1 Procedure: Heater heat loss test 

 

• Place thermocouples at the designated locations on the heater block 

• Begin recording temperature data 

• Increase the power through the heater cartridges to 10W 

• Leave until steady state is reached (approx. 10h) 

• Increase the power input by 10W 

• Repeat steps 4 and 5 until 50W is reached 

• Switch off heater 

• Stop recording data 

 

The heater block temperature was averaged over a period of the last 3 hours 

recorded once steady state was reached. The ambient temperature was also recorded at each 
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steady state. Figure 3-17 shows the results of these tests and the averaged line of best fit 

giving the relation between the temperature and heat loss.  

 

Figure 3-17  Heater thermocouple temperature reading over time 

 

Table 3-6 shows the average results achieved for each power input over the last 

hour of the 3-hour heating period. As can be seen, the ambient temperature also experiences 

a slight increase over time, giving origin to a ‘nuisance’ factor for the heater heat loss 

prediction as this cannot be controlled. As the ambient temperature is expected to follow a 

similar trend throughout all testing, it was determined that this can still be used as an 

accurate representation of the heat loss to be expected.  
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Table 3-6  Heater heat loss results table 

Power 
(W) 

Heater 
temp 
(°C) 

Ambient 
temp 
(°C) 

10 100.67 17.37 

20 162.00 19.24 

30 215.10 19.64 

40 270.54 22.31 

50 317.38 23.09 
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3.4 Error analysis 

 

In order to quantify the level of uncertainty in the results obtained in this study, an 

error analysis was carried on the calculated values which were obtained via 

experimentation or reliance on any equipment or method with intrinsic error. This of course 

is an essential part of any experimentation to gather a realistic view of how accurately the 

presented data represents the reality. The data presented further in the report will represent 

the error in the standard error bar format. This section will outline how the methodologies 

used behind the quantification of these error bars. 

3.4.1 Overview of instrumentation used and accuracies 

 

To first asses the source error from the instruments used to collect all the data which 

will be presented in this thesis, the manufacturer sourced measurement error of all 

equipment is presented in  

Table 3-7. The manufacturer error gives a good indication of the accuracy at which 

the measurements can be taken and can be the basis error analysis of the reported values. 

The statistical error then gives an interpretation of the resultant data taken from these 

instruments and gives an indication of the precision at which the measurement can be taken 

assuming systematic errors are minimised. A comparison will be made between the 

instrument and statistical accuracy to determine which has the highest reported error. 

Though both values are important to ensure a full picture of the data, only the highest of 
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the two will be reported in the form of error bars. This is also true since most of the acquired 

data does not come from ‘population sampling’ and only form repeated measurements.  

 

Table 3-7  Table of experimental instruments and their associated error 

Form of measurement Function Operating range Accuracy 

K-Type Jubilee clip 
thermocouple 

To measure the surface 
temperature of the 
adiabatic section of the 
heat pipe 

-200°C to 1300°C ±0.75%1 

K-Type Spring loaded 
M8 thermocouple  

To measure the surface 
temperature of the 
Heater and Condenser 
sections of the heat pipe 

-200°C to 1300°C ±0.75% 

K-Type 150mm 
Stainless Steel 
sheathed 
thermocouple 

To measure the 
temperature of the 
condenser circulator oil 
inlet and outlet 

-200°C to 1300°C ±0.75% 

TC-08  Thermocouple signal 
processing 

Measurement: -270°C 
to 1820°C 
Conversion time: 1/10s 
Resolution: 0.025°C2 
 

Thermocouple 
dependent  

Rheonik RHM 04 
Coriolis flow meter 

To measure the flow rate 
of the circulator oil 

Flow rate: 0.05 Kg/min 
to 10 Kg/min 
Pressure: Up to 900 Bar 
Temp: -196 to +350°C3 

0.1% of flow rate 

Mitutoyo Surftest SJ 
400 Surface roughness 
tester 

To measure the surface 
roughness of the metal 
samples 

0 to 800um ±0.05um 

Py-DSA contact angle 
measurement  

To measure the contact 
angle of the fluid on 
metal surface using 
image processing  

N/A N/A 

Power meter To measure the power 
input to the heater 
cartridges 

0 to 1kW ±2W 

Vernier Calliper  Measure the wall 
thickness and 
inner/outer pipe 
diameter 

0 to 100mm  ±0.02mm 

3.4.2 Thermocouple calibration and derivation of thermocouple error analysis 

 

Appendix D shows the full test results for the thermocouple calibration. There you 

can see firstly the raw outputted value of each thermocouple for each set point (i.e. 

 
1 Information sourced from supplier website: https://www.picotech.com/library/application-note/improving-the-accuracy-of-temperature-measurements 
2 Information sourced from supplier website: https://www.picotech.com/data-logger/tc-08/thermocouple-data-logger 
3 Information sourced from supplier website: https://www.rheonik.com/products/small-size-sensors/rhm-04/ 

https://www.picotech.com/library/application-note/improving-the-accuracy-of-temperature-measurements
https://www.picotech.com/data-logger/tc-08/thermocouple-data-logger
https://www.rheonik.com/products/small-size-sensors/rhm-04/
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reference temperature). The results the show the temperature difference between the 

reading and the setpoint for each datapoint. For each given setpoint, the mean temperature 

difference was then calculated and the standard deviation for each dataset was also 

calculated. In this case the mean of each dataset represents the average systematic error 

which is present over all thermocouples with respect to temperature. Although this can be 

used to adjust the data, this would have little effect on the calculated values and would not 

have much benefit or change to the data analysis. The standard deviation shows the degree 

of variance between all the thermocouples relative to themselves.  This serves as a much 

better indicator of the degree of error present in the overall measurements without the need 

for temperature adjustment of the raw data.  

 

 

Figure 3-18 Average thermocouple temperature difference from benchmark 
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To calculate the error found for the mean temperature recorded of all thermocouples 

in the isothermal oven, the error can be estimated as the ‘Standard deviation of the mean’ 

as described by Taylor [97]. The standard deviation is defined as: 

 

 

 

𝜎𝑥 = √
1

𝑁 − 1
∑(𝑥𝑖 − 𝑥̅)2
𝑁

𝑖=1
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Where ‘𝜎𝑥’ is the standard deviation, ‘𝑥𝑖’ is the obtained value, ‘𝑥̅’ is the mean and 

‘𝑁’ is the number of measurements. From this parameter, the best estimation of the error 

is by calculating the ‘standard deviation of the mean’. This is represented as: 

 

 𝜎𝑥̅ =
𝜎𝑥

√𝑁
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Where ‘𝜎𝑥̅’ is the standard deviation of the mean, ‘𝜎𝑥’ is the standard deviation of 

the dataset and ‘𝑁’ is the number of datapoints.  

 

Table 3-8 shows the results for the mean, standard deviation (SD) and standard 

deviation of the mean (SDOM) for all thermocouples at each reference temperature. As 

seen in Table 3-8 SDOM varies between 0.15°C and 0.39°C. The largest SDOM is found 

at 400°C, indicating that results surrounding this temperature would present the lowest 

accuracy, whereas all other reference temperature has closer SODM’s indicating a higher 

accuracy. As the majority of the data will lie between 200°C and 300°C, it is safe to assume 
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that the data would remain in the higher accuracy range, nevertheless, the average SDOM 

of all reference temperatures was taken as the best estimated error of the thermocouples, 

this is ±0.22°C. 

 

Table 3-8 Error analysis of thermocouple calibration data 

Reference 
temp 

Mean 
difference 

SD SDOM 

100 -0.06611 0.597055 0.154159 

200 3.753779 0.788321 0.203544 

300 5.87643 0.59762 0.154305 

400 5.447529 1.54028 0.397699 

500 6.454664 0.65767 0.16981 

  Average 
SDOM 

0.22 

 

3.4.3 Statistical analysis of temperature measurements 

 

In all cases where an experimental temperature value is reported, the resultant 

values is from a series of temperature measurements over a period of time where the 

experiment has remained in steady state. In most cases the number of measurements (N) 

will exceed N = 500. The reported value is the average measurement in this time period. 

Often two or more separate steady state conditions have been tested and the average of 

these results are reported.  In all cases, the results were taken from data which had a 

standard deviation of ≤1°C, hence this value can be used as the maximum standard 

deviation of any data point.  
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For each reported temperature value, there was at least two averaged steady state values 

used. Considering maximum standard deviation of 1°C and the minimum number of 

samples used, the overall data error can be calculated using equation 46. 

 

 
𝜎𝑥̅ =

𝜎𝑥

√𝑁
=
1

√2
= ±0.71°𝐶 48 

3.4.4 Temperature difference error analysis  

 

For any cases which use a temperature difference or temperature gradient, the 

uncertainty propagation theory can be applied to the temperature according to Taylor [97] 

where these measurements are assumed to be independent and random. The rule states that 

“The uncertainty in [the resultant value] is the quadratic sum”. Consider two temperature 

measurements as follows: 

 

 𝑑𝑇 = 𝑇1 − 𝑇2 49 

 

Where ‘𝑇1’ and ‘𝑇2’ are the product of repeatable experiments using the assigned 

thermocouples with accuracies of ±0.75%. In this case the error presented in Equation 49 

can be approximated to the sum of the intrinsic errors.  

 

 

𝜕𝑇 = √(
𝜕𝑇1
|𝑇1|

)
2

+ (
𝜕𝑇2
|𝑇2|

)
2
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Hence, any temperature difference stated in the experimental results analysis will 

use this method of error analysis.  

3.4.5 Error in reported circulator oil fluid properties 

 

All circulator oil fluid properties are taken from supplier oil property data and a 

polynomial fit is used to estimate the fluid property that lies in intermediary values. All 

fluid property data can be found in Appendix E. Assuming that the error present in the 

values provided by the supplier is negligible4 the error in these measurements will be 

derived from the polynomial fitting to the provided datapoints. The R-square value of a 

polynomial serves as an indicator of ‘goodness of fit’ for the particular dataset – this will 

be used to assess the error in the reported data. The lowest reported R-square value was 

99.67%, which indicates that that dataset will have a 0.33% error. This worst-case scenario 

error value will now be taken forward in any propagation calculations.   

3.4.6 Error analysis of experimental equations 

 

Using the same propagation theory, Taylor [97] states that “The fractional 

uncertainty in [the resultant value] is the sum in the quadrature of the original fractional 

uncertainties”. This of course bares a weighting on the reported values of each measured 

quantity as this will directly impact the fractional uncertainty. This section will outline the 

 
4 This assumption is made due to necessity as the suppliers were unable to report the accuracy of these 

measurements 
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error present in all the key reported heat pipe thermal qualities taking into account the 

instrumentation error reported in  

 

Table 3-7 and the oil fluid property error estimated in section 3. The thermal output 

of the heat pipe is measured using the following equation: 

 

 𝑄̇ = 𝑚̇𝑐𝑝∆𝑇  

 

51 

Where ‘𝑄’ is the output thermal load (W), ‘𝑚̇’ is the mass flow rate (Kg/s), ‘𝑐𝑝’ is 

the specific heat capacity of the circulator oil at the average of inlet and outlet temperatures 

(J/KgK) and ‘∆𝑇’ is the inlet and outlet temperature difference (°C). Using the estimated 

error in the measurement of each of these quantities, the maximum expected error in the 

thermal load measurements can be calculated as: 

 

 
𝜕𝑄̇

|𝑄̇|
= √(

𝜕𝑚̇

|𝑚̇|
)
2

+ (
𝜕𝑐𝑝

|𝑐𝑝|
)

2

+ (
𝜕∆𝑇

|∆𝑇|
)
2

 

52 

 

The thermal resistance can then be determined by taking the temperature difference 

across the heat pipe and dividing it by the thermal load output. 

 

 
𝑅 =

𝑇𝑒 − 𝑇𝑐
𝑄

  
53 
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Where ‘𝑅’ is the thermal resistance, ‘𝑇𝑒’ is the average temperature of the 

evaporator section, ‘𝑇𝑐’ is the average temperature of the condenser section and ‘𝑄’ is the 

thermal load output measure by the calorimeter. In this case the error present in this 

calculation can be  

 

 
𝜕𝑅

|𝑅|
= √

𝜕𝑑𝑇2

|𝑑𝑇|
+
𝜕𝑄̇2

|𝑄̇|
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Equally, the effective conductivity error can then be determined through the same 

methodology. 

 

 
𝐾𝑒𝑓𝑓 =

𝑙𝑒𝑓𝑓

𝐴𝑥𝑠𝑅
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Where ‘𝐾𝑒𝑓𝑓’ is the effective thermal conductivity, ‘𝑙𝑒𝑓𝑓’ is the effective length of 

the heat pipe, ‘𝐴𝑥𝑠’ is the cross-sectional area of the heat pipe and ‘𝑅’ is the thermal 

resistance of the heat pipe. The error is then calculated as: 

 

 
𝜕𝐾𝑒𝑓𝑓

|𝐾𝑒𝑓𝑓|
= √

𝜕𝑙𝑒𝑓𝑓
2

|𝑙𝑒𝑓𝑓|
+
𝜕𝐴𝑥𝑠

2

|𝐴𝑥𝑠|
+
𝜕𝑅2

|𝑅|
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The heat flux at the evaporator end of the heat pipe is defined through: 
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𝑞 =

𝑄̇

𝐴
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Where ‘𝑞̇’ is the heat flux input, ‘𝑄𝑖𝑛’ is the measured thermal load input to the 

evaporator and ‘𝐴’ is the surface area of the heat pipe evaporator section. The error can 

then be defied as: 

 

 
𝜕𝑞

|𝑞|
= √

𝜕𝑄2̇

|𝑄|̇
+
𝜕𝐴2

|𝐴|
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All equations are analysed individually for each steady state condition as the 

fractional uncertainties are dependent on the reported values.  

3.4.7 Sessile drop error analysis 

 

To determine the error present in the contact angle tests, the same standard 

deviation and standard deviation of the mean as represented by equations 46 and 47. Table 

3-9 presents all the collected data for both the static and advancing water contact angle 

measurements for a variety of metal substrates. Both the standard deviation and standard 

deviation of the mean (SDM) are calculated for each value. The SDM is then subsequently 

used as the estimation of the error for each result. As expected, the static contact angle 

method presented the highest uncertainty in the results due to the variety factors which 

could affect the measurement (e.g. surface condition, ambient conditions, microscopic 

foreign bodies, etc.). The Advancing contact angle method presented a much higher 
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accuracy as this type of measurement suffers less from the randomised error presented in 

the static method. 

 

Table 3-9 Static and advancing contact angle results table 

Test 
type 

Sample Test 1 Test 2 Test 3 Mean SD SDM 
 

St
at

ic
 

Mo 50.72 66.73 63.84 60.43 8.534982 4.927674 
 

TZM 60.20 75.18 73.12 69.50 8.119631 4.687871 
 

Zr 51.44 72.11 68.97 64.17 11.13859 6.430869 
 

304SS 76.93 75.10 74.14 75.39 1.417427 0.818352 
 

Nb 47.39 52.66 58.30 52.78 5.456046 3.150049 
 

316SS 53.50 79.09 70.04 67.54 12.97605 7.491728 
 

Ta 52.20 75.18 51.97 59.78 13.33582 7.699441 
 

CuNi 88.84 92.89 81.38 87.70 5.838581 3.370907 
 

W 50.64 84.44 72.04 69.04 17.10049 9.872975 
 

Test 
type 

Sample Test 1 Test 2 Test 3 Test 4 Mean SD SDM 

A
d

va
n

ci
n

g 

Mo 39.44 44.90 42.74 56.04 45.78 7.199171 3.599585 

TZM 56.67 49.41 64.84 68.35 59.82 8.490983 4.245492 

Zr 49.71 50.72 62.05 55.51 54.49 5.634872 2.817436 

304SS 60.87 66.83 67.29 64.23 64.81 2.947742 1.473871 

Nb 50.28 48.19 42.49 46.74 46.93 3.292213 1.646107 

316SS 64.43 62.60 54.53 54.64 59.05 5.208838 2.604419 

Ta 49.48 57.21 50.31 45.28 50.57 4.942826 2.471413 

CuNi 90.93 88.59 82.15 80.50 85.54 5.007623 2.503812 

W 51.87 56.47 64.51 58.36 57.80 5.2383 2.61915 
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3.5 Chapter Summary 

 

This chapter has outlined all experimental techniques, instrumentation, procedures, 

methodologies and calculation of error for the experimental results which will use the 

described instruments thought the project. This chapter may serve as reference when 

analysing the experimental results presented in the following chapters to clarify any queries 

relating to quantitative and qualitative results analysis from the detailed equipment. A 

summary of the key topics covered is listed below. 

 

 

Figure 3-19 Chapter summary overview 
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4 Chapter IV 

Investigation and modelling of medium temperature fluids   
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4.1 Introduction 

 

This chapter will highlight the methodologies used in the fluid selection process 

and show the resultant analysis of a vast catalogue of potential fluids as well as the 

application of a heat pipe modelling programme on the shortlisted fluids. The creation of 

various databases which can be referenced and embedded within the heat pipe modelling 

for ease of fluid cross examination will also be highlighted. Working from the theory and 

methodologies behind the empirical based modelling highlighted in Chapters 2 and 3, this 

section shows the application of these in both the fluid selection process and heat pipe 

performance prediction modelling.  

 

Previously, in Chapters 1 and 2, the importance of the fluid selection and why this 

has been a challenge in the medium temperature range for heat pipes was discussed. Due 

to the importance of determining an adequate fluid for the development of a medium 

temperature heat pipe, the fluid selection and modelling are the focal point of this study. 

The identification of one or more fluids to carry forward which meet the operational 

criteria, safety criteria and provide a cost-effective, marketable solution is the principal aim 

of this thesis. This is done through a combination extensive databasing and application of 

empirically based numerical modelling. The end goal is to develop a framework by which 

any new or novel fluid can be easily assessed for its potential as a heat pipe fill.  

 

Heat pipe modelling is also of vital importance in assessing and comparing the 

performance of the selected fluids. The modelling in large uses established empirical 
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formulae to predict the thermal performance of the heat pipe, small adaptations of these 

formulae are assessed Chapter 7 when comparing the numerical results to experimental 

data. These are fed back into the model for improved accuracy. The model also offers the 

comparison between various equations or the selection of a specific equation to match the 

specific heat pipe conditions.  

 

The fluid selection process, together with the fluid modelling program created the 

‘fluid assessment framework’ by which all potential fluids can be rapidly assessed for 

viability. The framework aims to provide a faster pathway from conception to testing, able 

to iterate and compare large quantities of potential fluids to accelerate the selection process 

in any temperature range. In this case the framework aid in identifying potential fluids for 

the medium temperature range and taking forward the most viable options. Also, to quickly 

assess any new fluids which may be presented over the duration of the study and added to 

the database. The framework can also be applied in industry where the identification of the 

best possible fluid for a specific applications’ operating condition can be made. An 

example of a real case study industrial application utilising this framework is presented in 

Chapter 8. 

 Aims 

 

The primary aims of the fluid analysis and modelling is to determine the optimal 

fluids to take forward into compatibility and wettability testing and ultimately be taken 

forward to prototyping. The modelling also offers numerical trend lines to compare against 
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experimental data for water-based heat pipes during the medium temperature heat pipe rig 

construction. Hence, the main aims are summarised as follows: 

 

o Create a fluid assessment framework for rapid fluid selection from 

extensive databases 

o Create custom fluid property and compatibility databases for ease of 

numerical modelling and to collate various sources  

o Create a numerical model using empirical heat pipe performance 

calculations to determine the heat transfer limitation curves for each 

selected fluid 

o Perform a weighted analysis to determine the most viable medium 

temperature fluid to take forward 

o Present performance prediction graphs for all shortlisted fluids 
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4.2 Fluid selection process 

 

The fluid criterion considers numerous factors from thermal performance to 

compatibility and toxicity. The methods of determining each criterion is detailed and 

subsequent quantitative analysis of available fluid data is made. The selection criterion 

identifies three main areas to be considered in heat pipe design: Fluid Properties, 

Application Requirements and Practical Requirements. These areas are subdivided into the 

various aspects linked to each principal condition as seen in Figure 4-1. 

 

Figure 4-1  Selection Criteria subsection breakdown 

 

Each sub-section will be fully characterised in this section of the report. Each 

category is then included in a weighted selection table to shortlist the top choice of fluids 

to be carried forward. The quantitative and qualitative methods used for each criterion is 

detailed.  
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The primary working fluid criteria is derived from each of the fluids’ properties 

within the working temperature range. In order to determine most of the following criteria, 

the fluid property data must be known. The property data for each fluid is collected from 

various sources and collated in the ‘fluid property database’ detailed in section 4.2.2.1. 

The desired properties in this range are those which promote heat transfer, allow 

for adequate levels of capillary action and remain at moderate pressures. These qualities 

are reflected in the merit curve, surface tension and vapour pressure respectively. Hence, 

these are used as comparative measures to assess the potential performance of each fluid. 

Limitation to handling and testing equipment available then determine the handling 

viability of the fluid according to its Material Safety Datasheet (MSD) outlining its toxicity, 

flammability and corrosiveness.  

 Methodology 

 

The fluid selection process made use of a variety of analytical techniques to select 

and compare potential fluids within the required operating temperature range. In order to 

initially narrow the fluids to ones which function in some or all the temperature range, the 

property data must be analysed to determine whether key fluid properties are within range. 

The selection methodology follows a step process by which the potential fluids for analysis 

in any database is reduced to only a handful of fluids. The key process steps are detailed in 

Figure 4-2. 
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Figure 4-2  Process flow chart for fluid selection and modelling 

 

4.2.1.1 Initial selection – Database search 

To begin, an extensive search in designated databases on temperature range of heat 

transport capacity data with the aim to select all fluids within required range is conducted. 

The general parameters to be applied are: 

- Melting point must be lower than minimum operating temperature  

- Boiling point (at 1atm) is usually higher than minimum operating temperature but 

must be within a 400°C range generally 
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- The maximum data range for enthalpy of vaporisation must be above maximum 

operating temperature 

- The minimum data range for enthalpy of vaporisation must be below minimum 

operating temperature 

 

Figure 4-3  Fluid property database fluid selection filters 

 

4.2.1.2 Fluid analysis 

The ‘Merit Curves’ and Vapour pressure of the shortlisted fluids are then plotted 

against each other to compare the most viable options. The ‘Merit number’ is a commonly 

used measure of the heat transport capacity of the fluid given as a ratio of the heat transport 

enabling to heat transport retarding fluid properties. The Vapour pressure is also a key 

element to consider, this must be above a minimum threshold to overcome the viscous 

forces present in the wick and begin effective heat transportation in the pipe. It also must 

remain below a maximum threshold which would compromise the structural integrity of 

the heat pipe. The merit number, vapour pressure and weighting analysis analytical process 

will be discussed further.  

Filters: 

1 – Temperature range (melting point to critical 

temperature) 

2- Boiling point 

3 -Enthalpy of vaporisation data range 
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The required property data for this process is the liquid density, liquid viscosity, 

thermal conductivity and latent heat capacity for each fluid. From this, stand-out fluids are 

selected and taken forward. At this point, a list of further criteria to perform a detailed 

comparative analysis is determined in accordance with the final application. In this case, 

the criteria chosen is: 

 

- Thermal stability 

- Stability in air 

- Ease of handling 

- Compatibility with conventional metals 

- Completeness of property data 

 

A deep search of these parameters is made by analysing their respective Material 

Safety Datasheets (MSD) and these are plotted in tabular format. From this, the fluids can 

be further shortlisted. 

 

Merit analysis 

 

The figure of merit of a fluid with respect to temperature determines the maximum 

heat transfer potential of a fluid by comparing its fluid flow and heat transport enabling 

qualities to its flow retarding quality. The result determines the maximum thermal 

transportation potential for a capillary limited system. The derivation of the figure of merit 
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can be seen in the equation relating to the maximum heat flux derived from the liquid 

pressure drop only in equation 59 [1]. 

 

 
𝑄̇ = [

𝜌𝑙𝜎𝑙ℎ𝑓𝑔

𝜇𝑙
] [
𝐾𝐴

𝑙
] [
2

𝑟𝑒
−
𝜌𝑙𝑔𝑙

𝜎𝑙
sin 𝜃]  

59 

   

Where the if all geometric dependencies are removed and only the fluid properties 

are used to describe the maximum flux, the figure of merit emerges as  

 

 
𝑀 =

𝜌𝑙𝜎𝑙ℎ𝑓𝑔

𝜇𝑙
  

60 

   

The Merit analysis looks at the figure of merit curves of each chemical over the 

desired temperature range and serves as a direct comparison between the heat transport 

capabilities of each fluid. The higher the merit number at a given temperature, the higher 

the heat transport capability of that fluid. In order to undertake this analysis, key property 

data of each fluid must be given within the required temperature range, these are the vapour 

pressure, density, surface tension and liquid viscosity.  

 

In order to conduct this analysis, an extensive database was developed where the 

fluid properties of each potential fluid were inputted in the desired temperature range. 

Some fluids, with limited property data available, were estimated based on fluids 

containing similar molecular structures or compared only by the available data. An 

example of a comparison study between the figures of merit of six different fluids is 
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presented in Figure 4-4. In this example Mercury, Iodine and Indium stand out as fluids 

which have a high potential for heat transportation in the 300°C to 600°C temperature 

range. As will be demonstrated though, a complete picture must be built before selecting 

any one fluid to take forward. Other examples of analysis conducted on the merit analysis 

of these and other fluids can be found widely used in literature [58], [98]–[100]. 

 

Figure 4-4  Figure of merit comparison example 

 

Vapour pressure analysis 

 

The vapour pressure of a fluid is a key feature to be analysed as this must be large 

enough to overcome frictional forces but not too large to require excessive wall thickness 

to cope with the internal pressure. This is the primary factor which determines the wall 
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thickness of the heat pipe, hence in order to decrease thermal resistance, moderate vapour 

pressures are desired to which minimal wall thickness is required. Due to these factors, this 

property forms an essential assessment criteria and comparative value between the selected 

fluids. 

 

Figure 4-5  Vapour pressure comparison example 

Figure 4-5 demonstrates a vapour pressure analysis on the same fluids used in the 

figure of merit analysis. Here it can be observed that although Mercury, Iodine and Indium 

stood out in the figure of merit analysis, the vapour pressure of Indium is excessively low 

in the desired temperature and that of Iodine is excessively high. Mercury is the most viable 

fluid in this case for operation above 350°C, hence this fluid could be taken forward from 

this analysis, however, the next process steps looks at the handling and toxicity. Due to the 

nature of Mercury, it can be assumed that it will have a relatively low score in these 

categories.  
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Thermal transport analysis (capillary limit) 

 

Although the Merit analysis gives a good indication of potential performance of the 

fluid, a better indication when given a specific geometry is the Capillary limit curve. In 

most cases, the Capillary limit tends to dominate the limitation point through the majority 

of the fluids’ working range. Hence, when given a specific geometry, the Capillary limit 

gives a very good indication of the maximum thermal transportation the fluid can achieve. 

This can then be used as another comparative tool to shortlist the most suitable fluids for a 

particular application. Details on the Capillary limit calculation can be found in Chapters 

2 and 3.  

 

4.2.1.3 Fluid selection 

 

Lastly, a weighted analysis of the final shortlisted fluids is performed. The criteria 

for the weighted analysis table are the following: 

- Stability in air 

- Thermal stability at high temperature  

- Toxicity/handling 

- Merit curve 

- Vapour pressure 

- Cost 
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Figure 4-6  Process flow chart for each potential fluid 
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Figure 4-6 details a summarized process flow chart incorporating steps 2 and 3 

described in Figure 4-2. The flow chart begins once the list of fluids able to operate in the 

temperature range is outputted form process step 1 (Database Search). This is used to 

streamline the analysis process for each fluid as there are often many fluids which fall 

within the first search criteria. The process then rapidly discards fluids which are unsuitable 

for any of the further criteria or have limited property data available. The shortlisted fluids 

are then put forward in the weighted selection table where a score is determined for each 

criterion and a weighted calculation determines the fluids’ final score. 

 

Weighted analysis  

 

The final stage of the process is the weighted analysis. This considers all the 

determined criteria and assigns a scale of importance for each one by incorporating a 

‘weighting’ system. Figure 4-7 shows an example of a weighted selection table where each 

category is weighted between 1 and 3 and the fluids are scored between 1 and 3 within the 

desired category. The sum of each category score multiplied by the category weighting is 

then divided by the sum of weightings to give the final score of the fluid as follows:  

 

𝐹𝑖𝑛𝑎𝑙 𝑠𝑐𝑜𝑟𝑒 =
2 × [𝑆𝑇] + 3 × [𝑇𝑂𝑋] + [𝑃𝐷] + 2 × [𝑀𝑁] + 2 × [𝑉𝑃] + 3 × [𝐶]

13
 

 

This will output a number between 1 and 3 indicating ‘bad’ to ‘excellent’ 

respectively. This final value can then be used to compare each of the selected fluids and 

identify the most suitable candidate. 
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The fluid scores are determined by comparing all fluids together within each 

category and coring them relative to each other. From this, each fluid is then assigned the 

1 to 3 ranking according to their position in the category. Water is used as a reference fluid 

to determine the category boundaries (e.g. water would have a ranking of 3 for toxicity as 

it is non-toxic, if all other fluids have some level of toxicity none will be ranked as ‘3’).  

 

 

Figure 4-7  Weighted selection table example 

 Database creation 

 

The need for custom databases emerged as no property data source was found 

which contained all the required fluid properties for an extensive list of fluids. For this 
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reason, it became more practical to collate all data found into one source which could then 

be combined with the modelling code. This gives the advantage of having only a singular 

source for the baseline property data needed to be incorporated into the modelling process. 

As the modelling used incorporates such extensive property data (8 individual property 

data sets needed per fluid) it is imperative to create an efficient and accessible database 

system which can be easily updated when new fluids are to be analysed. The method chosen 

combines both excel and MATLAB databasing systems. The main sources of property data 

are detailed in Table 4-1. 

 

Table 4-1  Property data sources 

Source Types of property data found 

Chemical Property Handbook, Carl L. Yaws 

[101] 

Polynomial 

Dechema, Detherm [102] Tabular 

REFPROP, NIST [103] Tabular 

CoolProp, Ian H. Bel [104] Tabular 

National Chemical Database Service [105] Tabular 

 

 

There are three databases created: the fluid property database, the fluid 

compatibility database and the metal property database. The fluid property database lists 

all the required property data for each fluid and stores them in the form of curve fitting 

polynomials. This is then saved as .mat files and accessed through MATLAB which 



 

141 

 

automatically derives the property data curves and stores them as matrices. The fluid 

compatibility database is a log of every published fluid/metal compatibility test which is 

reported in any papers found. This provides a source of experimentally verified fluid/metal 

combination list which can be accessed during the fluid selection stage to identify viable 

metal envelopes for each chosen fluid. The metal property database presents polynomial 

equations for the tensile strength and conductivity variance over the operating temperature 

range where possible. If data over the temperature range is not found, fixed values are used 

for data at the closest temperature.  

 

4.2.2.1 Fluid property database 

 

The fluid property database is initially created in excel. The data primarily 

originated form Carl L. Yaws [1] as this was the most complete database. Data derived 

from other databases was translated into the polynomial function trend line determined by 

Yaws for each specific fluid property.  shows the fluid property database structure in Excel.  

 

Once the excel file is constructed, each fluid property tab can be converted to a .mat 

file via the process described in Chapter 3. These ‘.mat' files can then be directly loaded 

into the modelling code to access the property data for any of the fluids listed in the 

database. 
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4.2.2.2 Compatibility database 

 

The compatibility database makes use of macros coding to perform internal 

searches for compatibility data. A dropdown list allows the selection of the fluid and the 

‘Go’ button forwards the user to the published compatibility data.  

 

Once a fluid is selected, the user will be forwarded to the compatibility data log. 

The database is constantly being updated as new studies are found which contain any 

compatibility results. The studies are referenced within the database under the ‘source’ 

heading.   

 

4.2.2.3 Metal property database 

 

The metal property database contains polynomial data for the Young’s Modulus, 

Tensile Strength and Thermal Conductivity where possible. Where polynomial data is not 

yet available, the values will defer to room temperature data. As of writing, polynomial 

data has been sourced only for four metal types. This database is also converted to ‘.mat’ 

file type to be used within the MATLAB coding.   

 Selection criteria 

 

Section 4.2.1 detailed the various selection criterial which are used in the analysis 

process. This section will describe in more detail each criteria and give a deeper 
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explanation of how these are applied in the fluid selection process. Both quantitative and 

qualitative analyses are used depending on the nature of the criteria – the main objective, 

however, is to have a definitive ranking by which to categorise any fluid within each 

criteria.  

 

4.2.3.1 Surface Tension 

 

The surface tension of the fluid determines the extent of the capillary action 

possible in the wick structure. This is also a critical factor in the operation of the heat pipe 

as this determines the extent to which the heat pipe can operate against gravity and also the 

maximum length to which capillary action is possible. This has a strong bearing on the 

capillary limit of the heat pipe. The physics behind this quality is highlighted in Chapter 6, 

for purposes of fluid selection, this quality is intrinsically linked to the Merit Analysis and 

Thermal transport Analysis of the fluid. 

 

4.2.3.2 Thermal Degradation and compatibility 

 

For applications which require long term use, often they require a measure of the 

performance reduction over its lifetime and set the maximum allowable limit for this. The 

performance reduction of a heat pipe is cause by three main factors: 

 

o Degradation of the fluid over time (thermal degradation) 

o The compatibility of the fluid and metal envelope  
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o Reaction of the fluid with any other impurity which may be present 

 

All these factors lead to the formation of non-condensable gasses (NCGs) within 

the pipe causing a reduction in performance. The fluid assessment criterion looks at both 

the compatibility of each fluid with commonly used metals for heat pipe production and 

the thermal degradation of the fluid at the maximum operating temperature.  

 

The thermal degradation of a fluid is usually measured through its rate of pyrolysis. 

This determines the temperature at which the gas phase of the fluid begins to break down 

into its constituent atoms or molecules. This is particularly prone in long chained molecules 

such as organic compounds.   

 

The compatibility is simply the affinity of reaction of the chemical at high 

temperatures with the wall material metals. Though some models have demonstrated some 

level of predictability of reaction [49] the principal method of analysis generally is 

experimental. The compatibility is assessed through ‘life test’ on each fluid/metal 

combination where the functionality of the heat pipe is measured over a long period of time 

where the heat pipe properties must remain within a threshold value. The compatibility 

database was developed to log the testing done by previous researchers and their main 

findings.  

 

4.2.3.3 Toxicity 
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The toxicity of the fluid is a very important quality to be aware of. Lack of 

information on the correct handling of a fluid can lead to serious injury and even death. 

Any fluids which are toxic to humans tend to have strict handling criteria which must be 

adhered to by law. A thorough analysis is made on each shortlisted fluid as to the handling 

dangers and precautions necessary. A low score would signify that the fluid is extremely 

dangerous to handle and presents too high a risk should accidental exposure occur. 

Alternatively, a high score would indicate that the fluid is safe to handle and very few 

specialist equipment is needed. The use of bespoke PPE and need for gloveboxes is also 

factored in as this would direct impact on the time and cost of testing the fluid.  

 

4.2.3.4 Cost 

 

This is simply the raw cost of the material. This is conducted via a search on various 

chemical supply company websites and the cheapest result for small batches is selected. 

This is simply ranked form most expensive (low score) to least expensive (high score). 

 

4.2.3.5 Handling 

 

This mainly consists of identifying any use of specialist equipment or ‘controlled 

environments’ to handle the fluids in. Cost of new equipment needed, and safety of storage 

is factored into this category.    
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 Conclusions 

 

This section has presented a complete framework in which to identify, analyse, 

compare and select optimal heat pipe working fluids for any application. The process 

makes use of databases which were developed over the entirety of this project and which 

will aim to be continually updated. The various criteria chosen to distinguish wanted fluid 

characteristics is detailed and the framework in which the analysis takes place is outlined. 

An overview of all the processes taking place to filter the fluids down to the best viable 

options has been presented. The application of this framework and identification of key 

fluids relevant to this study is presented in Section 4.3. The framework has selected 9 key 

criteria by which to analyse any heat pipe fluid, these are; Merit Analysis, Vapour Pressure 

Analysis, Thermal Transport Analysis, Surface Tension, Compatibility/Thermal 

Degradation, Toxicity, Cost and Handling. The theory and application of these criteria as 

well as a selection process is formulated to quantitively and qualitatively compare the 

performance of any selection of fluids. 

 

In this study, the framework is aimed solely at the exploration of fluids in the 

‘medium’ temperature range with aim to identify novel fluids which can be taken forward 

for testing. The methodology can however be applied universally and span any desired 

application temperature range; hence the framework can be used as a powerful industrial 

research and development tool. Chapter 8 outlines a real case study for an industrial 

application which successfully used this framework to explore potential novel fluids in the 

1000°C to 1500°C temperature range proving the methodology to be successful in a 
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commercial setting as well as academic. Section 4.3 will present the application of this 

framework and outline the full identification and selection process for novel medium 

temperature fluids.  
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4.3 Fluid selection & analysis 

 

The following section outlines the full fluid analysis on potential heat pipe fluids 

for the medium temperature range using the methodology described in Section 4.2. Code 

was developed in MATLAB to extract and plot the data from the fluid property database 

and compare the performance of the selected fluids. The code developed for this analysis 

can be found in Appendix F 

 

By applying the methodology described in Chapter 2 and using developed code to 

assess multiple fluids at once, the process flow chart described in Figure 4-6 could be 

applied to all shortlisted fluids simultaneously. The process steps are divided into three 

phases, where at the end of each phase signifies a narrowing of the fluid selection. Figure 

4-2 describes the processes assigned to each phase. 

 

Work on the selection process, coding, data collection and data analysis was a 

continual process throughout the entire duration of the study. The results presented in this 

section represent the latest available data and developed code. This does not reflect the data 

which was available when commencing experimental analysis of compatibility and 

wettability tests, hence, the conclusion of this study is aimed at future work on potential 

fluids using the techniques developed with the available metals and fluids at the time.  
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 Phase 1: Initial selection 

 

The initial fluid selection consists mainly of the fluid property database search.  The 

chosen filters for the medium temperature fluid selection are: 

 

- Melting point must be < 300°C 

- Boiling point must be < 700°C 

- Hfg max data > 400°C 

- Hfg min data 0<x< 300°C 

 

The fluids are selected only if all the filter conditions are satisfied. This narrowed 

the field to 36 potential fluids from the initial 343 fluids present in the database. The 

shortlisted fluids are displayed in Table 4-2. 
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Table 4-2  Phase 1 fluid shortlist 

Fluid 
Code 

Formula Name 

6 AIBr3 ALUMINIUM BROMIDE 

9 A113 ALUMINIUM IODIDE 

14 AsBr3 ARSENIC TRIBROMIDE 

19 AsI3 ARSENIC TRIIODIDE 

36 B10H14 DECABORANE 

45 BiBr3 BISMUTH TRIBROMIDE 

46 BICI3 BISMUTH TRICHLORIDE 

52 CH4N2O UREA 

53 CH4N2S THIOUREA 

67 CbF5 COLUMBIUM FLUORIDE 

87 CrC606 CHROMIUM CARBONYL 

89 Cs CESIUM 

109 Fr FRANCIUM 

111 GaC13 GALLIUM TRICHLORIDE 

114 GeBr4 GERMANIUM BROMIDE 

139 HgBr2 MERCURIC BROMIDE 

140 HgC12 MERCURIC CHLORIDE 

141 Iklg12  MERCURIC IODIDE 

143 12 IODINE 

212 P PHOSPHORUS - WHITE 

222 PSBr3 PHOSPHORUS THIOBROMIDE 

224 P406 PHOSPHORUS TRIOXIDE 

226 P4S10 PHOSPHORUS PENTASULFIDE 

244 Re207 RHENIUM HEPTOXIDE 

248 RuF5 RUTHENIUM PENTAFLUORIDE 

249 S SULFUR 

260 SbBr3 ANTIMONY TRIBROMIDE 

261 SbC13 ANTIMONY TRICHLORIDE 

264 Sb13 ANTIMONY TRIIODIDE 

267 Se SELENIUM 

268 SeCI4 SELENIUM TETRACHLORIDE 

270 SeOCl2 SELENIUM OXYCHLORIDE 

301 5i3C18 OCTACHLOROTRISILANE 

307 SnBr4 STANNIC BROMIDE 

308 SnCl2 STANNOUS CHLORIDE 

311 Sn14 STANNIC IODIDE 

317 TeCI4 TELLURIUM TETRACHLORIDE 
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 Phase 2: Fluid analysis   

 

The second phase makes use of the various analytical techniques presented in 

Chapter 3. The process follows the flow chart presented in Figure 4-2. The results of each 

analysis are presented in this section. 

 

4.3.2.1 Property data analysis 

 

The first analysis to be undertaken is an assessment of the available property data 

of the selected fluids. This is a crucial starting point as although some fluids may seem 

viable form an initial Merit and Vapour analysis, a lack of complete data would impede 

any heat pipe modelling to be done.  

 

From an assessment of time and resources, it was concluded that fundamental 

property experiments on individual fluids to acquire any missing data would not be possible 

in the time frame, and would not provide a sufficient cost-benefit to the project, hence any 

fluids with lacking property data from the available sources was initially eliminated from 

the study. These were, however, kept in an archive should further research find any missing 

data on these fluids.  

 

Table 4-3  summarises the latest data analysis of the shortlisted fluids. Here it can 

be observed that only 14 fluids possessed complete property data. Fluids highlighted in 

yellow signify that some property data was ‘deduced’ by taking the property data from a 
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similar compound. In some cases, no data on the fluid or any similar fluids was found, 

these are highlighted in red and discarded form further analysis.  

   

 

 

Table 4-3  Property data analysis of shortlisted fluids 

NO FORMULA NAME Property data Complete? 

6 AIBr3 ALUMINIUM BROMIDE  Yes, st deduced 

9 A113 ALUMINIUM IODIDE  Yes, Kl deduced 

14 AsBr3 ARSENIC TRIBROMIDE Yes 

19 AsI3 ARSENIC TRIIODIDE Yes, st deduced 

36 B10H14 DECABORANE  Yes, st & Kl deduced 

45 BiBr3 BISMUTH TRIBROMIDE Yes, Kl and Kv deduced 

46 BICI3 BISMUTH TRICHLORIDE Yes, Kl deduced 

52 CH4N2O UREA No - st missing 

53 CH4N2S THIOUREA No - st missing 

67 CbF5 COLUMBIUM FLUORIDE No - st missing 

87 CrC606 CHROMIUM CARBONYL Yes, Kv & st deduced 

89 Cs CESIUM Yes 

109 Fr FRANCIUM  No - rhol, st, vl, missing 

111 GaC13 GALLIUM TRICHLORIDE Yes 

114 GeBr4 GERMANIUM BROMIDE  Yes 

139 HgBr2 MERCURIC BROMIDE Yes, Kl deduced 

140 HgC12 MERCURIC CHLORIDE Yes, Kl deduced 

141 Iklg12  MERCURIC IODIDE Yes, Kl deduced 

143 I IODINE  Yes 

212 P PHOSPHORUS - WHITE Yes 

222 PSBr3 
PHOSPHORUS 
THIOBROMIDE 

Yes 

224 P406 PHOSPHORUS TRIOXIDE Yes 

226 P4S10 
PHOSPHORUS 
PENTASULFIDE  

Yes 

244 Re207 RHENIUM HEPTOXIDE Yes, st deduced 

248 RuF5 
RUTHENIUM 
PENTAFLUORIDE 

Yes, st deduced 

249 S SULFUR 

Yes, but not for whole 
range 

260 SbBr3 ANTIMONY TRIBROMIDE Yes, st deduced 

261 SbC13 ANTIMONY TRICHLORIDE Yes 

264 Sb13 ANTIMONY TRIIODIDE Yes, st deduced 

267 Se SELENIUM   

268 SeCI4 
SELENIUM 
TETRACHLORIDE 

Yes, st deduced 

270 SeOCl2 SELENIUM OXYCHLORIDE Yes 

301 5i3C18 OCTACHLOROTRISILANE Yes 

307 SnBr4 STANNIC BROMIDE  Yes 

308 SnCl2 STANNOUS CHLORIDE  Yes 

311 Sn14 STANNIC IODIDE  Yes, st deduced 

317 TeCI4 
TELLURIUM 
TETRACHLORIDE 

Yes, st deduced 

https://en.wikipedia.org/wiki/Aluminium_bromide
https://pubchem.ncbi.nlm.nih.gov/compound/82222
https://pubchem.ncbi.nlm.nih.gov/compound/24569#section=Experimental-Properties
https://pubchem.ncbi.nlm.nih.gov/compound/Arsenic-triiodide
https://pubchem.ncbi.nlm.nih.gov/compound/Decaborane
https://pubchem.ncbi.nlm.nih.gov/compound/Bismuth-tribromide
https://pubchem.ncbi.nlm.nih.gov/compound/Bismuth-chloride
https://pubchem.ncbi.nlm.nih.gov/compound/Urea
https://pubchem.ncbi.nlm.nih.gov/compound/thiourea
https://pubchem.ncbi.nlm.nih.gov/compound/82217
https://pubchem.ncbi.nlm.nih.gov/compound/Chromium-carbonyl-_Cr_CO_6
https://pubchem.ncbi.nlm.nih.gov/element/Cesium
https://pubchem.ncbi.nlm.nih.gov/compound/6328145
https://pubchem.ncbi.nlm.nih.gov/compound/Gallium-trichloride
https://pubchem.ncbi.nlm.nih.gov/compound/26011
https://pubchem.ncbi.nlm.nih.gov/compound/Mercuric-bromide
https://pubchem.ncbi.nlm.nih.gov/compound/Mercuric-chloride
https://pubchem.ncbi.nlm.nih.gov/compound/Mercuric-iodide
https://pubchem.ncbi.nlm.nih.gov/compound/Iodine
https://pubchem.ncbi.nlm.nih.gov/element/Phosphorus
https://pubchem.ncbi.nlm.nih.gov/compound/PHOSPHORUS%20THIOBROMIDE
https://pubchem.ncbi.nlm.nih.gov/compound/PHOSPHORUS%20THIOBROMIDE
https://pubchem.ncbi.nlm.nih.gov/compound/Phosphorus-trioxide
https://pubchem.ncbi.nlm.nih.gov/compound/PHOSPHORUS%20PENTASULFIDE
https://pubchem.ncbi.nlm.nih.gov/compound/PHOSPHORUS%20PENTASULFIDE
https://pubchem.ncbi.nlm.nih.gov/compound/Rhenium_VII_-oxide
https://pubchem.ncbi.nlm.nih.gov/compound/Ruthenium_V_-fluoride
https://pubchem.ncbi.nlm.nih.gov/compound/Ruthenium_V_-fluoride
https://pubchem.ncbi.nlm.nih.gov/element/Sulfur
https://pubchem.ncbi.nlm.nih.gov/compound/Antimony-tribromide
https://pubchem.ncbi.nlm.nih.gov/compound/Antimony-trichloride
https://pubchem.ncbi.nlm.nih.gov/compound/Antimony-triiodide
https://pubchem.ncbi.nlm.nih.gov/compound/SELENIUM%20OXYCHLORIDE
https://pubchem.ncbi.nlm.nih.gov/compound/Selenium-tetrachloride
https://pubchem.ncbi.nlm.nih.gov/compound/Selenium-tetrachloride
https://pubchem.ncbi.nlm.nih.gov/compound/SELENIUM%20OXYCHLORIDE
https://pubchem.ncbi.nlm.nih.gov/compound/OCTACHLOROTRISILANE
https://pubchem.ncbi.nlm.nih.gov/compound/STANNIC%20BROMIDE
https://pubchem.ncbi.nlm.nih.gov/compound/tin%28II%29%20chloride
https://pubchem.ncbi.nlm.nih.gov/compound/Stannane_-tetraiodo
https://pubchem.ncbi.nlm.nih.gov/compound/Tellurium-tetrachloride
https://pubchem.ncbi.nlm.nih.gov/compound/Tellurium-tetrachloride
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4.3.2.2 Merit analysis  

 

A merit analysis was undertaken on each of the fluids according to the process 

described in Section 4.2.1.2. As a means of comparison, water was included in the analysis 

to provide a reference point. To aid the analysis, the fluid list was split into two as shown 

in Figure 4-8 and Figure 4-9. These graphs give various indications; the functional limit of 

each fluid, which fluids have the best heat transport capability, how each fluid compares 

to each other and which fluids can operate over the entire temperature range. 

 

Figure 4-8  Figure of merit curves for fluids 1 to 18 
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Figure 4-9  Figure of merit curve for fluids 19 to 37 

 

Some principal observations which can be drawn from these graphs are: 

 

• The highest performing fluids are Ruthenium based compounds, 

Phosphorus, Stannous Chloride, Selenium, Tellurium Tetrachloride, 

Caesium, Mercury based halides and Bismuth based halides 

• Selenium, Antimony based halides and Phosphorus Thiobromide are viable 

candidates which cover the lower end of the temperature range (up to 500°C 

mostly). 



 

155 

 

• Most other candidates present lower merit curves, but all shortlisted fluids 

are viable options up to 400°C based on their figure of merit 

 

4.3.2.3 Vapour pressure analysis 

 

The vapour analysis simply looks at the vapour pressure of each fluid in the 

required operating range as detailed in Section 4.2.1.2.   

 

 

Figure 4-10  Vapour pressure analysis for fluids 1 to 18 
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Figure 4-11  Vapour pressure analysis for fluids 19 to 37 

 

Some principal observations which can be drawn from these graphs are: 

 

• The highest performing fluids are Ruthenium based compounds, Phosphorus, 

Stannous Chloride, Selenium, Tellurium Tetrachloride, Caesium, Mercury based 

halides and Bismuth based halides 

• Mercury based halides, Selenium, present extremely low vapour pressures – these 

are not visible in the scale of the current graphs  

• Caesium presents a good vapour pressure at higher temperatures; in the medium 

temperature range it remains very low compared to other fluids 
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• Bismuth halides and Antimony halides have an ideal vapour pressure which cover 

the entire temperature range  

• Phosphorus Thiobromide Presents a very high vapour pressure above 400°C which 

could lead to high wall thickness requirements at high temperatures 

 

4.3.2.4 Thermal transport analysis 

 

The thermal transport analysis looks at the Capillary limit curves of each fluid. The 

heat pipe geometry used to model the heat pipe limit curve was the same used in the water 

tests presented in 4.2.1.2. The thermal transport curve represents that of a horizontal heat 

pipe (i.e. no gravitational effects) with a meshed wick structure.  

 

Figure 4-12 and Figure 4-13 show the capillary limit curves for all shortlisted fluids. 

Some fluids were limited by availability of data over the entire working temperature range, 

hence the Mercuric halides in Figure 4-12 and Rhenium Heptoxide and Stannous Chloride 

and Ruthenium Pentafluoride in Figure 4-13 present forward extrapolations of the thermal 

transport curve.    
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Figure 4-12  Capillary limit analysis for fluids 1 to 18 

 

Figure 4-13  Capillary limit analysis for fluids 19 to 37 
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4.3.2.5 Stability and toxicity analysis 

 

The general stability and toxicity are determined through the Material Safety 

Datasheets (MSD) for each fluid. The key criteria considers: 

 

1. The fluids stability in air 

- Will it react with air under normal conditions? 

- Are there special handling requirements? 

 

2. Toxicity 

- How toxic is the fluid on the LD50 European scale? 

- Can it be handled with local ventilation only? 

- Is a fume hood necessary? 

- Is a glovebox necessary? 

- Does the handler need any special qualifications/training? 

 

Table 4-4 summarizes the stability and handling outcomes of each fluid and 

highlights the individual fluid results for the property data, vapour pressure, merit and 

thermal transport curve analysis. Fluids highlighted in red in the ‘formula’ column are 

discarded from the study. All other fluids are taken forward to the next phase of analysis. 
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Table 4-4  Phase 2 fluid shortlist analysis 

NO FORMULA NAME Stability in air Toxicity/Handling 

Property 

data 

Complete? 

Vapour 

pressure OK? 

Merit 

analysis 

~Thermal 

transport 

curve 

6 AIBr3 ALUMINIUM BROMIDE Fumes strongly in air 
Emits toxic fumes 
when heated 

Yes, st 
deduced 

No 
Good up 
to 460°C 

Bad 

9 A113 ALUMINIUM IODIDE 

Reacts with moisture and 
light  

Fume hood needed  

Yes, Kl 
deduced 

Yes Good Bad 

14 AsBr3 ARSENIC TRIBROMIDE 

Absorbs moisture from 
the air 

Fume hood needed  Yes Up to 510°C 
Good up 
to 500°C 

Low 

19 AsI3 ARSENIC TRIIODIDE 

Reacts slowly with oxygen 
in air 

Glovebox needed, 
emits very toxic 
fumes when heated  

Yes, st 
deduced 

Yes Good Low 

36 B10H14 DECABORANE  Ignites in oxygen at 100°C Glovebox needed 
Yes, st & Kl 
deduced 

No 
Good up 
to 490°C 

Bad 

45 BiBr3 BISMUTH TRIBROMIDE  

Reacts slowly with oxygen 
in air 

Corrosive only  

Yes, Kl and 
Kv deduced 

Yes Good Low 

46 BICI3 BISMUTH TRICHLORIDE 

Reacts with oxygen when 
heated 

May not need fume 
hood (just local 
ventilation) 

Yes Yes Good Good 

52 CH4N2O UREA  Reacts with moisture 

Fume hood needed, 
emits toxic fumes 
when heated 

No - st 
missing 

Up to 420°C   Bad   Bad 

53 CH4N2S THIOUREA  

Stable? Possible reaction 
with moisture 

Fume hood needed, 
emits very toxic 
fumes when heated  

No - st 
missing 

Yes   Bad Bad 

67 CbF5 COLUMBIUM FLUORIDE Reacts with moisture  

Glovebox 
preferable, fume 
hood possible 

No - st 
missing 

Up to 500°C   Bad   Bad 

87 CrC606 CHROMIUM CARBONYL  

Risk of explosion when 
heated in confinement  

Fume hood needed  

Yes, Kv & st 
deduced 

No Low Low 

89 Cs CESIUM Explosive hazard 

Containers handled 
by qualified people 
only  

Yes 
Low at 
temperature 
range 

V. Good OK 

109 Fr FRANCIUM Explosive hazard Fume hood needed  

No - rhol, st, 
vl, missing 

Low at 
temperature 
range 

  Bad   Bad 

111 GaC13 GALLIUM TRICHLORIDE Reaction with moisture  Glovebox needed Yes Up to 410°C 
Ok up to 
410°C 

Good 

114 GeBr4 GERMANIUM BROMIDE Reacts with moisture  Fume hood needed  Yes Up to 450°C 
Low up 
to 450°C 

Bad 

139 HgBr2 MERCURIC BROMIDE 

Sensitive to light, 
sublimes above 237°C  

Glovebox needed 

Yes, Kl 
deduced 

OK OK Low 

140 HgC12 MERCURIC CHLORIDE 

Slightly volatile, sensitive 
to light 

Glovebox needed 

Yes, Kl 
deduced 

OK OK Low 

141 Iklg12  MERCURIC IODIDE 

Sensitive to light, 
sublimes above 350°C  

Glovebox needed 

Yes, Kl 
deduced 

OK OK Low 

143 I IODINE 

Readily sublimes at room 
temperature in air  

Fume hood needed  Yes No Bad Bad 

212 P PHOSPHORUS - WHITE  Dangerous reaction in air  

V. poisonous, needs 
to be kept under 
water 

Yes Yes OK V. Good 

222 PSBr3 
PHOSPHORUS 
THIOBROMIDE 

Reacts strongly to 
moisture 

Fume hood needed  Yes 
Ok up to 
400°C 

Ok up to 
440°C 

Bad 

224 P406 PHOSPHORUS TRIOXIDE  Reacts with moisture  

May not need fume 
hood  

Yes up to 400°C 
Ok up to 
430°C 

Bad 

226 P4S10 
PHOSPHORUS 
PENTASULFIDE  

Reacts with moisture  

May not need fume 
hood  

Yes Beyond 450°C Ok Bad 

244 Re207 RHENIUM HEPTOXIDE Store in nitrogen  

May not need fume 
hood  

Yes, st 
deduced 

OK Good V. Good 

248 RuF5 
RUTHENIUM 
PENTAFLUORIDE  

Stable? Possible reaction 
with moisture 

May not need fume 
hood  

Yes, st 
deduced 

Up to 510°C V. Good Excellent 

249 S SULFUR 

Stable? Possible reaction 
with moisture 

Fume hood needed, 
burns to form toxic 
gases 

Yes, but not 
for whole 
range 

Only above 
450°C 

Good Bad 

260 SbBr3 
ANTIMONY 
TRIBROMIDE 

Reacts with moisture in 
air 

Fume hood needed  

Yes, st 
deduced 

Yes Good Low 

261 SbC13 
ANTIMONY 
TRICHLORIDE 

Reacts slowly with 
moisture in air 

Fume hood needed  Yes Up to 510°C 
Good up 
to 500°C 

Good 

264 Sb13 ANTIMONY TRIIODIDE 

Decomposes in air, store 
in inert gas 

Glovebox needed 

Yes, st 
deduced 

Up to 520°C Good Low 

267 Se SELENIUM  Store in inert gas  Glovebox needed   Yes V. Good Good 

268 SeCI4 
SELENIUM 
TETRACHLORIDE  

Reacts with moisture  Glovebox needed 

Yes, st 
deduced 

No 
Ok up to 
450°C 

Low 

270 SeOCl2 
SELENIUM 
OXYCHLORIDE 

Reacts with moisture  Glovebox needed Yes 
V. high at 
temperature 
range 

Ok up to 
420°C 

Low 

301 5i3C18 OCTACHLOROTRISILANE  Reacts with moisture  Fume hood needed  Yes Yes 
Good up 
to 490°C 

Bad 

307 SnBr4 STANNIC BROMIDE Reacts with moisture  Glovebox needed Yes 
Yes, up to 
500°C 

Good up 
to 480°C 

Bad 

308 SnCl2 STANNOUS CHLORIDE  Reacts with moisture Fume hood needed  Yes 
Low at 
temperature 
range 

V. Good Excellent 

311 Sn14 STANNIC IODIDE 

Keep in cool, dry 
container  

Fume hood needed 
Yes, st 
deduced 

Yes Ok Bad 

317 TeCI4 
TELLURIUM 
TETRACHLORIDE  

Keep in cool, dry 
container  

Glovebox needed 

Yes, st 
deduced 

Yes Good Low 

https://en.wikipedia.org/wiki/Aluminium_bromide
https://pubchem.ncbi.nlm.nih.gov/compound/82222
https://fscimage.fishersci.com/msds/99114.htm
https://fscimage.fishersci.com/msds/99114.htm
https://fscimage.fishersci.com/msds/99114.htm
https://pubchem.ncbi.nlm.nih.gov/compound/24569#section=Experimental-Properties
http://www.molbase.com/en/msds_7784-33-0-moldata-1554577.html
http://www.molbase.com/en/msds_7784-33-0-moldata-1554577.html
http://www.molbase.com/en/msds_7784-33-0-moldata-1554577.html
https://pubchem.ncbi.nlm.nih.gov/compound/Arsenic-triiodide
https://www.fishersci.com/store/msds?partNumber=AA4506718&productDescription=ARSENIC%28III%29+IODIDE%2C+98%25+50G&vendorId=VN00024248&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AA4506718&productDescription=ARSENIC%28III%29+IODIDE%2C+98%25+50G&vendorId=VN00024248&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AA4506718&productDescription=ARSENIC%28III%29+IODIDE%2C+98%25+50G&vendorId=VN00024248&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AA4506718&productDescription=ARSENIC%28III%29+IODIDE%2C+98%25+50G&vendorId=VN00024248&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AA4506718&productDescription=ARSENIC%28III%29+IODIDE%2C+98%25+50G&vendorId=VN00024248&countryCode=US&language=en
https://pubchem.ncbi.nlm.nih.gov/compound/Decaborane
https://pubchem.ncbi.nlm.nih.gov/compound/Bismuth-tribromide
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=401072&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fsearch%3Fterm%3D7787-58-8%26interface%3DCAS%2520No.%26N%3D0%26mode%3Dpartialma
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=401072&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fsearch%3Fterm%3D7787-58-8%26interface%3DCAS%2520No.%26N%3D0%26mode%3Dpartialma
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=401072&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fsearch%3Fterm%3D7787-58-8%26interface%3DCAS%2520No.%26N%3D0%26mode%3Dpartialma
https://pubchem.ncbi.nlm.nih.gov/compound/Bismuth-chloride
https://fscimage.fishersci.com/msds/03214.htm
https://fscimage.fishersci.com/msds/03214.htm
https://fscimage.fishersci.com/msds/03214.htm
https://fscimage.fishersci.com/msds/03214.htm
https://fscimage.fishersci.com/msds/03214.htm
https://pubchem.ncbi.nlm.nih.gov/compound/Urea
https://www.fishersci.com/msdsproxy%3FproductName%3DBP16910%26productDescription%3DUREA%2B10%2BKG%26catNo%3DBP169-10%26vendorId%3DVN00033897%26storeId%3D10652
https://www.fishersci.com/msdsproxy%3FproductName%3DBP16910%26productDescription%3DUREA%2B10%2BKG%26catNo%3DBP169-10%26vendorId%3DVN00033897%26storeId%3D10652
https://www.fishersci.com/msdsproxy%3FproductName%3DBP16910%26productDescription%3DUREA%2B10%2BKG%26catNo%3DBP169-10%26vendorId%3DVN00033897%26storeId%3D10652
https://www.fishersci.com/msdsproxy%3FproductName%3DBP16910%26productDescription%3DUREA%2B10%2BKG%26catNo%3DBP169-10%26vendorId%3DVN00033897%26storeId%3D10652
https://pubchem.ncbi.nlm.nih.gov/compound/thiourea
https://fscimage.fishersci.com/msds/23420.htm
https://fscimage.fishersci.com/msds/23420.htm
https://fscimage.fishersci.com/msds/23420.htm
https://fscimage.fishersci.com/msds/23420.htm
https://fscimage.fishersci.com/msds/23420.htm
https://pubchem.ncbi.nlm.nih.gov/compound/82217
https://www.fishersci.com/store/msds?partNumber=AA8722109&productDescription=NIOBIUM%28V%29+FLUORIDE%2C+99%25+10G&vendorId=VN00024248&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AA8722109&productDescription=NIOBIUM%28V%29+FLUORIDE%2C+99%25+10G&vendorId=VN00024248&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AA8722109&productDescription=NIOBIUM%28V%29+FLUORIDE%2C+99%25+10G&vendorId=VN00024248&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AA8722109&productDescription=NIOBIUM%28V%29+FLUORIDE%2C+99%25+10G&vendorId=VN00024248&countryCode=US&language=en
https://pubchem.ncbi.nlm.nih.gov/compound/Chromium-carbonyl-_Cr_CO_6
https://www.fishersci.com/store/msds?partNumber=AC221050100&productDescription=CHROMIUM+HEXACARBONYL%2C+99%2B+10G&vendorId=VN00032119&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AC221050100&productDescription=CHROMIUM+HEXACARBONYL%2C+99%2B+10G&vendorId=VN00032119&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AC221050100&productDescription=CHROMIUM+HEXACARBONYL%2C+99%2B+10G&vendorId=VN00032119&countryCode=US&language=en
https://pubchem.ncbi.nlm.nih.gov/element/Cesium
https://www.fishersci.com/store/msds?partNumber=AC219190010&productDescription=CESIUM%2C+99.95%2B%25+1GR&vendorId=VN00032119&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AC219190010&productDescription=CESIUM%2C+99.95%2B%25+1GR&vendorId=VN00032119&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AC219190010&productDescription=CESIUM%2C+99.95%2B%25+1GR&vendorId=VN00032119&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AC219190010&productDescription=CESIUM%2C+99.95%2B%25+1GR&vendorId=VN00032119&countryCode=US&language=en
https://pubchem.ncbi.nlm.nih.gov/compound/6328145
https://www.spectrumchemical.com/MSDS/T0056.PDF
https://www.spectrumchemical.com/MSDS/T0056.PDF
https://pubchem.ncbi.nlm.nih.gov/compound/Gallium-trichloride
https://www.fishersci.com/shop/msdsproxy?productName=AC444100050&productDescription=GALLIUM
https://www.fishersci.com/shop/msdsproxy?productName=AC444100050&productDescription=GALLIUM
https://pubchem.ncbi.nlm.nih.gov/compound/26011
https://www.fishersci.com/store/msds?partNumber=AA4021909&productDescription=GERM%28IV%29+BROMIDE+99.999%25+10G&vendorId=VN00024248&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AA4021909&productDescription=GERM%28IV%29+BROMIDE+99.999%25+10G&vendorId=VN00024248&countryCode=US&language=en
https://pubchem.ncbi.nlm.nih.gov/compound/Mercuric-bromide
https://www.fishersci.com/store/msds?partNumber=AC448121000&productDescription=MERCURY%28II%29+BROMIDE%2C+ACS+100GR&vendorId=VN00032119&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AC448121000&productDescription=MERCURY%28II%29+BROMIDE%2C+ACS+100GR&vendorId=VN00032119&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AC448121000&productDescription=MERCURY%28II%29+BROMIDE%2C+ACS+100GR&vendorId=VN00032119&countryCode=US&language=en
https://pubchem.ncbi.nlm.nih.gov/compound/Mercuric-chloride
https://beta-static.fishersci.com/content/dam/fishersci/en_US/documents/programs/education/regulatory-documents/sds/chemicals/chemicals-m/S25423.pdf
https://beta-static.fishersci.com/content/dam/fishersci/en_US/documents/programs/education/regulatory-documents/sds/chemicals/chemicals-m/S25423.pdf
https://beta-static.fishersci.com/content/dam/fishersci/en_US/documents/programs/education/regulatory-documents/sds/chemicals/chemicals-m/S25423.pdf
https://pubchem.ncbi.nlm.nih.gov/compound/Mercuric-iodide
https://www.fishersci.com/msdsproxy%3FproductName%3DM166I100%26productDescription%3DMERCURIC%2BIODIDE%2BCR%2BACS%2B100G%26catNo%3DM166I-100%26vendorId%3DVN00033897%26storeId%3D10652
https://www.fishersci.com/msdsproxy%3FproductName%3DM166I100%26productDescription%3DMERCURIC%2BIODIDE%2BCR%2BACS%2B100G%26catNo%3DM166I-100%26vendorId%3DVN00033897%26storeId%3D10652
https://www.fishersci.com/msdsproxy%3FproductName%3DM166I100%26productDescription%3DMERCURIC%2BIODIDE%2BCR%2BACS%2B100G%26catNo%3DM166I-100%26vendorId%3DVN00033897%26storeId%3D10652
https://pubchem.ncbi.nlm.nih.gov/compound/Iodine
https://www.fishersci.com/store/msds?partNumber=AC196561000&productDescription=IODINE%2C+RESUBLIMED+P.A.+100GR&vendorId=VN00033901&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AC196561000&productDescription=IODINE%2C+RESUBLIMED+P.A.+100GR&vendorId=VN00033901&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AC196561000&productDescription=IODINE%2C+RESUBLIMED+P.A.+100GR&vendorId=VN00033901&countryCode=US&language=en
https://pubchem.ncbi.nlm.nih.gov/element/Phosphorus
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=302554&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F302554%3Flang%3Den
http://archpdfs.lps.org/Chemicals/Phosphorus_white.pdf
http://archpdfs.lps.org/Chemicals/Phosphorus_white.pdf
http://archpdfs.lps.org/Chemicals/Phosphorus_white.pdf
https://pubchem.ncbi.nlm.nih.gov/compound/PHOSPHORUS%20THIOBROMIDE
https://pubchem.ncbi.nlm.nih.gov/compound/PHOSPHORUS%20THIOBROMIDE
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=256536&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F256536%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=256536&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F256536%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=256536&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F256536%3Flang%3Den
https://pubchem.ncbi.nlm.nih.gov/compound/Phosphorus-trioxide
https://fscimage.fishersci.com/msds/96386.htm
https://fscimage.fishersci.com/msds/96386.htm
https://fscimage.fishersci.com/msds/96386.htm
https://pubchem.ncbi.nlm.nih.gov/compound/PHOSPHORUS%20PENTASULFIDE
https://pubchem.ncbi.nlm.nih.gov/compound/PHOSPHORUS%20PENTASULFIDE
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=544620&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F544620%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=544620&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F544620%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=544620&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F544620%3Flang%3Den
https://pubchem.ncbi.nlm.nih.gov/compound/Rhenium_VII_-oxide
https://www.fishersci.com/store/msds?partNumber=AA1133904&productDescription=RHENIUM%28VII%29+OXIDE+99.99%25+2G&vendorId=VN00024248&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AA1133904&productDescription=RHENIUM%28VII%29+OXIDE+99.99%25+2G&vendorId=VN00024248&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AA1133904&productDescription=RHENIUM%28VII%29+OXIDE+99.99%25+2G&vendorId=VN00024248&countryCode=US&language=en
https://pubchem.ncbi.nlm.nih.gov/compound/Ruthenium_V_-fluoride
https://pubchem.ncbi.nlm.nih.gov/compound/Ruthenium_V_-fluoride
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=545023&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F545023%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=545023&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F545023%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=545023&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F545023%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=545023&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F545023%3Flang%3Den
https://pubchem.ncbi.nlm.nih.gov/element/Sulfur
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=213292&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F213292%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=213292&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F213292%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=213292&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F213292%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=213292&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F213292%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=213292&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F213292%3Flang%3Den
https://pubchem.ncbi.nlm.nih.gov/compound/Antimony-tribromide
https://pubchem.ncbi.nlm.nih.gov/compound/Antimony-tribromide
http://www.t3db.ca/system/msds/attachments/000/001/124/original/T3D1722.pdf?1413587629
http://www.t3db.ca/system/msds/attachments/000/001/124/original/T3D1722.pdf?1413587629
http://www.t3db.ca/system/msds/attachments/000/001/124/original/T3D1722.pdf?1413587629
https://pubchem.ncbi.nlm.nih.gov/compound/Antimony-trichloride
https://pubchem.ncbi.nlm.nih.gov/compound/Antimony-trichloride
https://beta-static.fishersci.ca/content/dam/fishersci/en_US/documents/programs/education/regulatory-documents/sds/chemicals/chemicals-a/S25183.pdf
https://beta-static.fishersci.ca/content/dam/fishersci/en_US/documents/programs/education/regulatory-documents/sds/chemicals/chemicals-a/S25183.pdf
https://beta-static.fishersci.ca/content/dam/fishersci/en_US/documents/programs/education/regulatory-documents/sds/chemicals/chemicals-a/S25183.pdf
https://pubchem.ncbi.nlm.nih.gov/compound/Antimony-triiodide
https://fscimage.fishersci.com/msds/99127.htm
https://fscimage.fishersci.com/msds/99127.htm
https://fscimage.fishersci.com/msds/99127.htm
https://pubchem.ncbi.nlm.nih.gov/compound/SELENIUM%20OXYCHLORIDE
https://www.fishersci.com/store/msds?partNumber=AC419271000&productDescription=SELENIUM+%28POWDER%2C+-325+M+100GR&vendorId=VN00032119&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AC419271000&productDescription=SELENIUM+%28POWDER%2C+-325+M+100GR&vendorId=VN00032119&countryCode=US&language=en
https://pubchem.ncbi.nlm.nih.gov/compound/Selenium-tetrachloride
https://pubchem.ncbi.nlm.nih.gov/compound/Selenium-tetrachloride
https://www.fishersci.com/store/msds?partNumber=AA1309614&productDescription=SELN%28IV%29+CHLORIDE+99.5%25+25G&vendorId=VN00024248&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AA1309614&productDescription=SELN%28IV%29+CHLORIDE+99.5%25+25G&vendorId=VN00024248&countryCode=US&language=en
https://pubchem.ncbi.nlm.nih.gov/compound/SELENIUM%20OXYCHLORIDE
https://pubchem.ncbi.nlm.nih.gov/compound/SELENIUM%20OXYCHLORIDE
https://www.fishersci.com/store/msds?partNumber=AC318490050&productDescription=SELENIUM%28IV%29+OXYCHLORIDE+5GR&vendorId=VN00032119&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AC318490050&productDescription=SELENIUM%28IV%29+OXYCHLORIDE+5GR&vendorId=VN00032119&countryCode=US&language=en
https://pubchem.ncbi.nlm.nih.gov/compound/OCTACHLOROTRISILANE
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=175552&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F175552%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=175552&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F175552%3Flang%3Den
https://pubchem.ncbi.nlm.nih.gov/compound/STANNIC%20BROMIDE
https://www.fishersci.com/store/msds?partNumber=AA7112018&productDescription=TIN%28IV%29+BROMIDE%2C+99%25+50G&vendorId=VN00024248&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AA7112018&productDescription=TIN%28IV%29+BROMIDE%2C+99%25+50G&vendorId=VN00024248&countryCode=US&language=en
https://pubchem.ncbi.nlm.nih.gov/compound/tin%28II%29%20chloride
https://fscimage.fishersci.com/msds/21840.htm
https://pubchem.ncbi.nlm.nih.gov/compound/Stannane_-tetraiodo
https://www.fishersci.ca/store/msds?partNumber=AA7111418&productDescription=tin-iv-iodide-95-2&language=en&countryCode=CA
https://www.fishersci.ca/store/msds?partNumber=AA7111418&productDescription=tin-iv-iodide-95-2&language=en&countryCode=CA
https://pubchem.ncbi.nlm.nih.gov/compound/Tellurium-tetrachloride
https://pubchem.ncbi.nlm.nih.gov/compound/Tellurium-tetrachloride
https://www.fishersci.com/store/msds?partNumber=AC194740250&productDescription=TELLURIUM%28IV%29+CHLORIDE+25GR&vendorId=VN00032119&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AC194740250&productDescription=TELLURIUM%28IV%29+CHLORIDE+25GR&vendorId=VN00032119&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=AC194740250&productDescription=TELLURIUM%28IV%29+CHLORIDE+25GR&vendorId=VN00032119&countryCode=US&language=en
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 Phase 3: Fluid selection 

 

The final phase of the fluid analysis takes a closer look at the shortlisted fluids form 

phase 2. As well as the previously determined categories the addition of a ‘cost’ was 

included as seen in Table 4-5.  From this, a weighting for each category and scoring for 

each fluid was determined as detailed in Section 4.2.1.3. 

 

Table 4-5  Phase 3 shortlisted fluids 

NO FORMULA NAME 
Stability 

in air 
Toxicity/Handling 

Property 

data 

Complete? 

Vapour 

pressure 

OK? 

Merit 

analysis 

Thermal 
transport 

curve 

Cost 
(£/g) 

14 AsBr3 
ARSENIC 
TRIBROMIDE 

Absorbs 
moisture 
from the 
air  

Fume hood 
needed 

Yes Up to 510°C 
Good 
up to 
500°C 

Low  - 

19 AsI3 
ARSENIC 
TRIIODIDE 

Reacts 
slowly 
with 
oxygen in 
air  

Glovebox needed, 
emits very toxic 
fumes when 
heated  

Yes, st 
deduced 

Yes Good Low 14.84  

45 BiBr3 
BISMUTH 
TRIBROMIDE 

Reacts 
slowly 
with 
oxygen in 
air  

Corrosive only  

Yes, Kl 
and Kv 
deduced 

Yes Good Low 2.14  

46 BICI3 
BISMUTH 
TRICHLORIDE  

Reacts 
with 
oxygen 
when 
heated  

May not need 
fume hood (just 
local ventilation)  

Yes Yes Good Good 1.7  

111 GaC13 
GALLIUM 
TRICHLORIDE  

Reaction 
with 
moisture  

Glovebox needed  Yes Up to 410°C 
Ok up 
to 
410°C 

Good 4.59 

244 Re207 
RHENIUM 
HEPTOXIDE  

Store in 
nitrogen  

May not need 
fume hood 

Yes, st 
deduced 

OK Good V. Good 43.3  

248 RuF5 
RUTHENIUM 
PENTAFLUORIDE  

Stable? 
Possible 
reaction 
with 
moisture  

May not need 
fume hood 

Yes, st 
deduced 

Up to 510°C 
V. 
Good 

Excellent  >205 

260 SbBr3 
ANTIMONY 
TRIBROMIDE 

Reacts 
with 
moisture 
in air  

Fume hood 
needed 

Yes, st 
deduced 

Yes Good Low 1.24  

261 SbC13 
ANTIMONY 
TRICHLORIDE  

Reacts 
slowly 
with 
moisture 
in air  

Fume hood 
needed 

Yes Up to 510°C 
Good 
up to 
500°C 

Good 0.42 

308 SnCl2 
STANNOUS 
CHLORIDE 

Reacts 
with 
moisture 

Fume hood 
needed 

Yes 
Low at 
temperature 
range 

V. 
Good 

Excellent 65.4  

317 TeCI4 
TELLURIUM 
TETRACHLORIDE  

Keep in 
cool, dry 
container 

Glovebox needed  

Yes, st 
deduced 

Yes Good Low 12.32  
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4.3.3.1 Weighted analysis 

 

Figure 4-14  Weighted selection table for shortlisted fluids 

 

Table 4-6  Ranked fluid selection results 

Fluid Score 

Antimony Trichloride 2.77 

Bismuth Trichloride 2.77 

Bismuth Tribromide 2.69 

Antimony Tribromide 2.54 

Rhenium Heptoxide 2.46 

Ruthenium Pentafluoride 2.46 

Arsenic Triiodide 2.23 

Arsenic Tribromide 2.15 

Stannous Chloride 2.00 

Tellurium Tetrachloride 2.00 

Gallium Trichloride 1.85 
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 Conclusions 

 

From this study, it can be concluded that Antimony Trichloride and Bismuth 

Trichloride both scored the highest total score in the weighted selection process. Bismuth 

Tribromide and Antimony Tribromide also subsequently scored second and third highest 

scored respectively. These four chemicals can be conclusively determined to be the most 

viable medium temperature fluids out of the 343 inorganic chemicals present in the current 

database which have complete, or semi-complete property data available5.  

 

Antimony Trichloride and/or Bismuth Trichloride should be the focal chemicals for 

compatibility and wettability studies. This study will further the techniques and approaches 

to compatibility and wettability studies using Antimony Trichloride only. Future work 

should be aimed towards Bismuth Trichloride initially, then move to other shortlisted fluids 

which displayed very high thermal handling potential but scored low on availability and 

pricing such as Rhenium Heptoxide and Ruthenium Pentafluoride. It is also important to 

continually expand the catalogue of fluids available particularly to begin exploration of 

azeotropic fluids. Using the procedures developed throughout this study, experimental 

analysis can be fast tracked as new fluids are identified.  

 

  

 
5 The analysis presented in this section was a product of the continual development of the fluid assessment framework over the entire 

duration of the project. The databases, code and framework structure were continually updated and developed to include better 
methodology and more fluid property data – all of which occurred in parallel to testing. For this reason, the conclusions presented here 

may differ from the fluid selection completed before experimental testing commenced, although the fluid taken forward still scored 

among the highest ranking. The conclusions presented here are aimed towards future work and does not reflect the knowledge and data 
available at the point at which compatibility and wettability testing commenced 
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4.4 Heat pipe modelling using chosen fluids 

 

The following section presents the resultant numerical modelling of the top two 

shortlisted fluids from the fluid selection analysis: Antimony Trichloride and Bismuth 

Trichloride. Other fluids which were identified in the most recent medium temperature heat 

pipe study by Anderson et al. [106] are also modelled to compare their performance. All 

models include a Molybdenum shell as this showed the highest likelihood of compatibility 

following the metal compatibility analysis conducted in Chapter 6. All modelling uses the 

theory outlined in Chapter 2, Section 2.3. An outline of the model itself, which was 

developed in Matlab, can be found in Appendix F. To make a meaningful comparison of 

each of the shortlisted fluids, each fluid was modelled using identical pipe geometries listed 

in Table 4-7.  

 

 

Table 4-7  Heat pipe modelling parameters 

Measurement Value 

Heat Pipe Length (mm) 460 

Evaporator Length (mm) 100 

Condenser Length (mm) 150 

Adiabatic Length (mm) 210 

Effective Length (mm) 230 

Diameter (mm) 12 

Wall Thickness (mm) 0.8 

Orientation Variable 

Wall Material Molybdenum 

Wick type Mesh 

Mesh count (/inch) 200 

Number of wraps 3 

Material Molybdenum 
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 Horizontal model 

 

When observing the thermal handling performance of the various shortlisted 

inorganic fluids as well as other halide fluids studied in the most recent publications on the 

topic by Anderson et al. [106] such as Titanium Tetrachloride (TiCl4) and Aluminium 

Tribromide (AlBr3) in Figure 4-15, it is clear that Bismuth Trichloride (BiCl3) shows a 

vastly superior performance, both in the power handling capacity and in the total 

temperature range it is able to operate in.  

 

 

Figure 4-15   Heat pipe thermal limitations in the horizontal orientation for primary shortlisted fluids 
and previously studied fluids 
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The second fluid highlighted form the selection process is Antimony Trichloride 

(SbCl3). In Figure 4-15 it can be seen that it’s close relative Antimony Tribromide (SbBr3) 

actually has a marginally greater power handling capacity than SbCl3 and also is able to 

operate at slightly higher temperatures, though it is important to note that some of the 

property data used for SbBr3 was estimated by comparison with similar fluids. Ultimately 

though, the disadvantage of the use of SbBr3 is that it has a lower stability in air compared 

to SbCl3, which makes the handling of the chemical unjustifiably more difficult compared 

to the performance benefit.   

 

 Mesh wick 45° gravity aided model 

 

To observe the further potential of these fluids, they were also modelled in a gravity 

aided position at 45° inclination in Figure 4-16. Here is can be observed that BiCl3 has an 

outstanding performance compared to all other fluids. In most cases the other fluids still 

have an adequate performance, but it can be seen that the boiling limit is predicted to have 

a large effect on all fluids at the higher end of their operating temperature except in the 

case of BiCl3. It can also be seen that in the gravity aided position BiCl3 is the only fluid 

which is able to cover the entire ‘medium’ temperature range (i.e. 300°C to 600°C) and is 

even able to extend beyond into what is typically the operating temperature of liquid 

metals. 
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Figure 4-16   Heat pipe thermal limitations at a 45° gravity aided orientation for primary shortlisted 
fluids and previously studied fluids 

 

 Final fluid models 

 

The full heat pipe operating domain of the fluids investigated by Anderson et al. 

[106],  TiCl4 and AlBr3, as well the fluids identified in this study as having the best 

potential for use in the medium temperature range,  BiCl3 and SbCl3, are shown in Figure 

4-17. Overall, it can be seen that BiCl3 and SbCl3 both have a favourable performance 

compared to TiCl4 and AlBr3 in terms of maximum thermal capacity and temperature 

range. One disadvantage seen in SbCl3, however, is the effect of the boiling limit beyond 

200°C which is predicted to have a large impact on its thermal performance, though it is 
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important to note that this can certainly be mitigated when performing wick optimisation 

studies in future work.  

 

  

Figure 4-17   Heat pipe operating domains for previously studied fluids (TiCl4 and AlBr3) and current 
shortlisted fluids (BiCl3 and SbCl3) 

 

One distinct quality which is apparent in all medium temperature fluids is their lack 

of ability to operate against gravity. While a mesh wick is certainly not an appropriate wick 

to use when building pipes specifically to operate against gravity, there appears to still be 

a distinct drop in performance when moving from a gravity aided to a gravity neutral 
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position which is much higher than that observed in water heat pipes for example (see 

Figure 4-18). 

 

Figure 4-18   Heat pipe operating domains for a Water/Mo heat pipe 

 

 Results and discussion of fluid modelling 

 

To assess the relative performances of horizontal wicked heat pipe model of each 

fluid, Table 4-8 shows a comparison between the thermal transport capacity and operating 

range of each fluid in the 45ׄ° gravity aided position.  It can be observed that both Antimony 

Trichloride and Bismuth Trichloride reach their maximum thermal transport capacity 

within the medium temperature range. In general, the performance for Bismuth Trichloride 

exceeded that of Antimony Trichloride in when modelling equivalent heat pipes. Bismuth 

Trichloride also displays a working range spanning the entire ‘medium’ temperature range 

while Antimony Trichloride is only operational up to around 518°C. Both Antimony 
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Trichloride and Bismuth Trichloride however outperformed the fluids which were studied 

by Anderson et al. in all respects.  

 

Table 4-8  Fluid output data from 45° gravity aided model 

 

 

Based on the modelled performance of mesh wicked heat pipe, Bismuth Trichloride 

has stood out as the strongest contender from the attained results. The use of cross-fluid 

data for this particular fluid does, however, substantially reduced the accuracy of the model 

results. Antimony Trichloride also is able to perform at a higher level than the last studied 

medium temperature fluids and has an exceptionally low cost when compared to all other 

fluids, hence this could still be put forward as a cost-effective solution in the medium 

temperature range for low heat flux applications.   

 

  

Fluid Min 
Operating 
Temp (°C) 

Max 
Operating 
Temp (°C) 

Temperature 
at max heat 
flux (°C) 

Maximum 
thermal load at 
45° gravity 
aided angle 
(W) 

Maximum 
heat flux 
at 
evaporator 
(W/cm2) 

Maximum 
heat flux 
at 
condenser 
(W/cm2) 

Bismuth 
Trichloride 

230 905 585 353 8.85 6.02 

Antimony 
Trichloride 

73 518 263 142 3.55 2.41 

Titanium 
Tetrachloride 

-24 361 171 104 2.62 1.78 

Aluminium 
Tribromide 

117 487 242 65.2 1.63 1.1 
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4.5 Chapter Summary 

 

A detailed explanation of the fluid selection process methodology, chronology and 

application has been presented. A framework has been constructed to enable the developed 

methodology to be applied universally why selecting a heat pipe fluid for any application. 

Appropriate constraints and selection criteria were chosen to determine optimal fluids 

which may be capable of operating in the medium temperature range for heat pipes based 

on a custom fluid property database containing 343 fluids at the time of writing. The 

shortlisted fluids from this analysis were Antimony Trichloride and Bismuth Trichloride. 

The heat pipe modelling code presented in Appendix F was successfully applied to the 

shortlisted fluids to predict their performances and compare these against the performance 

of fluids which were identified in previous medium temperature heat pipe studies. The key 

outcomes from this Chapter are: 

 

• Development and demonstration of a universal fluid selection framework 

• Development of an extensive inorganic fluid property database 

• Development of a fluid/metal compatibility database 

• Development of a metal property database 

• Application demonstration of heat pipe numerical model presented in 

Chapter 3 and incorporation of the databases into the model 

• Selection of Antimony Trichloride and Bismuth Trichloride as fluids of 

interest to take forward to testing phase 
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The fluid selection and modelling process brought forward Bismuth Trichloride as 

a strong contender for future work. Due to estimation of some of the fluid property data, 

however, the model predictions accuracy may be significantly lower than that of Antimony 

Trichloride. Further research is needed to acquire the true liquid thermal conductivity 

values, or alternatively, experimental verification of the liquid thermal conductivity is 

needed to progress with this fluid. Antimony Trichloride has presented itself as the next 

most viable fluid out of the database, though only partially covering the medium 

temperature range. It was concluded that Antimony Trichloride will be the chosen fluid to 

develop compatibility and wettability techniques due to its low cost and ease of handling. 

Other fluids of interest are Ruthenium Pentafluoride, Rhenium Heptoxide and Rhenium 

Heptafluoride which have the greatest thermal transport capacity in the medium 

temperature range, but also are very rare and expensive fluids – hence these should be 

studied in a specialised and specifically funded programmes. 
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5 Chapter V  

Calculation, design and construction of a high temperature test rig for novel heat 

pipes  
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5.1 Introduction 

 

Using the proposed approach detailed in section 7 for heat pipe testing and 

qualification under the conditions outlined in the water heat pipe test matrix (see Chapter 

7), a suitable test rig was required to be constructed which can accommodate the 

temperatures and thermal loads specified. The qualification tests have been separated into 

two categories: thermal heat transport performance and lifetime. The focus in this study is 

on the thermal heat transport performance testing which aims to quantify the steady state 

performance of the heat pipe at various conditions and compare these against numerical 

models. Although lifetime testing is also of vital importance to qualify the heat pipe in its 

long-term use, the results for these tests cannot be presented in the time frame of this study 

due to the length of time required to complete (first set of results is usually around 10000h 

of operation), though the test rig design and construction will also be reported in this 

section.  

 

Test rigs which can perform the steady state analysis described in section 7 at or 

above 300°C are scarcely reported in literature. This is mainly due to the need for more 

specialist equipment due to the high temperatures the test rig components will be exposed 

to. Generally, higher operating temperature also cause an exponential increase in 

equipment price due to the operating challenges associated with this. Hence, a full 

development plan was put in place to design and construct a test rig within the required 

budget with the following key requirements: 
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• Capable of measuring the temperature across the length of pipe 

• Capable of changing the heat pipe angle 

• Capable of operating the heat pipe up to 600°C 

• Capable of transmitting up to 1kW through a heat pipe (max range of water) 

• Capable of measuring the inlet/outlet calorimeter temperatures 

• Capable of controlling the calorimeter flow rate  

• Capable of controlling the power input 

 

Assuming all these criteria are achieved, the test rig will be capable of reaching all 

operation points dictated by the test matrix outlined in Chapter 7, allowing for a direct 

comparison of the acquired data to numerical models. This will allow for two key results; 

the validation of the numerical model against any tested fluids and the direct comparison 

of the performance of novel fluid against each other. 

 

Following form similar testing undertaken by Min [60], Quo [73], Anderson [43], 

Khandekar [28] and Williams [107] where the performance of a wide range of heat pipes 

were quantified, the methodology developed for this testing is aimed at achieving and 

demonstrating the maximum working limitation at temperatures surrounding 300°C (the 

lower limit of the medium temperature range). In the case of water heat pipes, the boiling 

limit is the focus as this is predicted to be the working limitation at these temperature [1]. 

This can then be compared against various boiling limit equations such as those proposed 

by Rohsenow [30], Casswell [108], Ferrell [31] and Ivanovskii [109] as to determine the 

most appropriate correlations to be used for the particular heat pipe tested.   
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5.2 Engineering Design Assessment 

 

The general design of the rig is geared towards flexible use by engineering it to 

cater for a range of potential future testing on heat pipes containing medium temperature 

fluids. To cater for the power input and extraction requirements, the rig will mainly consist 

of a high-power heating unit and a calorimeter able to reach very high circulator 

temperatures to operate the heat pipe in the medium temperature range.  

 

This section of the study will highlight the design methodology surrounding each 

component of the test rig and present the final design used in the testing. Throughout the 

project, many iterations of each custom component were made to reach the final design, 

the drawings used to manufacture each iteration is presented in the appendices, here only 

the final drawings used will be presented.  

 

To standardize the parts, each component was designed for use with 12mm OD heat 

pipes as were specified for the Innova Microsolar [110] thermal storage application as 

detailed in section 7 . The evaporator and condenser section dimensions were determined 

through available equipment sizes, geometric constraints, optimisation tests and 

calculations. The detailed design process for each of these parts will also be highlighted in 

this section.  
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5.2.1 General layout 

 

Figure 5-1 shows the general layout of each component of the test rig to achieve 

the required steady state results. In preliminary tests, the setup was proven successful in its 

general operation in terms of flow control and temperature measurement hence no major 

changes to the layout were taken forward from the preliminary stage. The focus of the final 

design was to improve the individual components of the test rig to reach the required test 

criteria.  

 

 

Figure 5-1  Test rig schematic 
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All connections between components were made through ¼ inch stainless steel 

pipes. This required the modification of various component fittings using custom made 

adaptors. Figure 5-2 shows a general layout for all components involved in the calorimeter 

loop.  

 

Figure 5-2  Calorimeter loop layout 

 

Figure 5-3 presents the final iteration of the full test rig (with simplified tube 

connections). The layout presented allows the heat pipe to reach all experimental steady 

state conditions presented in Chapter 7. An additional support structure was built for the 

heat pipe assembly which allows the unit to alter its inclination angle for future testing as 

seen in Figure 5-4.  
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Figure 5-3  Full test rig diagram 

 

 

Figure 5-4  Figure of apparatus setup 
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5.2.2 Component assessment 

 

To maintain the project within budgetary and time constraints, a cross examination 

of available equipment together with a general prediction of materials needed, costs, 

delivery times of any new equipment was taken into consideration. To minimise costs, it 

was decided to utilize the available equipment at Aavid Thermacore which would be 

suitable for maintaining condenser temperatures up to 350°C and construct the test rig to 

cater for the constraints found in the available lab facilities based in Aavid Thermacore. 

Table 5-1 shows the main component list taken forward. A preliminary test rig was set up 

to test incoming water heat pipes at high temperatures and experiment with using the 

equipment in various ways. From this, many challenges were encountered throughout the 

process which resulted in consequent modifications to the design plan. The main challenges 

observed for each component is highlighted in Table 5-1. 

 

Based on this preliminary testing exercise, lab modifications were made to cater for 

the power and water-cooling requirement for the oil circulator and addition of a ventilation 

system was deemed necessary. Another point of observation was the insulation; in 

preliminary tests, a high temperature glass fibre insulation was used which was wrapped 

around each component prior to testing. This helped somewhat with reducing heat losses, 

however at the test temperatures required, it is unavoidable that large heat losses will occur 

unless the tests are conducted in a vacuum6. 

 
6 While testing in vacuum was considered, it was determined that the costs for acquiring such a system and 

adapting all components to a vacuum rig would exceed budgetary requirements and prolong the development of the 

components beyond a reasonable timeframe.  
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The insulation casing for the test rig should be designed to both limit the heat losses 

during the testing, but also to maintain the exposed outer wall temperature at a safe level. 

From the preliminary experimentation, it was observed that for each test that was 

conducted with the glass fibre insulation, it would have to be either partially replaced or 

often completely replaced due to break down while loading or unloading the heat pipe.  

This led to the design of a solid Calcium Silicate insulation structure to replace the woven 

Glass Fibre for insulation of the condenser, heater and adiabatic section of the heat pipe. 

The design for this can be found in section 5.3. 

 

The available oil circulator uses the silicone-based oil Thermal H350 (Dibenzyl 

toluene, 90-95%) and allows circulation of the fluid at normal pressures to reach up to 

350°C. Supplier recommendations state that ¼ inch stainless steel pipes are optimal for use 

with the circulator due to pumping specifications. To standardise the rig, all inlets/outlets 

were designed to fit ¼ inch Swagelok compression fittings. Where possible, all components 

which comes in contact with the oil would also be designed in stainless steel 316L. This 

additionally caters for the eventuality of components needing to be welded, as stainless-

steel welding facilities are readily available in both Aavid Thermacore and Nottingham 

University.  
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Table 5-1  Components list 

Component Function Issues Design changes 

Julabo High 
Temperature 

Circulator 

To cool and circulate 
the condenser fluid 

Limitation of the circulator 
include: 

- Maximum pressure of 
1.2bar 

- Maximum flow rate of 
10Kg/min 

- Maximum temperature of 
350°C 

No design changes to circulator 
needed, the specs are within 

requirements, the other components 
are the main limiting factors  

Badger 
Pneumatic valve 

Accurately control the 
flow rate of the 
cooling oil and 

feedback to flow 
meter  

-The valve is the main 
source of pressure loss 

through the system and one 
of the limiting factors in the 
maximum achievable flow 

rate (with the supplied 
pressure) 

- Changes to software 
annulled the flow rate 

readings and inhibited PID 
control 

- Valve designed to maximum flow 
rate and temperature spec possible so 
no further changes could be made to 

the hardware 
- A manual override to control the 
valve was installed to replace PID 

RHEONIC Flow 
meter 

To measure the flow 
rate and control the 

valve  

- Changes to software 
annulled the flow rate 

readings and inhibited PID 
control 

- A long process of contacting the 
supplier to assist in hardware and 

software changes to cater for higher 
flow rates and calibrate the flow 

readings was necessary  
Heater To provide input heat 

flux to heat pipe 
- The heater cartridges 

couldn't handle the high 
temperature 

- Reaction of copper with 
the insulation  

- Issues with cartridge 
heater tolerance limits 

inhibited insertion of some 
cartridges into designed 

block  

- Specialist heater cartridge developer 
sourced, and new cartridges 

purchased 
- New designs using stainless steel 

instead of copper have been produced 
- New design of heater block using 

‘sandwich’ method allowed for larger 
variations in tolerance  

Condenser To provide a sink for 
the heat flux 

- Problems separating flow 
into two separate sections 
(upper and lower halves) 

- Only used top half as an active 
calorimeter 

Thermocouples To measure the 
temperature across 

the heat pipe and the 
inlet/outlet 

temperature of the 
condenser oil 

- Calibration at high 
temperature not possible 
- Large variance between 

thermocouples and 
unexpected results 

occurring 
- T type thermocouples 

showing wear with few uses  

- Look for high temperature calibration 
standards 

- Source equipment able to calibrate 
up to 600°C 

- Possible use only K type metal 
sheathed thermocouples as these 

shows higher resistance to multiple 
uses 

- Source alternative thermocouple 
types and attachment methods 

PICO logger 
temperature 

logging 
equipment 

To record the 
temperature readings 

from each 
thermocouple over 

time 

- Limited only to 
conventional thermocouple 
types, incompatible with 
higher accuracy PT100 
sensors 

- No need for higher accuracy 
thermocouples for initial testing, 

alternative logging equipment 
considered when higher accuracy 

needed 
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The thermocouple attachment method also presents a challenge. Normally, 

thermocouples are placed onto heat pipe walls via either high temperature tape or plastic 

spring-loaded mechanisms. In this case, neither of these methods would be possible due to 

the high temperatures involved. Welding the thermocouples onto the heat pipe would also 

be a challenge for a number of reasons; the heat pipe wall and thermocouple sheath metals 

are dissimilar, the thermocouple ends are very fragile (only roughly a 30% weld success 

rate was reported in preliminary tests) and any unconventional mass islands on the heat 

pipe surface would be extremely difficult to cater for in the heater and condenser designs 

and potentially add contact resistance. A bespoke heat pipe attachment solution based on 

the spring-loaded design was created to easily attach/detach the thermocouples to the heat 

pipe surface before and after testing and applied to the evaporator and condenser designs. 

The adiabatic section used Jubilee clips with embedded thermocouples. Both thermocouple 

types used are shown in Figure 5-5. 

 

 

Figure 5-5 Thermocouple types 

 

All components must be insulated due to the high temperatures involved, including 

pipe feeds, joints and valves. As the oil circulator would need to be moved to other test rigs 

when necessary, none of the piping could be permanently insulated as frequent access to 

the fittings would still be necessary. For this reason, the rig was routinely insulated with 
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the woven glass fibre before every test, though this did present a potential source of error 

in the results as it is difficult to exactly reproduce the insulation conditions from test to test. 

While this is not ideal, this was the only possible method of insulation due to lab 

constraints.  

 

 The frame to hold the condenser, heater, heat pipe and solid insulation underwent 

a variety of iterations in design. Some of these iterations can be found in Appendix H. The 

final iteration will be presented in section 5.5. The principal goal was to provide support 

for the components while maintaining minimal contact with any metal parts to minimise 

thermal conduction out of the heater and condenser. The rig also needs to cater for heat 

pipe angle adjustments from 0° to 90° for future work.  

5.2.3 Test approach and strategy 

 

The apparatus is designed to cater for a wide variety of test conditions aimed at the 

medium temperature range of heat pipe operation. The approach and strategy of each test 

must be carefully designed before initiating testing. In this study the test rig is used to 

validate high temperature water heat pipes, the strategy and approach developed using the 

apparatus described in this chapter can be found in Chapter 7. 
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5.3 Heater block design 

 

The heater block simply serves to introduce a heat flux to the evaporator end of the 

heat pipe. This can be achieved using a variety of methods as listed in Table 5-2, each 

having their own advantages and disadvantages.  

 

Table 5-2 Types of heater used in heat pipe test rigs 

Hater block type Advantages Disadvantages 

Induction -Can potentially be constructed at 

relatively low price  

-No contact resistance 

-Lower potential thermal losses 

-Requires secondary coolant system 

-More difficult/time consuming to 

model and assemble due to system 

complexity 

 

Cartridge -Substantially cheaper than 

alternatives 

-Easy to use and operate  

-Easy to model and assemble 

-Can have large contact resistance 

-Usually has a low design tolerance 

Heated fluid loop -Can potentially deliver large 

thermal loads easily  

-Uses both conduction and 

convection   

-Adds substantially more complexity 

to the overall rig 

-Less accuracy in delivered thermal 

load output 

 

To focus efforts more on the condenser section of the test rig and decrease the 

complexity of other parts of the rig, the simplest heater design was preferable in this 

instance, leading towards the heater cartridge option. The readily available materials at low 

cost also contributed to the gravitation towards this design. The component design focused 

on minimising the distance between the cartridges and the heat pipe surface. This in turn 

minimises the temperature difference between the two components to keep the cartridge 

operating temperature below 1200°C (see appendix I for the chosen cartridge heater 

specifications). 
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5.3.1 Performance assessment 

 

The initial conceptual design of the heater block can be seen in Figure 5-6. The 

design consists of four high temperature 250W heater cartridges equally spaced around 

the circumference of the heat pipe to provide an even heat flux around it. The principal 

design constraints which were considered in the design process are the following.  

 

- The maximum operational temperature of the cartridges 

- Minimal machinable distance 

- Tolerancing 

- The maximum space available to house the heater 

- Must be designed to house the 12mm diameter heat pipe 

- Easily assembled/disassembled in between tests 

 

Figure 5-6  Cartridge heater concept model 
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To validate and improve the design, a CFD model was created to assess the 

maximum temperature difference between the cartridge and heat pipe surfaces. A thermal 

model built in Ansys Icepak is used to determine the surface temperature differences at 

various thermal load inputs. The boundary conditions taken into consideration were the 

input heat flux from the cartridge heaters, the thermal losses to the environment and the 

heat extraction rate (equivalent conductivity) of the heat pipe. The heat travelling radially 

out of the cartridge heater can be described through equation 61. The heater block was 

assessed as part of the full test rig CFD model presented in section 5.6. 

 

 

 
𝑄̇ = 2𝜋𝑘𝑙

(𝑇1 − 𝑇2)

ln (
𝑟2
𝑟1
)

 
61 

 

 

Where ‘𝑘’is the thermal conductivity of the heater block, ‘𝑟1’ is the radius of the 

heater cartridge and ‘𝑟2’ is the desired radial point for temperature measurement.  

 

5.3.2 Final design 

 

The final design can be seen in Figure 5-8 and consists of a four-piece structure 

which is bolted together in each corner holding four heater cartridges equidistant around 

the heat pipe which is in the centre. The design forgoes the need for thermal grease or any 

other thermal interface substance due to the clamping effect of the ‘sandwich’ design. This 

also allows for looser tolerancing which in turn reduced production costs.  
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Three thermocouple access holes are placed along the surface to enable the custom 

made ‘blot’ type thermocouples described in Section 5.5.2.1 to be inserted and removed 

with ease.  Figure 5-7 shows the thermocouple mechanism in more detail. 

 

 

Figure 5-7  Final heater design engineering drawing 
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Figure 5-8  Final heater design exploded view 

 

 

From the various design iterations seen in Appendix J, it was concluded that the 

tolerancing for the cartridge heater was too low to cater for through-hole designs as the 

hole would often need widening to fit the cartridge in. This would create large gaps in 

sections of contact creating increased thermal resistance. To solve this problem, a 

‘sandwich’ design concept was taken forward which uses external pressure to minimise the 

contact gaps and allows for looser tolerancing due to the nature of the design. The final 

design of this type is presented below. 
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5.4 Calorimeter unit design 

 

The calorimeter is the principal component of the test rig. This part is responsible 

for cooling the condenser section of the pipe and measuring the heat pipe thermal load. It 

is also the main point of control for the heat pipe vapour temperature which can be 

regulated by altering the circulator fluid temperature.  

 

The basic working mechanism behind the calorimeter is the transformation of heat 

into a quantifiable measurement. This is done primarily by two common method in 

industry; radiation or forced convection [111]. In the radiation method, the heat transfer is 

dictated by the Stephan-Boltzmann relationship seen in equation 62 [112].  

 

 𝑄̇ = 𝜀𝜎𝐴(𝑇ℎ
4 − 𝑇∞

4) 62 

 

This method has three basic requirements; it must be conducted in vacuum; the 

surface temperature must be monitored, and the surrounding chamber must be kept at a 

constant temperature. Although the measurement technique for this method is relatively 

simple, it would require the construction of a costly vacuum chamber and the heat transfer 

rate is still relatively low even at elevated temperature, mainly due to the extremely low 

emissivity of Copper/Nickel alloys (~0.06). This limiting heat transfer rate would impede 

the heat pipes from reaching its maximum thermal load limitations and was determined to 

be too costly to implement.  
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The second method of calorimetry uses conduction and convection to transfer the 

heat into a fluid medium where the inlet and outlet temperatures are monitored. These are 

governed by the Fourier heat transfer relation seen in equation 63 [112] and the convective 

heat transfer relation seen in equation 64 [112]. These equations are used to determine the 

heat transfer through the calorimeter body and into the liquid convection medium. This 

allows the heat transfer from the heat pipe to the circulator fluid to be quantified 

experimentally via the heat capacity (equation 65) [112]. 

 

 
𝑄̇ =

𝑘𝐴(𝑇ℎ𝑝 − 𝑇𝑐𝑤)

𝑙
 

63 

 𝑄̇ = 𝛼𝐴(𝑇𝑐𝑤 − 𝑇𝑓) 64 

 𝑄̇ = 𝑚̇𝑐𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) 65 

 

 

Using the convection calorimetry concept, two initial calorimeter designs were 

created, one using concentric tubes to provide a surrounding cooling jacket to the pipe and 

one using straight channels. The final design consists of a silicone-based oil as the coolant 

with a high temperature circulator and a through channel design. The main reason for 

opting for this solution is the ease of manufacture compared to the gas gap design, which 

makes a significant difference in manufacturing time and cost. 
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Table 5-3  Calorimeter design table 

Calorimeter 

design  

Description Advantages  Disadvantages 

Concentric 

design 

The design uses concentric 

channels to provide a full 

cooling jacket around the 

condenser section. 

- Provides a homogenised 

temperature profile 

-Provides a larger surface 

area for heat extraction 

- Provides higher thermal 

extraction potential 

- Extremely difficult to 

assemble and large chance 

of error 

- Difficult to make a 

removable option, would 

have to be directly welded 

to the heat pipe 

- Limited material options 

if need to weld onto pipe 

Chanel 

design 

The design uses machined 

channels in solid blocks to 

direct the liquid around the 

condenser section. 

-Simple to manufacture and 

relatively straight forward 

assemble 

-Is removable, so can be 

used on multiple heat pipes 

-Can be designed with 

common and cheap 

materials 

-Does not provide full 

coverage of the condenser 

so higher heat loss is 

expected 

 

 

Figure 5-11 shows the final calorimeter design taken forward. This consists of a 

single channel design using the silicone-based oil and high temperature circulator. The 

silicone-based oil has the advantage of being able to reach up to 350°C through the 

circulator with minimal vapour formation. This allows for the ideal control of heat pipe 

vapour temperature above 300°C, though this would still be limited to vapour temperature 

up to around 450°C depending on the thermal load input. To further increase vapour 

temperature, either additional thermal resistance should be added in between the condenser 

section and the calorimeter, or the development of the gas gap calorimeter could be taken 

forward as future work.  

5.4.1 Calorimeter performance qualification 

 

In order to size and create the preliminary condenser design, two-dimensional 

analysis was conducted to determine the pressure drop and thermal performance of the 
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system. The estimate aimed to be conservative to intentionally slightly ‘over design’ the 

system to guarantee its performance.  

 

The chosen coolant (or circulator fluid) was Thermal H350 (Dibenzyl toluene, 90-

95%) as this was the high temperature oil supplied with the available circulator system. 

Fluid properties for the oil used in subsequent calculations were taken from supplier 

datasheets as presented in Appendix E.  

 

The pressure drop across the calorimeter is estimated using the following equation: 

 

 
∆𝑃 = 𝐾′

𝜌𝑣̅2

2
Τ𝑛 

66 

 
𝐾′ = 𝑓 (

𝐿

𝑑ℎ
) 

67 

 

Where ‘𝑑ℎ’ is the hydraulic diameter (in this case the true tube diameter), ‘𝑓’ is the 

friction factor and ‘Τ’ is the viscosity ratio. The viscosity ratio is used to account for 

variation in viscosity due to temperature gradients in the flow. The value of ‘n’ 

recommended for this geometry case is n = -0.25 [113].  

 

The friction factor can be calculated according to the Reynolds number in 

accordance to equations 68-70. [111], [112] 

 

𝐹𝑜𝑟 𝑅𝑒 ≤ 2000 
𝑓 =

16

𝑅𝑒
 68 
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𝐹𝑜𝑟 2000 < 𝑅𝑒 < 4000 
𝒇 = 𝟎. 𝟐𝟎𝟖𝟖 − 𝟎. 𝟏𝟖𝟔𝟖(

𝑹𝒆

𝟏𝟎𝟎𝟎
) + 𝟎. 𝟎𝟔𝟐𝟒(

𝑹𝒆

𝟏𝟎𝟎𝟎
)
𝟐

− 𝟎.𝟎𝟎𝟔𝟓𝟔 (
𝑹𝒆

𝟏𝟎𝟎𝟎
)
𝟑

 

69 

𝐹𝑜𝑟 𝑅𝑒 ≥ 4000 𝑓 = 0.3164𝑅𝑒−0.25 70 

 

Where the Reynold’s number is determined through equation 71. [111], [112] 

 

 
𝑅𝑒 =

𝜌𝑢𝑑

𝜇
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Figure 5-9 shows the initial concept design used for calculations. The original 

concept design uses a two-channel system to provide heat transport from both the top and 

bottom of the condenser section of the heat pipe.  

 

 

Figure 5-9  Initial calorimeter concept design 
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Initial system testing determined the flow rate through the system can be varied 

from a minimum of 0.0056 Kg/s to a maximum of 0.0167 Kg/s. The Reynolds number of 

maximum, minimum and medium flow rates were determined in for a pipe diameter of 

6.15mm at a range of temperatures varying from 200°C to 320°C (determined by the 

temperature range the heat pipe will be tested in). At the maximum system flow rate, the 

fluid velocity reaches 0.62m/s to 0.68 m/s from 200°C to 320°C respectively.  

 

Figure 5-10  Reynolds number of Dibenzyltoluene for a rage of flow rates over expected operating 
temperature range  

 

Figure 5-10 shows the calculated Reynold’s number for each flow rate over the 

range of circulator oil temperatures expected. At low flow rates, the fluid flow starts in the 

laminar regime and becomes transient at temperature above roughly 240°C. At the flow 

rate of 0.011 Kg/s, the flow begins in the transient regime and becomes turbulent at 

temperatures above 240°C. At the highest flow rate, the flow regime is consistently 
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turbulent at the full temperature range. For ease of analysis, it is preferable that the fluid 

remains in one turbulence state throughout all tests. For this reason, the highest flow rate 

was chosen to take forward for further design of the condenser. In addition to this, heat 

transfer is generally promoted at higher turbulence states, causing an increasing the 

convective heat transfer coefficient compared to lower flow rates. As the flow rate through 

the top and bottom channels is measured in series with the flow meter, by the law of 

currents, the flow rate would in fact be halved through each channel using the two channel 

design in Figure 5-9. This led to the re-evaluation of the concept design to a single channel 

design instead as seen in Figure 5-11. This way the flow regime would remain turbulent 

through all testing and aid in simplifying the performance qualification. 

 

 

Figure 5-11  Final calorimeter design 
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5.4.1.1 Calorimeter heat transfer performance 

 

To quantify the heat transfer performance of the calorimeter, the Nusselt and 

Prandtl numbers must first be determined for the calculated Reynolds number range for the 

operating conditions. The Prandtl number is defined as the ratio of momentum diffusivity 

to thermal diffusivity and is expressed through fluid properties as presented in equation 72. 

The Nusselt number is determined using the Gnielinski correlation represented in equation 

13 using equation 70 to calculate the respective friction factor. This is valid for 3000 ≤

𝑅𝑒 ≤ 5𝑥106 and 0.5 ≤ 𝑃𝑟 ≤ 2000. [111], [112] 

 

 𝑃𝑟 =
𝜇𝑐𝑝

𝑘
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𝑁𝑢 =
(
𝑓
8
) (𝑅𝑒 − 1000)𝑃𝑟

1 + 12.7 (
𝑓
8
)

1
2
(𝑃𝑟

2
3 − 1)
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The trend of Prandtl and Nusselt numbers at the given test temperature range was 

determined for Dibenzyl toluene in Figure 5-12. The given Nusselt number can then be 

used to predict the convective heat transfer coefficient through equation 74. [111], [112] 

 

 
𝑁𝑢 =

𝛼𝐷

𝑘
 

74 
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Where ‘𝛼’ is the convective heat transfer coefficient, ‘𝐷’ id the channel diameter 

and ‘𝑘’ is the thermal conductivity of the fluid. Figure 5-12 shows the calculated Nusselt 

and Prandtl numbers for Dibenzyl toluene at the maximum flow rate of 0.0167 Kg/s and 

over the range of expected fluid temperatures. 

 

Figure 5-12  Dibenzyltoluene Nusselt and Prandtl number throughout operating temperature range 

 

From the Nusselt number trend calculated in Figure 5-12, the convective heat 

transfer coefficient was then calculated using equation 74, presented in Figure 5-13. The 

expected temperature difference of the fluid over the range of expected thermal load inputs 

was determined for the maximum and minimum oil temperatures as presented in Figure 

5-14. 
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Figure 5-13  Convective heat transfer coefficient of Dibnzyltoluene through calorimeter channels over 
expected temperature range 

 

 

Figure 5-14  Calculated temperature difference at designated flow rate 
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5.4.2 Final calorimeter design 

 

Based on the results from the calorimeter performance qualifications, and 

preliminary testing on various iterations, the final calorimeter design is given in Figure 

5-15, Figure 5-16 and Figure 5-17. The design was aimed towards simplicity and ease of 

assembly. The top and bottom parts are kept together via four M4 screws which required a 

slight increase in width to allow the through hole clearance next to the fluid channels. The 

design is a one channel design with fluid only passing through the top part of the 

calorimeter, but with the possibility of adding a second oil channel in future. All parts are 

made of Stainless Steel 316L and the plug hole and oil inlet/outlet channels are welded to 

the calorimeter body. 

 

 

 

 

Figure 5-15  Final Calorimeter design engineering drawing 
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Figure 5-16  Final Calorimeter design drawing 

 

Figure 5-17  Final Calorimeter design exploded view 
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5.5 Final test rig design 

 

The following section describes the final activities involved in quantifying the 

performance of the test rig to improve its design within the project constraints. The focus 

in the final design phase is predicting the heat loss experienced over the expected operating 

conditions, identifying the best hardware to collect data on temperature, flow rate and 

power input and determining an appropriate and accurate data acquisition and processing 

method.  

5.5.1 Heat loss calculation 

 

The heat losses from the test rig setup comes mainly from natural convective losses 

in air from the surrounding insulation. Figure 5-18 shows a general diagram of the proposed 

setup and insulation thickness. To estimate the heat losses, the thermal loss from each face 

of the insulation surrounding each component will be quantified. As the insulation around 

the adiabatic section of the heat pipe is much thicker compared to the heater and condenser 

section, heat loss forms the adiabatic section is assumed to be negligible compared to the 

rest.  

 

 

Figure 5-18  Cross section view of heat pipe test rig 
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The convective losses from both the condenser and heater sections are calculated 

for a rectangular object suspended in air. In general, the heat losses can be quantified 

according to equation 75. [111], [112] 

 

 𝑄̇ = 𝛼𝐴(𝑇 − 𝑇∞) 75 

 

Where ‘𝛼’ is the convective heat transfer coefficient of air. This can be calculated 

using a similar methodology to the oil. In this case, the Nusselt number for vertical and 

horizontal flat surfaces proposed by Churchill and Chu [114] was used as follows: 

 

For a vertical flat surface 

 

𝑁𝑢 =
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For a horizontal flat surface 

 𝑁𝑢 = 0.27𝑅𝑎1/7 77 

 

Where the Rayleigh number is defined as 

 
𝑅𝑎 =

𝜌𝛽∆𝑇𝑙3𝑔

𝜇𝛼
 

78 
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From this the convective thermal conductivity from each face of the rectangular 

structure was assessed on the heater and calorimeter sides using the horizontal and vertical 

heat transfer correlations in equations 76 and 77. By further estimation of the bulk 

temperature of the heater and calorimeter by assuming the calorimeter remains near the oil 

circulation temperature and the heater will be higher by the calculated heat pipe 

temperature difference, the estimated heat losses for the full test rig are show in Table 5-4, 

Table 5-5, Table 5-6 and  

Table 5-7. 

 

Table 5-4  Heat loss calculations for 200°C circulator temperature 

Circulator temperature (°C) 200        
Ambient temperatures (°C) 20        
  Variables Heat loss Calculations 

Test series 

Power 
input 
(W) 

Heat 
pipe 
dT (°C) 

Rough 
heater 
temperature 
(°C) 

Rough 
Insulation 
wall 
temperature 
(°C) 

Heater 
section 
(W)  

Calorimeter 
(W)  

Total 
estimated 
Heat loss 
(W)  

1.1 100 21.94 244.14 73.24 26.16 30.07 56.23 
1.2 120 28.24 251.07 75.32 27.11 31.14 58.25 
1.3 140 34.40 257.84 77.35 28.23 32.41 60.63 
1.4 160 40.82 264.90 79.47 29.46 33.80 63.26 
1.5 180 45.44 269.98 80.99 31.39 35.98 67.37 
1.6 200 51.55 276.71 83.01 32.30 37.00 69.30 
1.7 220 62.04 288.25 86.47 37.04 42.33 79.37 
1.8 240 106.00 336.60 100.98 46.55 52.99 99.54 

 

Table 5-5  Heat loss calculations for 250°C circulator temperature 

Circulator temperature (°C) 250        
Ambient temperature (°C) 20        
  Variables Heat loss Calculations 

Test series 

Power 
input 
(W) 

Heat 
pipe 
dT (°C) 

Rough 
heater 
temperature 
(°C) 

Rough 
Insulation 
wall 
temperature 
(°C) 

Heater 
section 
(W)  

Calorimeter 
(W)  

Total 
estimated 
Heat loss 
(W)  

2.1 100 15.83 287.42 86.22 35.76 41.55 77.31 
2.2 120 20.88 292.97 87.45 36.77 42.70 79.47 
2.3 140 26.82 299.50 89.10 37.97 44.06 82.03 
2.4 160 33.29 306.62 90.75 39.28 45.55 84.83 
2.5 180 43.32 317.66 92.40 41.34 47.88 89.22 
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2.6 200 47.98 322.78 94.05 42.30 48.97 91.27 
2.7 220 71.88 349.06 95.70 47.32 54.65 101.97 
2.8 240 117.87 399.66 97.35 57.33 65.91 123.24 

Table 5-6  Heat loss calculations for 270°C circulator temperature 

Circulator temperature (°C) 270        
Ambient temperature (°C) 20        
  Variables Heat loss Calculations 

Test series 

Power 
input 
(W) 

Heat 
pipe 
dT 
(°C) 

Rough 
heater 
temperature 
(°C) 

Rough 
Insulation 
wall 
temperature 
(°C) 

Heater 
section 
(W)  

Calorimeter 
(W)  

Total 
estimated 
Heat loss 
(W)  

3.1 100 15.22 308.00 92.40 39.67 46.22 85.89 
3.2 120 20.64 313.50 94.05 40.79 47.49 88.27 
3.3 140 29.39 319.00 95.70 42.59 49.54 92.13 
3.4 160 37.82 324.50 97.35 44.35 51.54 95.89 
3.5 180 49.04 330.00 99.00 46.72 54.22 100.94 
3.6 200 62.97 335.50 100.65 49.69 57.59 107.28 
3.7 220 80.88 341.00 102.30 53.58 61.98 115.56 
3.8 240 98.57 346.50 103.95 57.48 66.38 123.86 

 

Table 5-7  Heat loss calculations for 300°C circulator temperature 

Circulator temperature (°C) 300        
Ambient temperature (°C) 20        
  Variables Heat loss Calculations 

Test series 

Power 
input 
(W) 

Heat 
pipe 
dT (°C) 

Rough 
heater 
temperature 
(°C) 

Rough 
Insulation 
wall 
temperature 
(°C) 

Heater 
section 
(W)  

Calorimeter 
(W)  

Total 
estimated 
Heat loss 
(W)  

4.1 100 13.93 341.00 102.30 45.64 53.34 98.98 
4.2 120 27.37 346.50 103.95 48.49 56.59 105.09 
4.3 140 42.06 352.00 105.60 51.66 60.19 111.85 
4.4 160 56.44 357.50 107.25 54.80 63.76 118.56 
4.5 180 62.04 363.00 108.90 56.04 65.15 121.19 
4.6 200 106.00 368.50 110.55 65.94 76.35 142.29 
4.7 220 120.00 374.00 112.20 69.17 79.98 149.16 
4.8 240 140.00 379.50 113.85 73.85 85.24 159.09 

 

5.5.2 Data acquisition and Methodology 

 

The main form of data collection is by measurement of temperature values from 

each thermocouple over time. Other recorded data includes the flow rate of the coolant, 

power input, position of the thermocouples and photographic data of each test. The test 
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data are arranged by both data and test type in two separate folders. Key variables are noted 

before and during the test (if changed) and a description of the test and relevant notes is 

carried out afterwards. Various layouts for the data collection have been tested to facilitate 

the live heat pipe performance analysis to adjust flow rates and power input accordingly.  

 

5.5.2.1 Thermocouples 

 

The main chosen thermocouple type is the K-type mineral insulated stainless-steel 

thermocouples. From reporting and previous experience within the company these tend to 

be a very robust and reliable thermocouple type. The typical thermocouple accuracy for K-

type thermocouples is ±2.2°C [115]. The thermocouple calibration equipment available at 

Aavid Thermacore is limited to temperatures up to 140°C only hence the thermocouples 

were instead calibrated in isothermal ovens at temperatures up to 1000°C. There are three 

types of thermocouple used as part of the test rig; 1mm mineral insulated, M6 spring loaded 

and ring types as seen in Figure 5-19. These thermocouples were all sourced from TC 

Direct [115].  

 

Figure 5-19  Thermocouple types used 
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Future improvements to the temperature reading includes the potential use of 

PT100 sensors which provide an accuracy of ±0.15°C [115]. These, however, are 

substantially more expensive than conventional thermocouples and require a specialised 

data logging system hence were not considered for the testing presented in this thesis.  

  

5.5.2.2 Flow meter programming & control 

 

The flow meter used is a RHEONIC RHM 04 with a capacity of up to 10kg/min. 

The flow reading has an accuracy of 0.1% of the recoded flow rate and was originally 

sourced as a set from Bronkhorst using a Cori-flow Controller to automatically adjust the 

Badger pneumatic valve to a set flow rate. In this system, the Cori-flow controller both 

outputs the flow rate from the Rheonik sensor and controls the pneumatic valve to adjust 

the flow rate using a feedback loop using proprietary Bronkhorst software. Unfortunately, 

due to incompatibility of the Bronkhorst software with the Coriolis flow meter, there were 

serious reading discrepancies in this system which lead to the re-calibration of the flow 

meter and use of a proprietary Rheonik signal receiver and software in place of the 

Bronkhorst system. The Pneumatic valve was then reconfigured to be adjusted manually 

using a 0-16 mA signal converter. Appendix N shows the control screen for the proprietary 

Rheonik software used during the final tests.  

 

5.5.2.3 Pico logger settings & automated calculations 
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The chosen temperature recording hardware and software was the PICO 

Technology Pico logger C06 and PicoLog 6 respectively. This was due to Aavid 

Thermacore possessing all the appropriate licensing required and having worked with such 

hardware extensively throughout the company. The hardware is compatible with a large 

range of thermocouples and provides an excellent interface to record temperature data and 

has great flexibility with automated calculations and data extraction. The device can be 

used with a wide range of thermocouple types and has a resolution of 0.025°C [116]. 

 

The pico logger allows for automated calculations to be added as an output function 

during testing. This allows for the real time heat flux output to be calculated even with a 

change in flow rate. Firstly, a linear equation correlating the specific heat capacity heat 

capacity with the average bulk fluid temperature. The volume flow rate of the fluid is then 

correlated with a stable temperature source (i.e. thermocouple calibrator). The temperature 

of the calibrator could then be changed to match the flow rate recorded. For the final tests 

however, only one flow rate was used, so the flow rate value was used directly in the 

variable equations. The linear approximations for the specific heat capacity and density 

were taken from the oil property tables provided by Julabo as seen in Appendix E.  
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5.6 Test rig CFD analysis 

 

To validate the final design, a CFD model of the full rig assembly was built to 

simulate a range of test conditions. The simulations are used to predict the maximum 

temperature seen in the evaporator section in order to spec the heater cartridges as well as 

to validate the predicted heat losses calculated from numerical analysis. It also serves to 

identify any issues which may arise in the testing. Additionally, a preliminary heat pipe 

model is built in CFD using thermal conductivity values predicted form the heat pipe 

performance modelled in Chapter 4. This heat pipe CFD model can subsequently be used 

to compare against the experimental performance of medium temperature heat pipes and 

be adjusted/improved using empirical data. 

5.6.1 CFD boundary conditions 

 

To begin building the CFD model in Ansys Icepak, the CAD filed used for each of 

the part drawings were assembled and encapsulated in a Calcium Silicate shell of the same 

dimensions which were used in the test rig.  Figure 5-20 shows the full assembly CAD 

model used for the simulations. The heat pipe model consists of a 12mm diameter and 

0.8mm thick Cu/Ni 60/30 shell with a solid interior user defined material with a thermal 

conductivity 6670 W/mK which is estimated though the thermal resistance model 

described in Chapter 2. Additionally, the heat pipe shell is split into 2mm thick sections at 

the location of each thermocouple in order to monitor the shell temperature at those 

positions.  
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Figure 5-20  Thermocouple types used 

 

Once each component in the assembly was modelled, a 720x270x255mm cabinet 

was modelled around them with the assembly centred. The cabinet is by default populated 

with air at 30°C (as measured within the cabinet during preliminary tests). On the upper 

and lower edges of the cabinet in the ‘y’ orientation, the boundaries were modelled as 

‘openings’ as seen in Figure 5-21. All spaces occupying the inner channels of the 

calorimeter and tubing were modelled as Dibenzyltoluene with the fluid properties seen in 

Figure 5-22.  The flow in the calorimeter was set as a turbulent flow using the enhanced k-

epsilon turbulence model. Heat transfer due to radiation was ignored. The convergence 

criteria were set to that seen in Figure 5-22. The inlet conditions for Dibenzyltoluene was 

set to 200°C and 0.0167 Kg/s for all simulations. The total power input at the evaporator 

was split evenly between all four heater cartridges. Three power input conditions were 

chosen to analyse, these are 100W, 140W, 180W and 220W. The heat pipe was modelled 

as a solid rod with thermal conduction of 9000W/mK based on the predicted heat pipe 

performance of Water heat pipes modelled in Chapter 7. 
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Figure 5-21  CFD model and cabinet in Ansys Icepak 

 

 

Figure 5-22  Dibenzyltoluene property data in Ansys Icepak and convergence criteria 
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5.6.2 Full assembly performance 

 

To assess the performance of the heat pipes and test rig, CFD modeling at various 

input powers was undertaken to estimate the expected heat loss and heat pipe temperature 

profile.  Figure 5-23 shows the expected heat pipe profile temperature at various power 

inputs. The heat output is calculated from the coolant temperature rise between the inlet 

and outlet of the calorimeter for each steady state condition. The heat input against heat 

output for each steady state is show in Figure 5-24. 

 

Figure 5-23  CFD heat pipe temperature profile at various input powers. The calorimeter temperature 
input is of 200°C and flow rate is 0.0167 Kg/s. 
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Figure 5-24  Heat input vs heat output from calorimeter. 

 

From this analysis it is apparent that there is a relatively high heat loss experience 

by the test rig, even when operating the calorimeter at maximum flow rate. As this 

equipment was the only available within budget for high temperature tests, the 

experimental heat losses will be compared against the CFD for mutual validation, while 

future work will focus on reducing the experienced heat loss. A comparison of the 

numerical heat loss predictions against the CFD analysis is presented in Table 5-8. Here it 

can be seen that there is a divergence of heat loss estimations with an increase in power 

input. It can be assumed that the true heat loss will lie somewhere between the two 

estimations.  
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Table 5-8  Comparison of CFD and analytical heat loss predictions 

CFD Heat 
loss 
estimation 
(W) 

Analytical 
Heat loss 
estimation 
(W) 

68.58 56.23 

79.27 60.63 

98.72 67.37 

117.44 79.37 

 

5.6.3 Heater block analysis  

 

An analysis of the heater block internal temperature variation was done on highest 

power steady state condition in Figure 5-23. Figure 5-25 shows the results from this study. 

The maximum temperature reached by the heater cartridges is 312°C. the maximum 

temperature difference form the heat pipe wall to calorimeter walls experienced is of 17°C. 

 

 

Figure 5-25 Heater block modelling results at 220W 
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These results were used in order to spec the heater cartridge maximum temperature 

capability and ensure the maximum temperatures experienced were at a reasonable 

magnitude for the materials in use (i.e. heater metal, surrounding insulation and heater 

cartridge). 
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5.7 Qualification testing 

 

As part of the production procedure, there are various tests which must be 

completed to pass industrial standard production. Furthermore, preliminary tests which 

quantify the extent of heat loss and compare these to the predicted values are essential 

before carrying out any performance tests on the heat pipes. Figure 5-26 shows the 

production process flow chart of a typical heat pipe. A summary of each test is detailed in 

this section where full testing procedures are referenced in the appendices accordingly.   

 

 

After the heat pipes are manufactured, there are two main types of tests which will 

be carried out on the heat pipe to characterise their performance: 

 

 

 

Figure 5-26  Heat Pipe production flow chart 
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5.7.1 Dry-out tests 

 

This test intends to verify the thermal load at which dry-out occurs in the horizontal 

and vertical positions (i.e. maximum and minimum thermal heat transport capabilities). 

Test are run at 3 different temperatures pre-determined according to the fluid used. The 

tests are used to qualify the heat pipes and ensure they are operating within the desired 

thermal loads and temperature range. 

5.7.2 Angle test 

 

This test intends to further characterise the heat pipe determining the dry-out point 

at various angles. This is used if the application requires angular operation or to quantify 

the full operating range of the heat pipe. In this case, the angle tests performed were limited 

as the operation for the application in question in Chapter 7 was only in the horizontal 

position. 

5.7.3 Heat loss tests 

 

Prior to any heat pipe testing, it is essential to determine the performance of the test 

rig in terms of its heat loss and temperature drops in the piping. There are two main factors 

to be considered; the heat loss to be expected through the condenser block at a given 

temperature and the temperature drop from the heating element to the inlet of the 

condenser.  
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5.7.4 Baseline Testing 

 

The first round of tests focused on high temperature water heat pipes and 

determining their maximum operational conditions. This has the principal goals of: 

 

• Verifying the previously claimed compatibility between the given meatal 

shell/wick material/working fluid combination 

• Ensuring there are adequate production and assembly methods/procedures  

• Comparing pipe performance against theoretical predictions 

• Ensuring the viability of using water heat pipes in the determined temperature 

range 

• Characterising the maximum performance limitations 

• Determining improvements to be made (material/wick improvements) 

• Comparing results to predicted performance data 

• Completing all heat loss tests for the test rig 

 

The main results attained are the heat loss tests for the preliminary test rig and the 

first condenser block design. A summary of each test conducted, and the main observations 

taken from them are detailed in Chapter 3.  
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5.8 Life test rig 

 

Once the various selected fluids have been established in their thermal transport 

performance assessment, the long-term viability of the heat pipe must then also be assessed 

through what is known as ‘lifetime tests’. This can be done in various forms but there are 

generally two main types of tests are performed: cyclical and liner. The cyclical tests 

emulate heat pipe operation cycles by heating and cooling the heat pipe close to the amount 

of times that would be experience in the operation lifetime, but at an accelerated pace. This 

is useful for determining any issues with the start-up process and any degradation in 

functionality over the operation for a specific application. Linear tests are more geared 

toward fluid/metal compatibility over time. This keeps the heat pipe steadily in operation 

for a long period of time at the desired maximum operating temperature to analyses any 

NCG formation by detecting any changes in temperature difference in the vertical 

orientation. This is used for novel heat pipes to validate its metal/fluid compatibility and 

determine its lifetime expectancy at the desired temperature. This is the main form of 

lifetime test used in this case.  

5.8.1 Accelerated life test theory and approach 

 

Accelerated life tests can be performed in several ways. Generally, the tests aim to 

emulate the operational cycles at a much faster frequency to determine any corrosion, 

thermal fatigue, compatibility issues or fluid degradation and to quantify the heat pipe’s 

expected lifetime.  Previous work by Anderson et. al [10][43], Rosenfeld et. al [80], 

Kenney et. al [41] and Martin et. al [89] has shown the compatibility of a variety fluid/metal 
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combinations through a variety of experimental and analytical techniques. In the case of 

this study, the approach taken is to construct a test rig which can maintain the evaporator 

of a heat pipe at a constant temperature for a long duration.   

 

5.8.2 Life test rig design assessment  

 

In industry the ‘life test’ of a product usually manifests itself in the form of cyclical 

tests taking the heat pipe from the lowest expected application temperature to the highest 

expected application temperature at a vastly accelerated rate. This is known as ‘accelerated 

life test’ and often forms a part of the heat pipe appraisal when adopting in new 

applications. In this case however, there is no specific application or minimum and 

maximum temperature requirements, simply a novel fluid/metal combination which 

requires long term compatibility validation. In these cases, a different approach is taken. 

The test consists only of keeping the heat pipe at the maximum operable temperature for 

an extended period. In this case, there are two different life tests to be completed, one with 

water/CuNi heat pipes at 300°C and the other with the SbCl3 and GaCl3 heat pipes at 

400°C or above.  

5.8.3 Life test strategy  

 

The life tests aim to be as simple as possible in design in order to ensure longevity 

by ‘future proofing’ the test (e.g. ensuring the apparatus and instructions are a simple as 

possible so that others can extract data easily in future). The rig will consist of only 
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heater blocks and machined calcium silicate insulation. The power input will be a self-

adjusting PID controller set to maintain the evaporator at a constant temperature.   

 

5.8.4 Final test rig model 

 

The final test rig design consists of a variety of Calcium Silicate insulation blocks 

stacked around the heat pipes. A small 40mmx60mm heater block with two heater cartridge 

in each is used to maintain the heat pipes at temperature as seen in Figure 5-27. The calcium 

silicate blocks are made in two sizes, one thin section and one thick section. The thin 

sections have larger hole diameters in order to fit ring type thermocouples onto the pipe. 

There are also small channels machined at the bottom of each thin section to feed the 

thermocouple wires through.  

 

The control system consists only of a PID controller for each heater block and TC-

08 Pico Technology thermocouple loggers to record the temperature of the heat pipes in 

30min intervals. The test rig has been constructed, and one water heat pipe has been put in 

place to validate the long-term performance of the heat pipes developed in Chapter 7.  
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Figure 5-27  Life test rig exploded view 
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5.9 Chapter Summary 

 

A test rig capable of achieving the specification outlined in Section 6.1 has been 

constructed. Each part of the test rig has been iteratively designed and tested to reach an 

optimised solution for the equipment and software available. The predicted performance 

of the evaporator and condenser has been calculated for the desired test conditions for water 

heat pipes. The conditions will be used as a baseline to compare the performance of selected 

medium temperature fluids in future work. The test rig itself has been validated through 

tests outlined in Chapter 3, showing the performance of each individual component in 

terms of estimated heat losses. The calibration and statistical accuracy of each component 

is also outlined in Chapter 3. Further to this work, water heat pipes will be tested and results 

using the developed test rig are presented in Chapter 7.  

 

Additionally, a lifetime test rig has been modelled, designed and produced for 

future work. The water heat pipes used in Chapter 7 will begin their testing toward the end 

of this project, hence the results will only be available for future publications. The rig 

allows the future development of medium temperature heat pipes to also be lifetime tested 

once prototype development stage is reached.  
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6 Chapter VI 

Experimental analysis of fluid/metal compatibility and wettability  
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6.1 Introduction 

 

The next step in the development of a heat pipe which could hold the previously 

determined fluids (Antimony Trichloride and Bismuth Trichloride, see Chapter 4) is to 

determine the optimal metal which can be used as the heat pipe envelope and wick 

structure. The key attribute the metal must have are:                                  

 

• Fluid compatibility over time (low NCG formation) 

• Resistance to corrosion by fluid 

• Good wettability 

 

The wettability of the fluid is a key attribute which gives an indication towards the 

level of capillary action to be expected in the porous structure of the heat pipe. The higher 

the wettability of the fluid to the surface, the better the capillary action will be [117]. An 

investigation into the wettability of the metal surfaces is undertaken and the creation of 

new testing methodology to determine the wettability of Halide salts is proposed and tested. 

In addition to the wettability of the metal surface, the compatibility of the chosen fluids 

with a given metal surface is of vital importance to the functionality of the heat pipe. For 

this, the electromotive force for forward and backward reaction equations are analysed, this 

gives determination of which direction the reaction is likely to have most affinity towards. 
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Key performance indicators are selected to determine the most suitable metals by 

performing an extensive metal selection database search to determine the main compatible 

metals which could have the best long-term potential with a given fluid. Due to time 

limitation, however, a short-term compatibility investigation is devised to identify any 

immediate effects on the metal form exposure to the fluids and identify the most suitable 

long-term candidates. Analysis of the electrochemical properties of the metal and chosen 

chemicals are also performed. From these processes, three key phases were determined for 

the selection and testing processes. 

 

• Metal selection 

• Wettability testing 

• Molten fluid compatibility testing  
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6.2 Material selection for Heat Pipe 

 

The heat pipe material selection made use of ‘Citrix Database’ [118] to analyse a 

database of over 2000 metals, alloys and ceramic materials. This aims to narrow the search 

to only a few key metals based on their physical qualities – the chemical compatibility of 

these metals with chosen chemicals is then subsequently analysed. 

 

The main selection criteria used to narrow the database are defined by the key 

desirable qualities of the material, these are listed as follows ranked in order of importance: 

 

• Resistance to corrosive fluids 

• Good weldability 

• Resistance to stress corrosion cracking 

• High tensile strength 

• High Thermal conductivity 

• Low price 

• Low density 

 

The selection process took place by comparing two key properties against each 

other and selecting a graphical region containing materials of the desired property. This 

took place iteratively until the material choices were narrowed to an acceptable quantity. 

The order by which the comparisons were made followed the importance ranking of each 

quality, for example, the first graph compares qualities 1 & 2, the second 2 & 3 and so forth 
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until an acceptable number of materials were selected. To begin the analysis a few key 

features were chosen to narrow the initial selection. The initial search parameters were the 

corrosion resistance, durability (towards weak acids) and processing properties 

(weldability). 

 

 

From this initial filtering, 381 suitable metals were highlighted as suitable. To 

further narrow these options, four key metal properties were analysed: tensile strength, 

thermal conductivity, hardness and cost. The first pass plotted the results for tensile 

strength against thermal conductivity and the metals which were presented in the preferable 

range of the plot were selected to take forward. These can be seen in Figure 6-1. 

 

 

Figure 6-1  Tensile strength vs thermal conductivity metal search filter 
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The second pass narrowed the search to 117 metals and alloys to take forward. 

These were then further analysed comparing a plot of hardness against price. Figure 6-2 

shows the plot results. The metals in the low-price range were selected for analysis. 

 

  

A detailed view of  Figure 6-2 is presented in Figure 6-3 showing the listed metals 

and alloys from the outcome of this database search. In total 39 metals met the filter criteria 

with the overall general pure metals being Nickel, Molybdenum, Copper, Chromium and 

Aluminium as well as many alloy variations of these metals.  

 

Figure 6-2  Hardness vs Price metal search filter 
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Though the database analysis has successfully narrowed the potential metals to a 

select few, the database does not consider the reactivity of the metals with the selected 

medium temperature fluids. Taking forward the results of this initial study, a compatibility 

model will be determined to assess the suitability of each to exposure to halides. The 

compatibility model and results are outlined in the next section.  

 

 

Figure 6-3  Final metal output from filter search 
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 Compatibility model 

 

Using the Electromotive Force Difference (EMF) model described in section 

2.4.2.2 is used to analyse the reactivity of a metal halide in contact with a metal container 

and characterised their relative stabilities. As described in equation …, the general reaction 

can be expressed as follows: 

 

 𝑓𝑀𝑎 + 𝑔𝑀𝑏𝑋𝑐 ↔ 𝑓𝑀𝑎𝑋𝑐𝑝 + 𝑔𝑀𝑏 79 

 

Where the EMF can subsequently be calculated from equation … and their stability 

analysed through the following statement by Saaski et al. [47]  

 

 ∆𝐸0 = 𝐸𝑝(𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑙𝑖𝑑𝑒) − 𝐸𝑝(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ℎ𝑎𝑙𝑖𝑑𝑒) 80 

 

If the result returns a positive value, then spontaneous reaction will occur between 

the wall and the fluid. If the EMF is strongly negative the reaction between the fluid and 

the wall is insignificant. From this it can be inferred that the ideal combination would be 

to have fluids with high decomposition potentials and walls with low decomposition 

potentials. Table 6-1 shows the resultant electromotive force difference reaction of the two 

shortlisted fluids (SbCl3 and BiCl3) with the select metals identified form the Citrix 

database search as well as many common metals found in alloys used for conventional heat 

pipes.  All EMF property data was taken from the CRC Handbook of Chemistry and 

Physics [119]. 
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Table 6-1  Electromotive Force Difference potential of Antimony Trichloride and Bismuth Trichloride 
with various metals. Property data source: [119] 

 Mo Fe Ni Cu W Zr Ti Mn Cr 

SbCl3 -0.439 0.407 0.024 0.0441 -0.637 1.054 0.653 1.061 0.766 

BiCl3 -0.394 0.452 0.069 0.0894 -0.591 1.099 0.698 1.107 0.811 

 

In Table 6-1 it can be seen that Tungsten and Molybdenum have the least potential 

for reaction occurring with both SbCl3 and BiCl3, while conventional metals which are 

widely present in stainless steel alloys, such as Iron, Manganese and Chromium, have the 

highest likelihood for spontaneous reaction to occur.   
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6.3 Wettability study of chosen fluids on metals 

 

The wetting of a fluid on a surface is caused by intermolecular reactions between a 

liquid and a solid. This allows the liquid to maintain its contact with the solid and reach 

mechanical equilibrium with the various interfacial forces acting upon it. The main 

qualification of such quantity is determined through the angle measurement of the curved 

fluid surface with respect to the metal surface (see Figure 6-4).  

 

 

The degree of wetting experience is categorized in two forms: ‘wetting’ and ‘non-

wetting’. For an interaction to be considered ‘wetting’, the angle of the fluid relative to the 

surface must be below 90°, therefore, for an interaction to be considered ‘non-wetting’ this 

angle must be above 90° [1], [120], [121].  

 

Figure 6-4  Contact angle test example 
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The tensional forces action on the bodies can be described through Young’s 

equation [122]. 

 

 cos 𝜃 =
𝜎𝑠 − 𝜎𝑠𝑙
𝜎𝑙

 81 

 

Where 𝜎𝑠, 𝜎𝑠𝑙 and 𝜎𝑙 are the tensional vectors of the solid-vapor interface, solid-

liquid interface and liquid-vapor interface respectively. This assumes a rigid, smooth and 

chemical homogeneous substrate surface [123]. 

 

In a heat pipe, the wettability of the fluid to the metal surface can have an impact 

on two key aspects of its performance: the capillary action of the wick and the curvature of 

the evaporating/condensing interfaces. The effect of the surface tension on the capillary 

action is described by Hewett et. al [124] dictating that the capillary lift rises as a result of 

an increase in surface tension and decrease in contact angle. The capillary pressure in a 

heat pipe wick can be determined through equation 82. 

 

 
∆𝑃𝑐 =

2𝜎𝑙
𝑟𝑤
cos 𝜃 
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Where ∆𝑃𝑐 is the capillary pressure difference (Pa), 𝜎𝑙 is the liquid-solid surface 

tension (N/m), 𝑟𝑤 is the radius of the wick (m) and  𝜃 is the contact angle (°). Through this 

equation it is possible assert that as the contact angle tends towards 0, it will reach its 

maximum capillary pressure, confirming the statement by Hewett et. al.  
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The effect found on the liquid-vapour interface of the heat pipe is described by 

Ochterbeck [114]. At a microscopic level, it is a volumetric transition zone where the 

molecular density varies considerably. At a macroscopic level, the interface is described 

entirely by its surface tension where: 

 

 
𝜎 = (

𝜕𝐸

𝜕𝐴𝑠
)
𝑇,𝑛
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Where E is the total energy (J), A is the area (𝑚2) and 𝜎 is the surface tension (N/m). 

 

The techniques, equipment and procedures used to determine the contact angle of 

the various fluids and metal surfaces is described in Chapter 3. The tests were divided into 

three groups by fluid. The metals used in this study were determined in Chapter 4 through 

the metal selection process and compatibility modelling of the fluid/metal reactions. The 

chemicals under analysis are Water, Antimony Trichloride and Gallium Trichoride. The 

water analysis serves as a baseline study to compare against the Antimony Trichloride and 

Gallium Trichloride tests. These will then be cross examined to provide an assessment of 

the predicted capillary action between the two chosen chemicals on the various metal 

surfaces.  

 Test samples 

 

To provide comparable results, the sample size and surface finish was standardised 

across all tests. The samples consisted of a 15x15mm cylinder with smooth, polished ends 
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using 4um grit surface (see Figure 6-5). In some cases, slightly larger or smaller diameter 

samples were used due to availability, but the variation was kept to within 10% of the 

diameter size to minimise impact on the tests.  

 

 

Figure 6-5 Metal sample example 

Each sample was logged in the format sown in Appendix A where the size, polish 

finish type, weight and chemical to be reacted was recorded. The table also records the 

testing and imaging done for each sample to keep track of each of them and perform 

multiple tests in parallel. Table 6-2 shows an extract of the sample log for each of the 

samples produced for wettability testing.  
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Table 6-2 Sample log extract. See full log in Appendix A. 

Name Date 
received/ 
Produced 

Size Polished 
grade 

Weight (after 
polish) 

Roughness Reacted 
With 

Mo4 01-Jan 15x15 P1200 26.7400 0.12 
SbCl3 

TZM4 01-Jan 15x15 P1200 26.8100 0.06 
SbCl3 

Ta4 27-Feb 15x15 P1200 44.4800 0.15 
SbCl3 

Nb4 27-Feb 15x15 P1200 22.9000 0.16 SbCl3 

316SS4 24-Jul 15.875x15 P1200 23.4900 0.04 SbCl3 

 

 Water test results 

 

Water was first used to compare the wettability of each material to a common and 

nontoxic substance. In accordance with ISO 828-2013 [125] each droplet had a volume of 

4ul. The test was set up as described in Chapter 3 and an image was taken for each droplet. 

The roughness of each sample surface was reduced to the minimum possible to avoid the 

effect of surface artefacts on the contact angle measurement. As stated by Yuan et al. [126] 

the Young’s equation fails to consider surface topography, hence to accurately approximate 

the Young’s contact angle using experimental methods, the surface must be smooth and 

chemically heterogeneous. Additionally, it has been shown that the measure of contact 

angle on rough surfaces has no correlation to Young’s equation [127]. In the case of 

hysteresis, the advancing contact angle is generally used as a good approximation to 

Young’s contact angle, whereas receding angles tend to have less reproducibility due to 

liquid sorption or solid swelling [126]. To counter these effects, the droplet was randomly 

placed each time to eliminate any systematic error due to small surface condition 

variations. Each sample was polished to the same grit size of 6um; however, the surface 
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roughness tests did present slight variance in values between different metals. This can be 

attributed to the hardness of each material causing different levels of material removal rates 

when polishing. Figure 6-1 shows the measured contact angles of each sample prior to 

testing. Figure 6-6 shows the relative difference in roughness levels between the samples. 

Here it can be seen that Zirconium had the highest roughness of 0.13ra and Stainless Steel 

316 had the lowest roughness at 0.038 ra. As stated by Yuan et al. [126],  there are no 

specific guidelines on the maximum surface roughness permissible,  only the 

recommendation that the sample ‘be prepared as smoothly as possible’. To comply to this, 

all samples were polished down to the smallest possible grit size and kept for 20mins.  

 

Table 6-3 Roughness test results, average peak length, Ra (µm) 

Sample 1 2 3 4 5 6 7 8 9 10 Av 

Mo3 0.05 0.08 0.05 0.09 0.06 0.06 0.06 0.08 0.06 0.05 0.06 
Tzm3 0.06 0.06 0.05 0.06 0.06 0.05 0.06 0.05 0.07 0.05 0.06 
CuNi3 0.07 0.05 0.08 0.05 0.08 0.05 0.06 0.05 0.07 0.05 0.06 
W3 0.05 0.05 0.05 0.05 0.06 0.06 0.08 0.1 0.05 0.05 0.06 
Ta3 0.1 0.13 0.1 0.12 0.13 0.11 0.09 0.14 0.13 0.08 0.11 
Zr3 0.14 0.12 0.13 0.12 0.12 0.15 0.14 0.11 0.13 0.14 0.13 
Nb3 0.08 0.07 0.12 0.11 0.15 0.16 0.08 0.08 0.11 0.17 0.11 
316SS 3 0.04 0.04 0.03 0.05 0.03 0.03 0.03 0.05 0.03 0.04 0.04 
304SS 3 0.03 0.05 0.03 0.06 0.03 0.04 0.04 0.04 0.05 0.04 0.04 
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Figure 6-6 Average sample roughness chart 

 

The static contact angle can present some degree of variability which according to 

Marmur [121]can “depend on the initial kinetic energy and dynamics of vibrations it 

experiences after landing on the surface”. For this reason, the study has taken 

measurements from 3 separate sessions each which have adhered to identical procedures 

to determine the repeatability of the tests. The results presented in Table 6-4 and Table 6-5 

show the average contact angle measurement from each session. Averages were taken from 

10 individual images in each session for static measurements and for the advancing 

measurements. The advancing method tends to have higher reproducibility. In this case the 

for a single experiment average contact angle was calculated from approximately 200 

frames. In total 4 videos of each sample were taken (each test denotes a video). These were 

produced over two separate sessions. 
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Table 6-4 Static contact angle test results 

 

 

Table 6-5 Advancing contact angle test results 

 

 

Figure 6-7 shows the average contact angle values over all sessions for the static 

measurements. The error bars indicating the standard error between the mean values 

obtained in each session. Here it is observed that the refractory metals Molybdenum, 

Tantalum and Zirconium do not significantly differ in wettability towards water. The main 

differentiating samples from the group are the Copper-Nickel alloy and Niobium. The 

Copper-Nickel alloy has the worst wettability of water showing a clear statistical deviation 

from the sample trend. On the other end, Niobium has presented the lowest mean wetting 

 

Test 
type 

Sample Test 1 Test 2 Test 3 Average 

St
at

ic
 

Mo 50.72 66.73 63.84 60.43 
TZM 60.20 75.18 73.12 69.50 
Zr 51.44 72.11 68.97 64.17 
304SS 76.93 75.10 74.14 75.39 
Nb 47.39 52.66 58.30 52.78 
316SS 53.50 79.09 70.04 67.54 
Ta 52.20 75.18 51.97 59.78 
CuNi 88.84 92.89 81.38 87.70 
W 50.64 84.44 72.04 69.04 

 
Test 
type 

Sample Test 1 Test 2 Test 3 Test 4 Average 

A
d

va
n

ci
n

g 

Mo 39.44 44.90 42.74 56.04 45.78 

TZM 56.67 49.41 64.84 68.35 59.82 

Zr 49.71 50.72 62.05 55.51 54.49 

304SS 60.87 66.83 67.29 64.23 64.81 

Nb 50.28 48.19 42.49 46.74 46.93 

316SS 64.43 62.60 54.53 54.64 59.05 

Ta 49.48 57.21 50.31 45.28 50.57 

CuNi 90.93 88.59 82.15 80.50 85.54 

W 51.87 56.47 64.51 58.36 57.80 
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angle demonstrating its wettability to water through another clear statistical difference in 

the opposing direction.  

 

 

Figure 6-7 Static contact angle results chart 

 

In order to further validate the pattern demonstrated in Figure 6-7 the last test to 

take place on the samples was the advancing contact angle. As described in Chapter 3, this 

method uses a similar technique to the static angles, but the contact angle is measured by 

filming the droplet’s expansion over time and resolving each image instead of analysing 

only one still image. Figure 6-8 shows the results obtained for the advancing angle 

measurements. Here it can be seen that the exact same trend occurred where the Copper-

Nickel alloy has the worst wettability of water and Niobium has presented the lowest mean 

wetting angle signifying the best wettability.  
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Figure 6-8 Advancing contact angle results chart 

 

Each set of measurements was then compared in Figure 6-9 to determine whether 

the wettability trend for each sample matched using each method. Observing Figure 6-11 

the relative trends are consistent showing the exact same wettability pattern over the spread 

of samples. The results shown for advancing contact angle experiments are systematically 

lower than the static experiments.  It can be determined, therefore, that there is a clear 

systematic error encountered using one method over the other. As described by Yuan et al. 

[126], the probability of error is higher in the static measurements due to the high 

complexity of the surface/liquid interaction and the large number of factors that can affect 

it. As the tests are photographing only one state of the droplet, there is a high likelihood 

that this could be affected by external influences even with all the error mitigations in place.  

The advancing contact angle measurement, on the other hand, utilises multiple changing 

states of the droplet over a much larger data range giving it a higher potential precision, 
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though the statistical accuracy in each case does not seem to be significantly different. 

While the contact angle trend does definitively show the differences in relative wettability 

of the fluids, it was expected that the advancing contact angle would present higher results 

than the static tests. This discrepancy may have been caused by cohesive forces toward the 

central syringe which would cause a slight upward mass displacement, and hence, reducing 

the relative angle. Further analysis on this discrepancy should be evaluated in future work. 

 

  

Figure 6-9 Comparison of static and advancing contact angle results 

 

The goal of this exercise is to study the methods by which the contact angle could 

be measure and give an initial indication of metals which show high wettability with water 

for potential use in water heat pipe applications. This gives an indication as to the deviation 

to be expected in the tests developed for the reactive fluids which only uses static contact 

angle tests.  
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The methodology developed for contact angle measure of air sensitive fluids can 

only cater for static contact angle tests due to the high reactivity of the fluids. Using such 

reactive fluids, with a relatively high melting point also, makes providing a continuous feed 

off the fluid technically challenging and subsequently very costly. For this reason, only 

static tests were developed for this research, however implementation of angled tests once 

the technique is perfected could be a possibility. Due to the time constraints and budgetary 

limits, it was not possible to explore this option.   

 Antimony Trichloride test results 

 

 

Figure 6-10 Time-lapse image of SbCl3 melting on Molybdenum surface 
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To perform the same type of experimentation on Halides - the identified fluid type 

for operation in the medium temperature range – new test methodology had to be developed 

to cater for the air sensitivity of these types of fluids. Another challenge is that in most 

cases Halides are in solid form at ambient conditions, hence the tests would also have to 

include a heating mechanism. The methodology developed to cater for these constraints is 

described in Chapter 2. The sample containing the metal surface and a small quantity of 

the chemical (approximating the weight needed to produce 4ul volume when melted) is 

kept in an inert Argon atmosphere in a small sealed container. The sample is heated up to 

the melting point of the fluid using a heat gun. The temperature is monitored using a laser 

thermometer. Figure 6-10 shows an example of the melting process of Antimony 

Trichloride on a Molybdenum metal surface.  

 

Due to the complexity and logistical constraints of the tests, only three metals were 

able to test with Antimony Trichloride: Molybdenum, TZM and Stainless Steel 316. Figure 

6-11, Figure 6-12 and Figure 6-13. show the attained results for roughly the last 40 frames 

of each test. The starting point was chosen as the point where all the solid had been fully 

melted.  
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Figure 6-11 Contact angle measurement over time for SbCl3 on Molybdenum surface 

 

Figure 6-12 Contact angle measurement over time for SbCl3 on TZM surface 
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Figure 6-13 Contact angle measurement over time for SbCl3 on Stainless Steel 304  surface 

 

To assess the relative contact angles of each metal with relation to Antimony 

Trichloride, the average contact angle over the measured time in Figure 6-11, Figure 6-12 

and Figure 6-13 were taken. Table 6-6 presents the attained results.   

 

Table 6-6 Contact angle of Antimony Trichloride on various metal surfaces 

Metal Measured Mean 
Contact Angle  

316SS 13.2 

TZM 15.9 

Mo 6.1 

 

 

From Table 6-6, Molybdenum presents the highest relative degree of wettability 

and TZM the lowest. In general, Antimony Trichloride has demonstrated to have a much 
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higher potential wettability compared to water base on the initial testing results. To 

determine with higher precision what the true Young’s contact angle is experimentally 

further testing must be conducted in future work using the developed methodology. This 

work has demonstrated the ability to conduct these tests in controlled environments and 

has given an initial estimation of Halide wettability with refractory and common metals. In 

general Antimony Trichloride has demonstrated a high wettability towards the tested 

metals compared to water showing that there is a strong potential for capillary action in 

heat pipe applications.  
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6.4 Compatibility study of fluid with selected metals 

 

Compatibility tests aim to determine the extent of compatibility of each metal with 

the chosen baseline Halide, Antimony Trichloride. The tests expose each metal to the 

Halide in liquid state and observes any reaction which may occur on the metal surface 

together with any reaction of the fluid itself.  

 

The test samples used for these tests are detailed in Table 6-7. The surface was 

polished at a relatively high roughness to increase the surface area and incentive any 

surface reaction to occur in order to mimic a ‘worst case scenario’. The surface roughness 

of each sample was assessed beforehand and recorded. This will serve as an additional 

indicator for the compatibility of the metal.  

 

Table 6-7 List of metal samples 

Sample Table 
Status Name Date 

received 
or 
produced 

Size Polish Weight 
(after 
polish) 

Roughness 
(um) 

✓ Mo 1-Jan 15x15 P240 26.6100 0.36 

✓ TZM 1-Jan 15x15 P240 26.7700 0.18 

✓ W 27-Feb 15x15 P240 50.8800 0.29 

✓ CuNi 7-Jun 12.7x15 P240 16.6800 0.21 

✓ 316SS 24-Jul 15.875x15 P240 23.4400 0.21 

✓ 304SS 24-Jul 15x15 P240 20.9400 0.11 

✓ Ta 27-Feb 15x15 P240 43.3300 0.41 

✓ Zr 27-Feb 15x15 P240 17.1700 0.21 

✓ Nb 27-Feb 15x15 P240 22.5200 0.58 
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 Compatibility test 

 

The test procedure follows the outlined process described in Chapter 2. The samples 

were each exposed to molten Antimony Trichloride in vacuum over a period of 24h. Table 

6-8 shows the test progression for each sample. The first observations from the test is the 

colour change of the fluid through each test. In most cases, the fluid changes from a clear 

liquid to a ‘milky’ white liquid over time. The change occurs consistently around the 6-

hour mark in each case. This is likely a reaction with residual moisture within the sample 

or from degradation of the sample seal slowly introducing moisture from the outside air. 

When removing the sample after the tests, it was apparent that the vacuum was at a reduced 

level in most cases (though it was not possible to measure the reduction). It can therefore 

be assumed that in most cases that there are small amounts of Antimony Oxychloride 

present due to reduced seal integrity at around the 6h mark giving the ‘milky’ colour 

through the following reaction: 

 

 𝑆𝑏𝐶𝑙3 + 𝐻2𝑂 → 𝑆𝑏𝑂𝐶𝑙 + 2𝐻𝐶𝑙 84 

 

The only exception to this was the TZM sample which maintained its vacuum level 

through testing and therefore did not undergo this colour change, presumably due to the 

lack of moisture ingress. The main attributes to look for is any colour change outside of 

that created by SbOCl. This would give an indication of the formation of other chlorinated 

compounds by a substitution mechanism.  
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Table 6-8 Compatibility test progression timeline for each sample. Images show a snapshot of the 
molten SbCl3 exposed sample at each time step. 

 
 

Niobium 

 

Molybdenum 

 

TZM 

 

Tantalum 

 

Stainless 

Steel 304 

 

Stainless 

Steel 316 

 

Copper 

Nickel 

 

Tungsten 

 

Zirconium 

 

 

 

A better sign of reaction occurring between the metal sample and the molten fluid 

is by observing the colour changes at the 3h mark. The cases of all refractory metals 

0h 3h 6h 8h 24h 
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(Molybdenum, TZM, Niobium, Tantalum and Zirconium) the fluid remains a colourless 

liquid. In the case of Tungsten, the ‘milky’ colour begins to occur at this point already 

possibly indicating early degradation of the seal. In the cases of both Stainless-Steel alloys 

and the Copper Nickel alloy, there is a clear colour change to green in the case of Stainless-

Steel samples and light brown in the case of the Copper Nickel sample.  

 

To quantify and compare the extent of the reaction on the surface of each metal, 

various quantitative and qualitative methods were used, these include: 

 

• The measure of surface roughness change 

• Imaging of the sample under Microscope 

• SEM imaging of regions of interest 

• EDX analysis of regions of interest 

 

The principal results of each analysis method and a discussion on the significance 

of these findings is presented in the following section.  

 

 Results and Analysis 

 

Table 6-10 shows the macrostructure of the sample surface before and after the 

compatibility tests with Antimony Trichloride were completed. All images were taken with 

the Leica microscope. This give a first analysis of compatible and incompatible surfaces 

form observing the general surface changes and any corrosion which may have occurred. 
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From observation of Table 6-10 it is apparent that the surface groves cause by the 

polishing can be a good indicator of corrosion. In the cases of Molybdenum, Tungsten, 

TZM and Zirconium, there is not a significant change in the surface features. Within this 

group, Molybdenum and TZM appear to be largely unaffected with only very light staining 

and minimal surface deposits. Zirconium and Tungsten appear to have slightly more 

staining and signs of some solid deposits on the surfaces. 

 

From further analysis of Table 6-10, Tantalum and Niobium appear to have a more 

significant change in surface condition with a visual change in surface features and 

moderate deposits and staining on the surface. The Stainless Steel and Copper Nickel alloys 

presented a high level of corrosion with no comparable surface features, high level of 

staining and deposits and visible pitting corrosion indents. To further analyse these metals, 

the results were arranged into three groups as presented in Table 6-9. 

 

Table 6-9 Compatibility results 

Group Description Metals 

1  High compatibility Molybdenum, Tungsten, TZM and 

Zirconium 

2  Medium Compatibility Tantalum and Niobium 

3  Low Compatibility Stainless Steels and Copper Nickel 
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Table 6-10 Microscope images of top and bottom of metal samples before and after compatibility testing 

 Top Bottom 

Sample Before After Before After 

Molybdenu

m 

 
  

 

TZM 
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Tungsten 

  

  

Copper/Nic

kel Alloy 

(60/40) 

 

   

Stainless 

Steel 316 
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Stainless 

Steel 304 

 

 

  

Tantalum 

    

Niobium 
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Zirconium 
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To condense the study, only one metal will be analysed from each category as a 

representative of that group. The full SEM and EDX results of all metals can be found in 

Appendix K.  

 

6.4.2.1 Stainless Steel 304 compatibility with Antimony Trichloride 

Stainless Steel is known to have a low compatibility with Antimony Trichloride 

due to the high electromotive force potential of Nickel in molten chlorinated halide solution 

[57]. The green colour change to the Antimony (III) Chloride is indicative of Nickel (II) 

Chloride formation from the following reaction mechanism: 

 

 2𝑆𝑏𝐶𝑙3 + 3𝑁𝑖 → 2𝑆𝑏 + 3𝑁𝑖𝐶𝑙2 85 

The reaction causes severe damage to the metal surface and lead to pitting corrosion 

as seen in Figure 6-14.  

 

Figure 6-14 SEM image of Stainless Steel 304 surface 

 
Initial 
Ra (μm) 

Post tests 
Ra (μm) 

Top 0.10 0.92 

Bottom 0.19 0.82 
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The table presented in Figure 6-14 shows the change in surface roughness before 

and after testing for both the top and bottom surfaces. The top surface had the highest 

increase of 0.82ra from the original measurement and the bottom surface displayed a 0.63ra 

increase. It is clear from the images that the surface has been unacceptably damaged from 

the displacement reaction showing the necessary disqualification of any Nickel baring alloy 

as the heat pipe wall material for Antimony Trichloride and likely many other Chlorinated 

Halides. The lack of brown or black colouring in the molten Antimony Trichloride suggests 

that anhydrous Copper and Iron Chloride formation did not occur in any of the cases. To 

corroborate this observation, a line scan of the sample surface was taken using EDX as 

seen in Figure 6-15. This shows the presence of Antimony, Chromium and Iron on the 

surface and no substantial presence of Nickel. This infers that the Nickel present on the 

immediate surface has been removed by the formation of Nickel Chloride and the other 

constituents of the alloy remained.  

 

 

Figure 6-15 EDX line scan of Stainless Steel 304 sample 

 

Further EDX analysis was made at two key points on the surface to attempt to detect 

the presence of Nickel within the deeper crevices cause by the pitting which could uncover 
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still unreacted Nickel deeper down. Figure 6-16 shows this analysis and the proportion of 

elements found on each point.  

 

 

Figure 6-16 EDX Point analysis on Stainless Steel 304 sample 

 

From observing Figure 6-16, the point on the sample surface did indeed show no 

substantial sign of Nickel and had a similar profile to the line scan presented in Figure 6-15. 

Point 2, which looked at a point inside a relatively deep pit, did in fact pick up the presence 
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of a small amount of Nickel showing that the Nickel is indeed the cause of the pitting 

corrosion and is the principal cause of incompatibility of Nickel baring alloys with 

Antimony Trichloride.  

 

6.4.2.2 Niobium compatibility with Antimony Trichloride 

From the analysis made previously most refractory metals should be resistant to 

degradation by Antimony Trichloride and similar chlorinated Halides, due to the low 

potential for chloride bond formation for these metals.  Figure 6-17 shows a feature of the 

resultant Niobium surface from the compatibility test. Although initial images in Table 

6-10 appeared to have some level of surface condition change, SEM images show only a 

higher-level solid Antimony Trichloride residue on the surface. The constitution of the 

metal itself appears to be largely unchanged with no signs of corrosion present.  

 

Figure 6-17 SEM image of Niobium surface 

 

  Pre-test 
Ra (μm) 

Post-
test Ra 
(μm) 

Top 0.59 0.61 

Bottom 0.58 0.62 
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The lack of corrosion is verified by the measure of surface roughness change. It is 

seen from this that the top surface only sees an increase of 0.02ra and the bottom surface 

of 0.04ra. Both surface roughness changes can be considered negligible when considering 

the spread of data over 10 measurements displayed an error range of +0.02/-0.04 for the 

top surface and +0.03/-0.02 for the bottom surface. Hence, the addition of Antimony 

Trichloride deposits on the surface tended to increase the roughness, but only by an amount 

within the expected error range, signifying that the surface topography has suffered a 

negligible physical change from the Antimony Trichloride exposure.  

 

 

Figure 6-18 EDX line scan of Niobium sample 

 

The line scan conducted via EDX in Figure 6-19 shows the primary present 

elements to be Niobium with traces of Silicone (a common impurity to find on metal 

surfaces). The oxygen detection could be indicative of the presence of Antimony 

Oxychloride from the hydrolysis of Antimony Trichloride through reaction below (though 

minimal amounts of antimony were detected through the line scan).  

 

 𝑆𝑏𝐶𝑙3 + 𝐻2𝑂 → 𝑆𝑏𝑂𝐶𝑙 + 2𝐻𝐶𝑙 86 

 



 

263 

 

Figure 6-19 show a point EDX analysis on two points of interest on the surface to 

further analyse the surface conditions on the deposit and on the bare surface of the sample. 

The first point is in the central section of the analysed deposit. Interestingly, Silicone was 

the largest peak detected followed by Oxygen and Antimony. This is likely due to the 

presence of impurity when preparing the sample for examination which has been attracted 

by the Antimony containing compounds. Nevertheless, it is clear that the deposits are a 

result of Antimony Trichloride oxidation or attraction to the surface only, with no presence 

of other heavy metals indicating that no substitution reactions have occurred.  

 

 

 

Figure 6-19 EDX Point analysis on Niobium sample 
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Point 2 in Figure 6-19 shows the EDX analysis of a random point on the exposed 

metal surface. This has indicated only the presence of Niobium and Oxygen, with Niobium 

comparison of over 95% of the atomic weight distributions. This shows that there is no 

substantial presence of oxides and other corrosion-related elements on the bare Zirconium 

surface indicating a good compatibility of Zirconium with Antimony Trichloride.  

 

6.4.2.3 Molybdenum compatibility with Antimony Trichloride 

From the compatibility model, Molybdenum presented the highest potential for 

corrosion resistance. The initial test images show good promise towards this premise. The 

surface appears to not have suffered any substantial changes other than the presence of 

some solid deposits. Figure 6-20 shows an SEM image of one of the deposits used to 

quantitatively analyse the metal surface.  

 

 

Figure 6-20 SEM image of Molybdenum surface and roughness test results 

 

 
Pre-
tests Ra 
(μm) 

Post-
tests Ra 
(μm) 

Top 0.37 0.35 

Bottom 0.33 0.34 
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The surface roughness tests show no significant change in the surface roughness of 

the sample before and after the tests were conducted. All measured values after the 

compatibility tests show a discrepancy lower than the calculated error of the measurement.  

Figure 6-21 shows an EDX line scan of the surface across bare and surface deposit sections. 

The spectra analysis shows a combination of Molybdenum, Antimony, Chlorine and 

Oxygen as expected.  

 

 

Figure 6-21 EDX lines can on Molybdenum sample 

 

Figure 6-22 shows two points chosen for EDX analysis on the deposit and base 

sample surface. Point 1 shows the analysis taken on the deposit surface demonstrating the 

presence of Antimony, Chlorine and Oxygen only showing that no substitution reaction 

has occurred with Molybdenum. Point 2 then shows the bare surface of the sample with 

the presence of only Molybdenum and Oxygen, once more indicating that only slight 

surface oxidation has occurred, but the surface chemistry has not changed due to exposure 

to liquified Antimony Trichloride.  

 



 

266 

 

These tests are in line with the predicted compatibilities through EMF analysis 

confirming the validity of the theory. To further analyse these properties, longer tests can 

now be considered for future work to verify the long-term compatibility as a heat pipe fluid.   

 

 

 

Figure 6-22 EDX Point analysis on Molybdenum sample 
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6.5 Chapter Summary 

 

An analysis of the most likely metals to be compatible with chlorinated halides 

was made and a wide selection of refractory metals were used for testing, as well as 

some commonly used alloys for comparison purposes. The tests were conducted with 

only one representative halide, Antimony Trichloride, which was one of the highest-

ranking halides in the fluid analysis for medium temperature applications. Future tests 

should be aimed towards verifying other potential halides such a Bismuth Trichloride, 

Bismuth Tribromide and Antimony Tribromide. 

 

From this study it is concluded that Molybdenum presents the most likely best 

compatibility and wettability qualities out of the identified metals. The long-term 

compatibility of the metal and fluid is still to be determined through lifetime testing, 

the minimum term for qualifying results is 1 Year. Niobium and Tantalum also show 

good compatibility with Antimony Trichloride and are shown to have similar 

wettability properties from water CA analysis. Further work should be directed towards 

developing the CA measuring technique for air sensitive and high melting point fluids 

to validate the preliminary results achieved in this study. The main conclusions can be 

summarised as follows: 

 

• A group of refractory metals were identified as the best compatible fluid 

with Antimony Trichloride (as well as other similar chlorinated halides). 

Particular attention was brought to Molybdenum due to its superior 

machinability and better potential for welding.  
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• Molybdenum was identified as the most ‘wettable’ metal in the water 

contact angle study comparing 9 different metals. 

• Preliminary results for wettability of 3 different metals with Antimony 

Trichloride indicate that Molybdenum presents the highest wettability 

still, though these results need to be further tested due to the limited data 

that was able to be collected.  

• The compatibility study shows that any alloys containing Nickel are not 

compatible with Antimony Trichloride due to excessive levels of pitting 

corrosion.  

• All refractory metals showed a good level of corrosion resistance to 

molten Antimony Trichloride over a 24h period. 

• SEM imaging and EDX analysis showed that no reaction occurred on 

the refractory metal surfaces and only Antimony Trichloride residues 

were found. 
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7 Chapter VII 

Experimental analysis of water heat pipe thermal transport limitations 
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7.1 Water Heat Pipe thermal performance analysis 

 

The following chapter outlines the thermal transport testing done on Water 

based heat pipes approaching their maximum working temperature. As discussed in 

Chapter 2, the lower end of the ‘medium’ temperature range is defined by the maximum 

working temperature of water heat pipes. By analysing the performance characteristics 

of water heat pipes in their maximum temperature range, a baseline performance 

indicator is given for fluids which may exceed these temperatures. New testing methods 

and techniques are explored which aim to attain the upper working limit of water heat 

pipes using the test rig developed in Chapter 5. In addition to this, water heat pipes are 

commonly developed for a range of markets and current applications in Thermacore 

Europe Ltd. The heat pipes used in this testing section were developed for use in a PCM 

thermal storage application and these tests are used to quantify and validate the heat 

pipe performance at a system level.  

 

The experimental setup, procedures, test methods and analytical methods used 

to attain the results outlined in this chapter are detailed in Chapters 3 and 5.  Previous 

tests by Anderson et al. , [43], Sarraf et al. [42] and William et al. [98] show other 

similar techniques used in testing the thermal transport performance of a heat pipes to 

the ones developed in this chapter, however, some fundamental changes - particularly 

towards the methodology of the testing – were applied as detailed below: 

 

• Taking the heat pipe up to the thermal transport limitation to identify the 

limitation boundary and quantify their change in performance.  
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• Tests intend to emulate realistic application conditions in presence of air, 

and hence, the quantification of heat losses form a part of the assessment.  

• The experimental design was tailored specifically to achieve the above two 

points, deviating from traditional experimental techniques which do not tend 

to aim towards these objectives.  

 

The test was primarily aimed towards determining the boiling limit of the heat 

pipe as this was determined to be the main limiting phenomena at the given test 

temperatures through the modelling described in Chapter 4. The test methodologies and 

test rig design were developed considering three main questions: 

 

• How can a specific vapour temperature be reached and maintained? 

• How can the thermal transport through the heat pipe be maximized at a specific 

vapour temperature? 

• At what point can the operating limit be defined experimentally? (i.e. which 

indicator or combination of indicators can best describe this point) 

 

These questions formed the basis of the experimental design. By answering 

these, it was possible to formulate a strategy by which the test rig could be best utilized 

to attain the desired results. A critical analysis of the results attained is presented in 

section 7.2 of this chapter. The results of this study intend to set the experimental 

process for further testing on the selected medium temperature fluids in future work. 

The full characterization of the above described heat pipes allows to confirm the 

adequate production and manufacturing processes to be used for this type of heat pipe, 
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validate the numerical modelling solutions and provide baseline data for future 

development of heat pipes in this temperature range and above.  

 

The general objective of these tests is to determine the performance of Copper 

Nickel (CuNi30Mn1Fe) heat pipes using water as the working fluid whilst approaching 

the maximum temperature limitation of water. Water is predicted to work effectively at 

up to 350°C (provided the heat pipe can withstand these vapour pressures) [1], [42], 

[43], [98], [128], [129]. Copper Nickel has a relatively high strength compared to other 

common heat pipe metals. This allows the pipe to be able to withstand the high vapour 

pressures with minimal wall thickness. Extensive data for the performance of Copper 

Nickel pipes at high temperatures is currently limited. The thermal transport 

performances of these heat pipes at their upper temperature limits is of critical 

importance for validation of numerical models. These could subsequently be used to 

identify new potential medium temperature fluids which could offer better heat 

transport in the medium temperature range.  

 

Although many life tests have been conducted with Cu-Ni heat pipes using 

water as the working fluid, proving their long term compatibilities, studies showing the 

thermal transport performance limitations (i.e. the maximum thermal transport 

performance as determined by boiling, capillary, sonic and entrainment limitations) of 

these heat pipes at elevated temperatures are scarce and for the particular alloy chosen 

for this study there is currently no data. This set of data also may serve as a comparative 

measure against other working fluids which may be tested in this temperature range. 
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7.1.1 Heat Pipe Design  

 

The dimensions of a heat pipe are highly dependent on the application. Usually 

the application would primarily dictate the outer geometry of the heat pipe (shape, 

diameter, angle, etc.) and thermal optimization is applied to the inner geometry (wall 

thickness, wick thickness, wick porosity, vapour space, etc.) [1], [32]. In this study, 

there is no specific geometry dictated due to the end application spanning a variety of 

potential technologies. For this reason, the key considerations taken into account for 

the desired heat pipe are listed in Table 7-1.  

 

Table 7-1 Heat pipe design considerations 

Quality Purpose Constraint 

Must provide sufficient 

vapour space  

To increase sonic and 

entrainment limits 

Minimum vapour space  

Must be representative of a 

typical heat pipe used in 

industry 

To have a higher change 

of being taken forward 

into market 

Cylindrical shape  

Must allow for adequate 

capillary action to be 

demonstrated 

Demonstrate the 

functionality as a heat 

pipe 

Some form of wick 

structure must be present 

at a suitable thickness 

Must contain a higher vapour 

volume than liquid volume  

To prevent entrainment Minimum vapour space of 

2.83E-3 m3 

Must allow for adequate 

thermocouple attachment 

Ease of measurement Accessible thermocouple 

attachment areas  

Must be relatively easy to 

manufacture 

Decrease cost and lead 

times 

Simple shape with 

minimal welding 

 

One closely linked heat pipe application involving PCM storage units utilizes 

water heat pipes at up to 300°C. This is a development by the H2020 fund and ran by 

Innova Microsolar with partnerships with several institutions including Aavid 

Thermacore Ltd. [110]. Details about this application and its various requirements can 



 

274 

 

be found in Chapter 8. The final heat pipe design followed the constraints presented by 

the Innova project as this also fell in line with the design constraints presented in Table 

7-1. The final heat pipe design undertook several iterations throughout the test rig 

development to cater for further constraints such as manufacturing, materials and cost. 

A full breakdown of the design process and final iterations is shown in Table 7-2. All 

CAD and engineering drawings can be found in Appendix L.  

 

Table 7-2  Heat pipe design summary 

Iteration Description Drawing  

1 Initial design – first concept heat pipe design using 

two weld joints for the end cap and fill tube 
D-A18721-550-B 

2 Length decrease for adaptation to test rig D-A21738-550-A 

3 Reduction to one weld joint for fill tube only and fill 

tube re-design 
D-A22430-550-B 

 

The heat pipe design used in the water heat pipe testing and Molybdenum and 

TZM welding trials was Design 2. Design 3 was then adopted for all subsequent heat 

pipes. A full list of the heat pipes produced can be found in Table 7-4. The final heat 

pipe dimensions chosen are highlighted in Table 7-3. 

 

Table 7-3 Final heat pipe dimensions 

Measurement Value 

Heat Pipe Length (m): 0.46 

Evaporator Length (m): 0.1 

Condenser Length (m): 0.15 

Adiabatic  Length (m): 0.21 

Effective Length (m): 0.335 

Diameter ( mm): 12 

Wall Thickness ( mm): 0.8 

Wall Conductivity (W/mK):  29 

Orientation: Horizontal 

Screen Conductivity (W/mK): 50 

Minimum Operating Temperature (C): 50 

Maximum Operating Temperature (C): 300 

Max Operating Power in application (W): 150 
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Table 7-4  Heat pipe list summary 

Heat pipe 

name  

Design Materi

al  

Wick Fluid Fill 

volume 

(cc)  

Length 

(mm)  

Accepted/Rej

ected 

CuNi 

HP1 

2 CuNi PhosB 

Mesh 

300 

Water 10 460 Accepted 

CuNi 

HP2 

2 CuNi PhosB 

Mesh 

300 

Water 10 460 Accepted 

CuNi 

HP3 

2 CuNi PhosB 

Mesh 

300 

Water 10 460 Accepted 

CuNi 

HP4 

2 CuNi PhosB 

Mesh 

300 

Water 10 460 Accepted 

CuNi 

HP5 

2 CuNi PhosB 

Mesh 

300 

Water 10 460 Rejected 

CuNi 

HP6 

2 CuNi PhosB 

Mesh 

300 

Water 10 460 Rejected 

TZM1 3 TZM No 

wick 

N/A N/A 300 Rejected 

TZM2 3 TZM No 

wick 

N/A N/A 200 Rejected 
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7.1.2 Material analysis  

 

Various authors have conducted both analytical and experimental studies on the 

identification of medium temperature fluids as well as compatible metal combinations 

[43], [46], [56], [98], [129], [130]. Studies by Sarraf et. al. [42] and Groll [6] looks into 

various metals which could be compatible with water at high temperatures. Potential 

candidate metals were then constructed, and life tested to assess their compatibilities 

were undertaken. The selected wall material for the thermal storage application was 

CuNi30Mn1Fe due to its ready availability, high strength, high conductivity, high 

corrosion resistance and relatively low cost.  

 

Table 7-5 shows some of the previous wall materials used in high temperature 

water heat pipe compatibility testing and how the selected wall material compares 

against these.   

 

Table 7-5  Water heat pipe metal envelope alloys 

 

Previous testing from Sarraf et al. and Groll et al. show life tests for the first 

five metals detailed in Table 7-5. These were conducted at 277°C and with a 325W 

thermal load input in Sarraf’s tests [42] and at a temperature of 200°C with unknown 

thermal load input for Groll’s tests [6]. All tests were successful at up to 5000 hours, 

after which the Titanium heat pipes started to develop NCG’s. Report show that other 

Metal Ref Composition Tensile Stress (at 

300°C) (N/mm^2) 

Wall 

thickness 

(mm) 

Conductivity 

(W/mK) 

Monel 400 [131] Ni, Mn, Fe, Si, Cu 380 0.7 30.1 

Monel K500 [132] Ni, Mn, Fe, Cu, Al, 

Ti  

980 0.27 25.4 

OFHC Copper [133] Cu (Ag) 265 1.00 386 

CuNi10Fe [134] Cu, Ni, Fe 412 0.64 50.15 

CP Ti [135] Ti 448 0.6 17 

CuNi30Mn1Fe [135] Cu, Ni, Mn, Fe 441  0.6 29  
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heat pipes showed no signs of decay with CuNi10Fe reaching over 17500 hours of 

testing. 

7.1.3 Aim and setup  

 

The main aim of the thermal transport performance tests is to determine the 

maximum working limitation point of the heat pipe at the given temperatures. Initially 

the tests set out to answer the three principal question posed at the start of the chapter; 

how can a specific vapour temperature be reached and maintained? How can the heat 

load through the heat pipe be maximized at a specific vapour temperature? At what 

point can the transport limit be defined experimentally?  

 

These points were explored in the preliminary testing phase, where the 

individual components of the test rig were assessed and optimized towards the posed 

questions. Figure 7-1 shows the types of testing done for each test rig component. These 

are summarized in section 7.3 where the drawn conclusions are analysed, and 

experimental settings established. 

 

The test rig is designed to characterize these heat pipes and assess their 

performance compared to predicted values. The main objectives of this test are as 

follows: 

 

• To determine experimentally the optimal charge volume (horizontal) 

• To determine the maximum heat pipe thermal performance at 4 different 

condenser temperatures (200, 250, 270 and 300°C). 
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• To verify the primary form of limitation (boiling or capillary) at three 

different temperature ranges 

• To compare this data against prediction calculations and previous tests 

conducted in such ranges 

 

7.1.3.1 Test rig 

The experimental facilities consist of an oil circulator with programmable 

temperature control capable of operating up to 350°C, a high temperature flow meter, 

a pneumatic valve and Pico logger for thermocouple signal processing. Condenser and 

heater blocks were custom built to fit the heat pipe and the power supply could deliver 

a power of up to 1kW to the heat pipe. 

 

 

The circulator is able to deliver a flow rate of up to 0.035 Kg/s and provides a 

temperature reading accuracy of 0.01°C. The flow meter is capable of reading the flow 

rate, density and temperature of the oil at an accuracy of 0.0001kg/s, 0.1kg/m3 and 

0.01°C respectively. K-type thermocouples were used for temperature measurement 

along the heat pipe and at the inlet and outlet of the condenser block with a post-

calibrated accuracy of 0.1°C. Two separate control systems were used, one to control 

the circulator and the other to control the pneumatic valve and take readings from the 

Pico logger and flow meter. Table 7-6 details the list of apparatus used in the test rig 

construction while the test setup diagram can be seen in Figure 3-13.  
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Table 7-6  Test component list 

Apparatus Function 

Coolant circulator To provide coolant re-heating & pumping  

Flow meter To measure the fluid flow 

Heater block To provide heat flux to heat pipe 

evaporator  

Pneumatic valve To control flow rate through condenser 

block 

T-type Thermocouples Temperature measurement  

K-type Thermocouples Temperature measurement 

H350 Thermal bath 

fluid 

Coolant 

 

 

7.1.3.2 Test structure: Preliminary tests and optimisation 

Preliminary testing serves to determine the main test parameters and adjust and 

components, as necessary. Figure 7-1 outlines the various preliminary tests needed on 

each individual test rig component. These tests also serve to determine the amount of 

heat loss to be expected from each component and will be compared against the 

predicted values in Chapter 3. 

 

 

Figure 7-1  Component testing diagram 
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Figure 7-2 shows the flow diagram of the tests to be carried out. The main 

outputs from the tests are symbolised by triangular extracts. These come mostly in the 

form of linear equations relating the expected heat loss or temperature difference to the 

active component temperature. 

 

 

Figure 7-2  Test process flow chart 

 

7.1.4 Heat pipe testing approach and methodology 

 

The main objective of the thermal transport performance tests is to accurately 

assess the performance of the heat pipe close to its maximum operating limits. In this 

case, the limits of interest are those around 300°C for any given heat pipe (as testing 

will start at the lower limit of the medium temperature zone). To begin with, water heat 
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pipes have been selected to be tested and used as a baseline indicator for thermal heat 

transport in the lower end of the medium temperature range. 

 

Determinants of the heat pipe performance are the thermal resistance (𝑅), the 

average temperature difference of the heater and condenser section (∆𝑇𝑎𝑣) and the 

effective conductivity (𝑘𝑒𝑓𝑓) of the heat pipe. These are characterised through equations 

84, 85 and 86 respectively [1], [32]. 

 

 
𝑅 =

𝑇𝑒 − 𝑇𝑐𝑜
𝑄
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 𝑇𝑎𝑣 = 𝐴𝑣(𝐸1 → 𝐸4) − 𝐴𝑣(𝐶1 → 𝐶6) 

 

88 

 

 
𝑘𝑒𝑓𝑓 =

𝑙𝑒𝑓𝑓

𝐴𝑥𝑠𝑅
 

89 

 

Where ‘𝑇𝑒’ is the average evaporator temperature (°C), ‘𝑇𝑐’ is the average 

condenser temperature (°C), ‘𝑙𝑒𝑓𝑓’ is the effective heat pipe length (m), ‘𝐴𝑥𝑠’ is the heat 

pipe cross sectional area (m2) and ‘𝑄’ is the heat output (W).  

 

These quantities can be used to aid in any subsequent system modelling which 

would utilise these heat pipes. Additionally, a cross examination of each of these values 

is made to estimate the limitation point of the heat pipe and show the behaviours of the 

heat pipe around this point in practise. 
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7.1.5 Test matrix 

 

Out of these variables there are 1, 4 and 6 ‘levels’ chosen for the flow rate, 

circulator temperature and power input respectively to adequately quantify the heat pipe 

performance. The response variable in all experiments is the thermal load output.  The 

uncontrolled parameters for each test case are: 

 

• Ambient temperature 

• Pipework heat loss 

• Condenser/Heater heat loss 

 

The effect of these factors intends to be minimised through repeated 

experiments in varying conditions. Once the baseline data is determined according to 

the methodology laid out in Chapter 3, the test rig and heat pipe is determined suitable 

to begin the principal heat pipe thermal heat transport tests. These have the aim of 

determining the dry-out limit of the heat pipe in the horizontal orientation. For this, the 

parameters set out in Table 7-7 must be determined from the baseline testing. The 

experimental design follows a ‘Latin square’ approach [136] where the main variables 

are defined to be: 

 

• Flow rate 

• Circulator temperature 

• Power input 
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 Table 7-7  Latin square example with test parameters 

Experiment 

number  

Flow rate 

(Kg/s) 

Circulator 

temperature 

(°C) 

Power inputs 

(W) 

1 x a  l, m, n, o ,p, 

q 

2 x b l, m, n, o ,p, q 

3 x c l, m, n, o ,p, q 

4 x d l, m, n, o ,p, q 
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7.2 Thermal transport performance testing on Water Heat pipes 

 

The following section outlines the thermal transport performance of the 

water/CuNi6030 heat pipes approaching dry-out conditions in the 200°C to 300°C 

range. The tests aim to determine the maximum heat transfer rate which can be achieved 

in this temperature range before dry-out occurs and compare this to numerical 

prediction. Further to this, a quantitative analysis is made on key performance 

indicators for the heat pipe such as the equivalent thermal conductivity and thermal 

resistance. The tests serve as a demonstrator of the operating potential of the test rig 

and set out standard operating procedures for testing heat pipes at the medium-high 

temperature range.  

7.2.1 Test plan 

 

Through preliminary testing, the most suited flow rate to be used was 

determined to be 0.0167Kg/s. The minimum power input needed to overcome heat 

losses and start normal heat pipe operation in most cases was determined to be 100W. 

The circulator temperature is used to control the steady state vapour temperature. The 

temperature difference from the circulator outlet to the condenser inlet with respect to 

the set temperature can be determined from line equations set out in Chapter 3 but on 

average tends to be around 15°C. The maximum circulator temperature is set to 300°C 

which would give a condenser inlet temperature of around 280/285°C. This allows the 

evaporator temperature to rise above 300°C for the testing and achieve a vapour 

temperature of around 300°C for the maximum dry-out conditions.  
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Preliminary testing has determined the degree to which the vapour temperature 

is raised with relation to the power input to the heat pipe. This in turn can be used to 

determine the pre dry-out temperature/power input gradient to achieve any vapour 

temperature required.  

 

The test intends to reach four boiling limit points in the 250 to 300°C range. To 

achieve this, 4 circulator temperatures were selected: 200, 250, 270 and 300. These 

would equate to lower condenser temperatures, as seen in Table 7-8, but should achieve 

vapour temperatures in the same region as the circulator temperature. The test layout is 

outlined in Table 7-8 and the procedure is detailed in short form below. 

 

Table 7-8  Test parameters 

Test 

number  

Flow rate 

(Kg/s) 

Circulator 

temperature 

(°C) 

Power inputs (W) 

1 0.0167 200 100, 120, 140, 

160, 180, 200 

2 0.0167 250 100, 120, 140, 

160, 180, 200 

3 0.0167 270 100, 120, 140, 

160, 180, 200 

4 0.0167 300 100, 120, 140, 

160, 180, 200 

 

7.2.1.1 Procedure 

• Set the pre-determined flow rate and circulator temperature  

• Begin temperature data recording 

• Set the power to 100W 

• Wait until steady state is reached (temperature variance of <0.5°C) 

• Stop temperature recording and save file 
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• Begin new temperature recording 

• Increase power by 20W 

• Repeat steps 4 to 7 until obvious dry-out is reached or vapour temperature 

becomes > 320°C  

7.2.2 Theory 

 

During production testing, the main identifier for the heat pipe functionality is 

the temperature differential of the heat pipe extremities (∆𝑇𝑒2𝑒, see Table 7-9). This, 

however, does not give a complete picture of the heat pipe performance within a system 

as it does not serve as measure of the heat flux at the evaporator and condenser or 

provide any measure of the axial heat flux. Using the experimental equipment and 

procedure detailed in section 2.2, various heat pipe performance indicators were 

determined before testing which would provide a better understanding of the heat pipe 

behaviour. First, the various experimental measures of temperature difference were 

identified as seen in Table 7-9. Further determinants of the heat pipe performance are 

the thermal resistance (𝑅), the average temperature difference of the heater and 

condenser section (∆𝑇𝑎𝑣) and the effective conductivity (𝐾𝑒) of the heat pipe. These are 

characterised through equations 87, 88 and 89 respectively. 

 

All these qualities can act as an indicator to when a limitation point is reached. 

In this study, a quantitative analysis of these properties is reported from and 

experimental data to aid in any subsequent system modelling which would utilize these 

heat pipes. Additionally, a cross examination of each of these values is made to 
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determine the limitation point of the heat pipe and show the behaviours of the heat pipe 

around the boiling limit.  

 

Table 7-9 Various experimental temperature difference definitions. The ‘E’ and ‘C’ variables are 
temperature readings in the positions indicated in  

Formula  Description 

𝑑𝑇𝑒2𝑒 = 𝐸1 − 𝐶6 End to end heat pipe dT 

𝑑𝑇𝑎𝑣 = 𝐴𝑣(𝐸1 → 𝐸4) − 𝐴𝑣(𝐶1 → 𝐶6) Average heat pipe dT 

𝑑𝑇𝑎𝑑𝑖 = 𝐸4 − 𝐶1 Adiabatic dT 

𝑇𝑒 = 𝐴𝑣(𝐸1 → 𝐸3) Average evaporator temperature 

𝑇𝑐 = 𝐴𝑣(𝐶2 → 𝐶6) Average condenser temperature 

𝑑𝑇𝑅 = 𝑇𝑒 − 𝑇𝑐 Thermal resistance dT 

𝑇𝑣𝑎𝑝 = 𝐴𝑣(𝑇𝑒 , 𝑇𝑐) Vapour temperature 

𝑑𝑇𝑒 = 𝑇𝑒 − 𝑇𝑣𝑎𝑝 Evaporator dT 

𝑑𝑇𝑚𝑎𝑥 = 𝑀𝑎𝑥(𝐸1 → 𝐸4) −𝑀𝑖𝑛(𝐶1 → 𝐶6) Maximum recorded temperature difference 

 

 

7.2.2.1 Predicted heat pipe performance 

 

The heat pipe numerical modelling uses selected empirical formulae to quantify 

each heat pipe limitation curve. The principal limitations which are of interest in this 

study are the capillary and boiling limits as these are the dominant limitations at the 

upper operating temperatures. The capillary limit is the point at which the sum of the 

liquid, vapour and gravitational pressure differentials become greater than the capillary 

pressure [1], this is demonstrated in Equation 90.  

 

 ∆𝑃𝑐,𝑚𝑎𝑥 ≥ ∆𝑃𝑙 + ∆𝑃𝑣 + ∆𝑃𝑔 90 

 

From substituting the empirical correlations for each pressure value in Equation 

90, this balance can be expressed as seen in Equation  91 [1]. 
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2𝜎

𝑟𝑒𝑓𝑓
≥

𝜇
𝑙
𝑄𝑙𝑒

𝜋(𝑟𝑤2 − 𝑟𝑣2)𝜀𝑟𝑐2𝜌𝑙ℎ𝑓𝑔
+

8𝜇𝑣Q

𝜋𝜌𝑣𝑟𝑣4ℎ𝑓𝑔
+ 𝜌𝑙𝑔(𝑙𝑒 + 𝑙𝑎) sin 𝜃 

         

91 

 

The boiling limit (i.e. the determination of the critical heat flux for the specified 

heat pipe conditions) of choice which best suits mesh wick heat pipes according to 

previous studies [1], [32], [11] is that by Ivanovski et. al. [8] as described in Chapter 2, 

equation 16. The equation used shall be presented again below.  

 

 
𝑄𝑏 =

2𝜋𝑙𝑒K𝑇𝑣

ℎ𝑓𝑔𝜌𝑣 ln (
𝑟𝑖
𝑟𝑣
)
(
2𝜎

𝑟𝑛
− 𝑃𝑐,𝑚𝑎𝑥) 

92 

 

 

The boiling and capillary limits form the principal power limitation modelling 

of the heat pipe, giving origin to the heat pipe thermal limitation curves seen in Figure 

7-3. Other limitation such as the sonic, entrainment and viscous limit were also 

modelled and showed to have no effect on the operation of the heat pipe at high 

temperatures and in this case even throughout the entire operating range. This is also 

ascertained by Reay and Kew [1] who demonstrate that these equations are relevant 

only at start-up and low temperature conditions in high density and high viscosity fluids 

(such as liquid metals) due to the low pressure gradients which lead to high vapour 

velocities, high shear stress on the vapour/liquid boundary and high shear within the 

liquid saturated porous structure. 

 

Figure 7-3 shows the resultant thermal power limitations form modelling 

equations 91 and 92 over the majority of its operating range using the heat pipe 
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geometry seen in Table 7-3. Details of the code used to undertake the modelling can be 

found in Appendix F and G. It is determined form this model that the maximum thermal 

power the heat pipe is able to carry is 280W when operating at 150°C. From a 

temperature above 200°C, the boiling limit start to take effect causing a more rapid 

decrease in thermal power capacity compared to the capillary limit. This graph suggests 

that in the temperature range of interest for the current testing (200°C to 300°C), the 

dominant thermal performance limitation will be the boiling limit. For this reason, the 

analysis will concentrate on quantifying the boiling limitation point experimentally and 

analyse the change in performance of the heat pie around this point.   

 

 

Figure 7-3 All limitations for horizontal water heat pipe
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To further describe the thermal performance, Figure 7-4 shows the radial heat 

flux to the evaporator and condenser sections when reaching the maximum thermal 

power limitations determined in Figure 7-3. Here is can be observed that the maximum 

heat flux experienced in the system is 70.3 kW/m2 at the evaporator when operating at 

150°C. At temperatures above 200ׄ°C, the maximum heat flux at the evaporator is 66.1 

kW/m2 and at the condenser is 44.9 kW/m2.  

 

 

 

Figure 7-4  Evaporator and Condenser heat fluxes associated with maximum thermal power 
capacity form Figure 7-3 
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7.3 Results and Discussion 

 

To determine where the heat transport limit lies in the heat pipe at vapour 

temperatures approaching and above 280°C, the test requires the heat pipe to slowly 

approach the operating limit by increasing the thermal load in small steps. To regulate 

the vapour temperature and alter the point at which the limitation is reached, the 

condenser oil loop was set to four different temperatures; 200, 250, 270 and 300°C. 

Various flow rates were initially explored to determine the highest possible heat 

extraction without compromising the accuracy of the output thermal load readings. 

Once this was determined, the heat input was increased in steps of 20W, stating form 

100W, until dry-out was reached at each condenser temperature.  

 

The main objectives of the test is to measure the change in performance at and 

beyond the heat transportation limit, identify the indictors (i.e. heat pipe temperature 

difference, vapour temperature or thermal resistance) that could best describe the point 

at which the capillary or boiling limits are reached experimentally and, from this, 

determine the range of maximum nucleation radius values, ‘𝑟𝑛’, which would best 

describe the heat pipe boiling limit numerically. Each experimental data point in Figure 

7-5 indicates the steady state vapour temperature and maximum thermal load achieved 

for the each input power step at a constant condenser temperature.  

7.3.1 Heat pipe heat transport limit analysis  

 

The first impression taken from the experimental data presented in Figure 7-5 

is that there appears to be a ‘transition zone’ in which the heat pipe can still effectively 
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transport heat, but there is a clear break form the linear trend line of increasing thermal 

load input suggesting that the boiling limit has been reached. After this point, a further 

power increase results only in the increase of the vapour temperature with a plateau in 

output thermal load – a clear indication that wick dry-out has occurred. Before the 

plateau occurs, however, there is a steady change in trend where the heat pipe thermal 

load outputs correlate with a range of nucleation radius values.   

 

 

 

Figure 7-5  Experimental and numerical thermal heat transport prediction results. Values 
next to experimental data points indicate the input power for the steady state condition. 

The points correlating with the range of calculated boiling limit curves are proposed as the 
‘transition’ zone. The error bars are calculated from instrument error propagation theory.  
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Figure 7-6, Figure 7-7 and Figure 7-8 show the calculated output heat load of a 

range of nucleation radii against the experimental output heat load of the water heat 

pipe. The results show that the estimated point of transition using experimental methods 

correlates within a 1% accuracy when adjusting the nucleation radius values between 

0.47E-7 and 1.2E-7. This indicated that the maximum nucleation radius the heat pipe 

can achieve is 1.2E-7 before the bubbles begin to occupy the majority of the evaporator 

wick structure. 

 

 

Figure 7-6 Graph of experimental steady state values correlating with a nucleation radius of 1.2E-7 
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Figure 7-7 Graph of experimental steady state values correlating with a nucleation radius of 0.6E-7 

 

 

Figure 7-8 Graph of experimental steady state values correlating with a nucleation radius of 0.47E-7 
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This first experimental analysis shows that the boiling limit may encompass a 

‘range’ where the numerical predictions correlate with experimental values. This range 

is primarily dictated by the minimum and maximum nucleation radius values, rn. This 

range could be described as the range of radii in which there will either be a partial or 

full dry-out of the wick, though experiments have proven that operating the heat pipe 

in partial wick dry out conditions may still be effective. Regardless of this, this 

transition zone remains a highly unpredictable region due to the number of factors 

which could influence the nucleation radius.  

 

To further analyse the ‘transition zone’, key qualities of the heat pipe, such as 

the temperature difference, thermal resistance and effective thermal conductivity will 

be analysed in this transition region to identify some indicators which may be of use to 

pinpoint a more precise transition point and analyse the performance of the heat pipe in 

this region.  

7.3.2 Heat pipe temperature difference analysis  

 

One key point of discussion is in the measure of temperature difference of the 

heat pipe and how these measurements can be used and interpreted. To calculate the 

theoretical temperature difference, a thermal resistance network is usually employed 

where the sum of the thermal resistances of the wall material and wick gives the total 

thermal resistance across the heat pipe. In an application, however, it is unlikely that 

these will be the only thermal resistances present between the heat sources and sink. 

Other factors, such as contact resistance, radiation and parasitic heating/cooling all 

influence the measurement of the heat pipe wall temperature. This is demonstrated in 
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the variety of temperature differences that can be extracted from the data as seen in 

Table 7-9. The main measurements are ‘end to end’ temperature difference, average 

temperature difference, adiabatic temperature difference and maximum temperature 

difference. These are all valid quantities which can be use in the thermal resistance and 

equivalent conductivity calculations. It is important to consider which one to use in any 

subsequent calculations as these will each give a different interpretation of the 

functionality of the heat pipe. For this study, the average temperature difference was 

chosen as the preferable option as this averages any potential temperature gradients 

within the heater and condenser blocks. It also gives a more representative value 

towards the final application which will use a similar measure to determine the 

effectiveness of the heat pipe and system. 

 

Figure 7-9 shows the trend of average temperature difference values for each 

experiment as the power to the evaporator end is increased. It is expected that the 

temperature difference at each power input would be the same across all circulator 

temperatures (if it’s within the limitation curve). It can be observed that the temperature 

difference values remain within a consistent range until the transition point is achieved. 

At circulator temperatures of 250 and 270°C, the temperature difference is consistent 

for power inputs of 100W to 140W, remaining within a 10% range. For a circulator 

temperature of 200°C, the values still follow the general trend, however, they appear to 

incur a systematic error throwing them out of range from the 250°C and 270°C values. 

This of course may have been the consequence of the presence of some systematic error 

in the 200°C condenser tests cause by an unexpected change in ambient conditions or 

a change in the insulation uniformity and packing density or most likely a small 
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variation in the inclination angle – all of which are a very difficult factor to monitor and 

keep consistent from test to test.  

 

 

Figure 7-9  Average temperature difference against the input power for experimental steady state 
results 

 

The highlighted values in Figure 7-9 indicates the observed point at which the 

linear trend increase is broken at each condenser temperature. This may give the first 

indication as to a fixed point where the boiling limit is reached. Taking the points 

highlighted in Figure 7-9, and assuming they give a good representation of the boiling 

limit of the heat pipe, these points can be plotted against the numerical dT predictions 

as shown in Figure 7-10. 
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Figure 7-10 Experimental average temperature difference values at estimated boiling limit against 
the heat flux input compared to numerical predictions 

 

Figure 7-10 shows that the experimental values for the average temperature 

difference experienced by the heat pipe at the transition points are substantially larger 

than that predicted by the thermal network method.  

 



 

299 

 

 

Figure 7-11 Experimental average temperature difference values at estimated boiling limit against 
the calculated vapour temperature for each steady state value compared to predicted trend 

7.3.3 Heat pipe thermal resistance analysis  

 

At lower condenser temperatures of 200°C and 250°C, there is a clear change 

in gradient indicating a heat transport limitation has been reached. The numerical model 

for the boiling limit was calculated for a range of maximum nucleation radii from 1.1E-

7 and 0.6E-7. The boiling limit curves showed trend lines correlating with the start and 

end of the proposed ‘transition zone’. At higher condenser temperatures of 270°C and 

300°C, there becomes a less defined limitation point with a smoother gradient change. 

This may indicate that the heat pipe is already operating at or near its operating limit 

but is still able to transfer heat somewhat effectively. Another indicator for the 

transition point in these cases are the thermal resistance as shown in Figure 7-12. 
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Figure 7-12  Thermal resistance at each experimental steady state against the input thermal load for 
thermal resistance calculated from the output thermal load (measure by calorimeter). Highlighted 
points show an alternative indication for the ‘transition’ zone. Here the transition point for 270°C 

and 300°C circulator temperature differs from those indicated in Figure 7-5. 

 

Figure 7-12 shows the thermal resistance trend of each test series where the 

thermal resistance, denoted by equation 87, is calculated against the heat output of the 

heat pipe (i.e. that measure by the calorimeter) as this is assumed to be the total heat 

travelling through the pipe after heat losses.  

 

It is observed that in the case of the 270°C and 300°C condenser temperatures, 

there is a clear change in thermal resistance which could serve as an alternative 

indicator for the limitation point where the ‘transition zone’ is less defined though the 

vapour temperature data alone. These, however, differ from the points identified in 

Table 7-10 as they occur at higher thermal loads for circulator temperatures of 270°C 
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and 300°C respectively. This is a good example of the various ways in which the boiling 

limit could be identified and how the various indicators suggest different points.  

 

 

Figure 7-13 Thermal resistance of transition zone points against heat flux input 

 

Figure 7-13 shows the trend in experimental thermal resistance at the 

determined transition points in Figure 7-12 against the calculated thermal resistance at 

the boiling limit for the thermal resistance calculated form the measured thermal load 

from the calorimeter. It can be seen that although there is an agreement with trend 

prediction for the higher vapour temperature values, due to the large discrepancy 

between experimental and numerical heat pipe temperature differences the 

experimental thermal resistances are much greater than predicted. There also seems to 

be a rapid increase in thermal resistance above a vapour temperature of 280°C in the 

experimental results. This highlights the shortfall of using a thermal network in 

Increasing vapour temperature 
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predicting the heat pipe temperature difference, particularly along the boiling limit line. 

The complexity of the boiling kinetics in the wick structure appear to hugely impact the 

temperature difference across the wick in ways which are hard to predict using 

equivalent conductivities for liquid filled porous structures. Another factor which may 

have impacted the temperature difference measurement is the angle measurement of the 

heat pipe. Small changes in angle can cause a huge impact in the horizontal orientation 

and angle measurement accuracy was capable of being measured to ±0.1°C. The heat 

pipe was adjusted so that the average angle measurement was negative in each case (i.e. 

the heat pipe was acting slightly against gravity) as this would be the conditions 

specified for the end application. The difference seen in the thermal resistance reported 

against the input and output thermal loads also highlights the various interpretations 

that can be made of the experimental results.  

7.3.4 Effective conductivity quantification and analysis  

 

The effective conductivity is a product of both the temperature difference and 

the output thermal load of the heat pipe (as seen in equation 89). For this reason, 

although the experimental output thermal load tends to correlate with predicted values, 

the discrepancy in the temperature difference of the heat pipe observed compared to the 

predicted values is bound to have a negative impact on the effective thermal 

conductivity compared to numerical predictions. Indeed, Figure 7-14 shows a plot of 

all of the effective conductivities calculated from the steady state values within the 

‘transition zone’ range. It can be seen that the experimental results present a much lower 

effective thermal conductivity than predicted by numerical modelling. A quadratic 

trend line of all experimental results shows an estimate of the expected thermal 
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conductivity at any given vapour temperature in the 250°C to 320°C range. This can 

subsequently be used in system modelling to more accurately depict the heat pipe 

performance using empirical data.  

 

 

Figure 7-14 Scatter plot of all the calculated effective conductivities of steady state values within 
the ‘transition zone’. 

 

These results indicate that the temperature difference modelling approach tends 

to overestimate the heat pipe performance in the boiling limit region. It is suggested 

that an alternative approach to temperature difference modelling should be the focus of 

future work to improve this discrepancy.  
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7.3.5 Boiling point identification, quantification and analysis  

 

Table 7-10 presents the results of the steady state tests that present the maximum 

effective thermal conductivity denoted by the line in Figure 7-15. From this data, it can 

be observed that there is a large increase in the thermal resistance as vapour temperature 

increases, particularly in the 270°C to 300°C condenser temperature values. The effect 

of increasing the condenser temperature in step of 50°C, 20°C and 30°C appeared to 

have relatively uniformly increased the boiling limit vapour temperature by roughly 

20°C at each step, whereas the output thermal load at the transition point tended to 

decrease in near equivalent steps to the condenser temperature step magnitudes at 

61.1W, 20.6W and 26.7W thermal load difference respectively. Theoretically, the 

effective thermal conductivity should decrease as the vapour temperature increases as 

the liquid thermal conductivity tends to decrease which results in an overall increase of 

the wick thermal resistance. This remained true for the effective conductivity trend seen 

in the experimental results.  

 

Table 7-10 Heat pipe performance at transition point indicated in Figure 7-15. 

Circulator 

temperature 

(°C) 

Vapour 

Temperature at 

transition point 

(°C) 

Thermal 

resistance at 

transition point 

(K/W) 

Output 

thermal load 

at transition 

point (W) 

dTav at 

transition 

point 

(°C) 

dTadi at 

transition 

point 

(°C) 

Effective thermal 

conductivity at 

transition point 

(W/mK) 

200 259.1 0.43 144 62 13.5 6668.5 

250 280.8 0.52 82.9 43.3 9.8 5499 

270 297 0.79 62.3 49 9.1 3653.6 

300 321 1.58 35.6 56.4 10 1815 
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Figure 7-15 Multi variable scatter plot of steady state conditions. Line represents the maximum 
thermal conductivity path which can be used as the transition point. 

 

7.3.6 Error analysis 

 

The error analysis methodology is largely outlined in section 3.4. The data 

presented in this study has an N value of 2 due to the length of time taken to both build 

the test rigs and to acquire one steady state value point (run time for a single test usually 

exceeds 1 working day).  For this reason, it was not possible to acquire multiple sets of 

all steady state data, however, tests at 200°C were able to be repeated up to 3 times to 

ensure the repeatability of the methodology. The error displayed in previously 

presented graphs are derived from propagation theory of instrument error (as presented 

in chapter Error analysis3.4). Table 7-11 presents the repeated tests for a circulator 

temperature of 200°C with the statistical error presented. In all test cases, the heat pipe 
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angle was kept as close to 0° as possible with error only in the positive direction of up 

to +0.2°. 

 

Table 7-11  Repeatability of 200°C circulator temperature tests 

 
Output thermal load (W) 

   

Power in 
(W) 

Test 1 Test 2 Test 3 Mean SD SDOM 
(%error) 

100 25.93 30.19 - 28.06 2.13 1.51 

120 41.40 41.66 45.01 42.69 1.64 0.95 

140 58.22 60.62 62.71 60.52 1.84 1.06 

160 77.50 77.99 79.69 78.39 0.94 0.54 

180 94.96 96.61 99.40 96.99 1.83 1.06 

200 113.43 114.81 117.14 115.13 1.53 0.88 

220 127.98 123.46 123.46 124.97 2.13 1.23 

 

7.3.7 Discussion 

 

The methods and results put forward in this experiment show four-point 

indicators which can be used to identify the heat pipe limitation using relatively simple 

techniques applied in a unique way to allow for testing of heat pipes at elevated 

temperatures. The test not only successfully demonstrates the use of a previously 

untested alloy, CuNi30Mn1Fe, as a viable heat pipe wall material, but also 

demonstrated its medium-term compatibility with water. A demonstration of the high 

temperature heat pipe limitations in practice was achieved, and the results largely agree 

with one-dimensional model predictions in terms of maximum thermal load delivery of 

the heat pipes in the boiling limit region. 

 

The study successfully lays out an experimental method for identifying the 

maximum heat transport limit (in this case the boiling limit) at high vapour temperatures 
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of water using analyses on the power output and heat pipe wall temperature. The use of 

water filled copper alloy heat pipes for use in thermal storage applications at 

temperatures above 280°C has been demonstrated to be somewhat effective should the 

condenser temperature be kept below 300°C. When the condenser is operating at this 

temperature, particularly in the horizontal orientation, the pipe is susceptible to rapid 

decline in thermal conductivity due to reaching the boiling limit at a relatively low input 

thermal loads. Operation in the identified ‘transition zone’, however, is still able to 

effectively transport heat without too much detriment.  

 

From this analysis clearly there is a change in behaviour of the heat pipe beyond 

a certain vapour temperature corresponding to the boiling limit equation with a 

nucleation radius between 0.6E-7 and 1.1E-7. As the vapour temperature increases, the 

transition point becomes less pronounced. It has been shown in these cases that the 

thermal resistance values could give an alternative indication of when the boiling limit 

occurs. Results showing the performance of the heat pipe at each experimental boiling 

limit point is presented with the calculated equivalent thermal conductivity. The main 

conclusions of the study are as follows: 

 

• Experimental results show that the boiling limit could lie between maximum 

nucleation radii of 1.1E-7 and 0.6E-7 in the proposed boiling equation by Chi 

[32]  and Faghri [11]. 

• Thermal resistance values can give an alternative indicator of reaching the 

boiling limit where the transition zone is less pronounced. This may differ from 

that defined by the vapour temperature.  

• Equivalent thermal conductivity values have been calculated for a copper 

alloy/water heat pipe operating at the boiling limit above 280°C 
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• At vapour temperature above 250°C the thermal resistance substantially 

increases, but effective heat transfer can still occur up to the output thermal 

loads presented in Table 7-10. 

  

As the main application concerns the PCM thermal storage unit, in which the 

heat pipes operate horizontally, the water filled Cu/Ni heat pipes were tested only in 

the horizontal position. Not only does this demonstrate the limitations of a water filled 

heat pipe operating above 280°C but also this gives an empirical value to the 

conductivity and thermal resistance of the heat pipes which can be used in subsequent 

thermal storage simulations.   
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7.4 Summary and Conclusions 

 

Though experimentation with novel water heat pipes, the outlined study in this 

chapter has achieved the following: 

 

• Proven the functionality, accuracy, and repeatability of tests using the 

designed test rig at the lower end of the medium temperature range 

with water-based heat pipes 

• Results for the water heat pipe have provided a baseline for medium 

temperature heat pipes operating up to 320°C 

• The water heat pipe testing has validated the use of Water/CuNi 

meshed heat pipes for applications operating up to 300°C 

• A study on the boiling limit of meshed water heat pipes determined 

that the empirical equation proposed by Chi [32]  and Faghri [11] is 

valid for nucleation radii between 1.1E-7 and 0.6E-7  

 

From the results attained in this chapter, the validation of both the test rig 

components and the 1D numerical modelling was possible. The test rig can now 

confidently be used on novel heat pipes in the medium temperature range. Future work 

primarily aimed at the manufacturability of refractory metals is the next step to 

producing a medium temperature heat pipe prototype. Once this is completed, the same 

procedure outlined in this study should be used to assess the limitations of the prototype 

across the medium temperature range.  
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8 Chapter VIII 

Heat Pipe fabrication and industrial case study 
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8.1 Introduction 

 

As well as providing the theoretical scientific method for determining the 

optimal metals and fluids to take forward, this study has used a myriad of quantitative 

and qualitative analysis methods to prove the viability of the selected fluids and metals 

from the fluid selection process. The medium temperature test rig has been validated 

and its capabilities for testing in the medium temperature range has been proven. 

Moving forward with the tested fluids and metals over this study, the next phase of 

research should be directed towards prototype production. Although significant efforts 

were made over the duration of this project to manufacture a viable medium 

temperature heat pipe prototype, the production process met a series of challenges 

which could not be overcome using the available equipment and budget.  

 

This chapter will outline the research that was undertaken with regard to the 

potential production methods as well as report the attempts that were made to 

manufacture a protype and analyse the successes and failures of in the process. Based 

on this first-hand experience, the recommendation for how to proceed with production 

subject to further funding opportunities will be highlighted.  
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8.2 Fabrication methods 

 

One major conclusion from this study is that the use of conventional metals and 

alloys for medium temperature heat pipes is not possible. The identified metals which 

would be suitable fall withing the refractory metal category. Two major contenders are 

Molybdenum and the Molybdenum alloy TZM for further development. In most cases, 

refractory metals can present a challenge when welding due to a high tendency to 

oxidise at temperatures above 350°C causing reduced ductility in the weld joints [137]. 

In the case of Molybdenum and alloys, rapid oxidation starts at around 500°C if in 

contact with air, and if the temperature is elevated to above 778°C (the eutectic 

temperature of MoO2-MoO) oxides become volatile and the oxidation rate accelerates 

considerably [137].   

 

This section will discuss the general process and the possible fabrication 

methods which could be used in developing a medium temperature thermosyphon and 

heat pipe prototype. An outline of the general manufacturing process for a standard heat 

pipe is outlined. In the case of medium temperature heat pipes, the joining, filling and 

crimping procedures may need to be modified to cater for sensitive fluids and materials. 

The possible approaches to these processes will be discussed. 

 General manufacturing process 

 

Figure 8-1 shows a general outline of the manufacturing processes involved in 

the production of a liquid metal (Sodium) heat pipe. This represents some of the most 
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involved preparation and filling procedures currently employed in Aavid Thermacore 

USA. 
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Figure 8-1  Manufacturing process for sodium/stainless steel heat pipe 
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 Joining methods 

 

Molybdenum and TZM have been identified and experimentally confirmed as 

a preferred vessel material, however, manufacturing process research has identified that 

joining of the materials is inherently challenging.  The following table lists challenges 

associated to various joining techniques: 

 

 

Table 8-1  Potential Tungsten Joining Technique Analysis: 

Method Description Issues Suitable 

(Y/N) 

Recommendation Notes 

TIG Welding • Welding in inert gas atmosphere.  

• Dissimilar metal filler wire 

added to joint (Rhenium / 

Tantalum) 

• Pre-heating Required 

• Parts likely to be brittle 

below transition 

temperature 

N • Low quality weld joint expected 

• Embrittlement likely to be 

induced 

Laser / EB 
Welding 

• Low voltage and slow travel 

rates advised 

•  EB potentially can lead 

to micro-fractures in 

weld joint 

Y • Not a lot of data on improvement 

in weld quality over TIG, 

however EB and laser welding 
are potential options. 

Plasma Arc 

Welding 
• The plasma jet is being explored 

by for use in welding of tungsten  

• Limited information and 

results from tests 

? • Potential for narrower heat 

affected zones than conventional 
arc processes, but limited 

information of success in using 

the technique 

Resistance Spot 

Welding 
• Electric current locally melts and 

fuses material between two 

electrodes 

• Only focuses on a spot / 

does not weld entire 

seam. 

• Intermediate metal foil / 

plates required to aide 

welding 

N • Multiple spot welds expected to 

lead to porosity in joints / create 

mechanical issues 

• Filler materials typically have 

lower melting temperature than 

the base metal. 

Vacuum 

Brazing 
(Conventional 

non-reactive 

braze alloys) 

• A braze material (foil / filler 

wire) is compressed between two 
surfaces that are heated, melting 

the material.  Cooling solidifies 
the material forming the joint 

• Conventional Braze 

Alloys have much lower 
melting point that 

Tungsten 

N • Braze joint expected to melt 

during operation of the heat pipe. 
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Vacuum 
Brazing (Novel 

reactive braze 

alloys) 

• As per conventional alloy 

vacuum brazing. 

• Low melting point braze alloy 

forms a high melting point alloy 

during braze process 

• Availability of novel 

braze alloys 

• Process development 

and qualification testing 

required 

Y • Platinum-Boron (2%) vacuum 

brazing of Tungsten has been 

shown to re-alloy increasing the 

Eutectic melting point from ≈ 830 
°C to 2100 °C  to 2150 °C 

Additive 

Manufacturing 
• Laser Powder Bed Fusion / 3D 

Printing of subsequent powder 

layers to create a 3D part. 

• Has been demonstrated to create 

medical devices for storage / 
handling of radioactive materials 

• New technique / new 

alloy for 3D printing 

• Requires development 

activity 
 

Y • Aavid UK hold the patent on 

additive manufactured heat pipe 

capillary structures, therefore are 
experienced in this type of 

technology 

 

Electron Beam / Laser welding, vacuum brazing utilising reactive alloys and 

additive manufacturing have been identified as candidate joining techniques, however 

all four techniques have challenges to address to prove feasibility.  The preferred 

joining option is additive manufacturing, however further research into the process is 

required.   

 Wick Structure design 

 

Initial prototypes are highly recommended to be thermosyphons due to the 

lower cost and complexity to build. This will allow for long term compatibility tests to 

be undertaken with selected fluids and metals. Once the compatibility has been verified, 

simple wick structures such as channels and arteries could be used to enhance heat 

transfer for applications requiring only gravity aided or horizontal applications. Further 

on, sintered wicks are most likely to be the primary wick option as the cost of sinter 

powder is much lower than the cost of mesh structures. 
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8.3 Filling methods 

 

Once the fabrication method for both the heat pipe envelope and wick structure 

have been defined, the next challenge lies in the successful filling of the heat pipe. Due 

to the nature of the selected medium temperature fluids, the filling process is met with 

a series of challenges in order to keep the fluid from reacting with either moisture in 

the air or any of the materials in the filing process.  

 

The following flow charts show the overall manufacturing processes for liquid 

metal heat pipe that is used as a reference. Due to the reactivity of the chosen fluids 

(Bismuth Trichloride, Antimony Trichloride and Bismuth Tribromide) the filling 

mechanism may follow a slightly modified procedure to a traditional sodium hat pipe. 



 

318 

 

 

Figure 8-2  Charging processes 
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Focusing on the working fluid charging processes, the following three flow 

charts compare the sodium charging process flow with proposed modified charging 

processes for halide fluids.  For Gallium Trichloride, it can be seen that due to rapid 

reaction of the solid material in air, it is required to store the material in inert atmosphere 

at all times and handle using an inert gas purged glove box.  The GaCl3 sample must 

then be weighed to size using mass measured with equipment installed within the 

glovebox, before transferring a directly into the push-pot.  The vacuum bake and 

charging processes that follow are then similar to the sodium charging processes.  The 

complexity of halides charging is greater than for sodium. 

 Conventional fill method 

 

Considering the charging process for conventional fluids, usually they are non-

reactive in air, therefore is easily handleable without personal protective equipment. 

Ideally a fluid which is solid at room temperature could be placed directly into a 

partially assembled heat pipe, which then progresses immediately to cap welding a 

vacuum bake-out to prevent deoxidisation. This process could potentially be achieved 

with Bismuth Trichloride and Antimony Trichloride, though this would still require a 

highly clean and   

 Push-pot fill method 

 

A high purity fluid supply is stored within a bulk storage vessel, that is elevated 

above the work-piece location.  An external heater jacket elevates the storage vessel to 

above the melting point of the fluid, transitioning it into the liquid phase.  A valve at 
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the base of the vessel allows for decanting of the fluid into a measurement vessel (push-

pot). 

 

The push-pot assembly in turn is elevated above the work piece and has an outlet 

port / valve at the bottom of the vessel, that allows the fluid to flow into the heat pipe.  

The push-pot, transport lines, valve and heat pipe test piece are vacuum baked to 

remove moisture and air before sodium charging.  At elevated temperature, the sodium 

charge mass is decanted into the push-pot, then is charged into the heat pipe.  The heat 

pipe then undergoes a burn-in period that conditions the pipe to achieve maximum 

functionality. 

 

In the case of a halide heat pipes, an additional process is proposed that to 

remove moisture / oxygen from within the heat pipe vessel, to minimise internal 

evaporation of the vessel wall at temperatures > 300 °C. 

 

 

Figure 8-3 Schematic Diagram Showing the Main Elements of a High Temperature Heat Pipe 
Charging Facility 
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A preliminary charging process could be used to remove oxygen / moisture from 

within the heat pipe.  One potential method would be to pre-charge the heat pipes with 

ammonia, that acts to draw moisture and oxygen into the fluid.  The ammonia can then 

be removed, before proceeding to vacuum bake process. Ammonia charging facilities 

are available within Aavid UK. 

 Inert atmosphere/vacuum fill method 

 

The procedure for filling the heat pipe using either an inert atmosphere or a 

vacuum environment would still be the same as conventional method but with the added 

cost of preparing either an inert or vacuum chamber containing all necessary equipment 

inside. Though the procedure itself would only have minor logistical factor on top of 

the conventional method (i.e. keeping everything within reach of the access point), the 

main disadvantage is the high cost of initial equipment investment should this 

equipment not already be available.  

 Crimping 

 

Once filling and evacuation is complete, the standard crimping process follows 

that seen in Figure 8-4. This comprises of a pneumatic crimping tool which is used to 

keep the fill tube sealed while the valve is sawn off and the end is welded shut. It is 

currently unknown whether this process would be adequate for the metals in question. 

Once a prototype is constructed, the crimping process will have to undergo trial and 

error to determine if it is an adequate procedure. The metals in question are significantly 

stronger than conventional metals, hence it is predicted that the crimping force would 
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have to be much higher for refractory metals. The crimping tool does have the capability 

of reaching crimping strengths significantly higher than that used on regular metals 

though. 

 

 

Figure 8-4 Standard crimping process 

 

  



 

323 

 

8.4 Fabrication attempts 

 

Over the duration of this project, many attempts were made to produce a 

Molybdenum and TZM heat pipe prototype. The principal difficulty encountered 

during these trials is with the weldability of these metals. Although there are some 

studies which claim that these metals are weldable using conventional welding 

techniques such as TIG and MIG [137] [138], the studies clearly state that this must be 

done in a vacuum or inert atmosphere. Using the equipment available at Aavid 

Thermacore, an inert atmosphere glovebox with welding capability was constructed to 

trial welding the Mo and TZM prototype designs together.  

 

 

Figure 8-5 Custom built argon purged welding chamber 

Argon inlet 

Welder 

Welding sample 

clap & rotor 

Filter & 

ventilation 
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Figure 8-6 Argon purged welding attempt 

 

 

Figure 8-7 Argon purged welding results 

  

Successful 

joining attempt  

Unsuccessful 

joining attempt  
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8.5 Fluid selection analysis case study 

 

In this thesis, a variety of methods and techniques have been used to validate 

the theory behind the modelling, compatibility and provide evidence of the viability of 

a variety metals and fluids in their use within the medium temperature range. Although 

these methods were directed a specific temperature range in this case, there is no reason 

why this fluid and metal optimisation process could not be conducted in any other 

temperature range also. For this reason, over the duration of the project I have set out 

to create a ‘framework’ by which the methods used in this study could be applied to 

any other temperature range of any heat pipe application.  

 

This ‘framework’ is the basis of the content presented in Chapter 4. The 

framework intends to be an exhaustive consolidation of every method used in this study 

to enable rapid experimentation of new fluids to be considered for use in heat pipes. 

The method may also be used to either validate a fluid which is currently being used in 

an application or identify a more suitable alternative in accordance to changing 

application criteria. The ‘weighted selection’ methodology can consider a wide variety 

circumstances and identify the most suitable fluid out of those which have available 

fluid property data. Using the extensive fluid property databases which were also 

created during this study, this framework could be a valuable tool for industry to 

optimise their heat pipe designs and potentially identify cheaper, easier and more 

effective fluids for any number of applications in any temperature range.  

 

Over the duration of this project, this framework has had the opportunity to be 

applied in other industrial applications to verify its usefulness and versatility. This 
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section will present a case study whereby the exact framework which was outlined in 

Chapter 4 was used in a feasibility study for the application of heat pipes as a thermal 

conduction enhancement in Nuclear Fusion application.  

 Application example 

 

The UK Atomic Energy Authority proposed a feasibility study directed towards 

the viability of implementing heat pipes into plasma facing components of TOKAMAK 

nuclear reactors. The industry has previously conducted prototype testing on Lithium 

heat pipes which was met with a series of issues primarily involving material failure 

[139]. Other issues with the utilisation of Lithium prototypes is in the cost involved in 

producing such heat pipes due to the difficulty in handling the fluid and the materials 

involved. 

 

The STEP Work Package 5 (Resilient Nuclear Components) wishes to harness 

industrial expertise in heat pipe design outside the fusion community and to identify 

whether this expertise can be applied to developing an innovative heat pipe concept 

design for the STEP diverter target. Further in-depth design and testing, to be carried 

out during the STEP programme conceptual design phase (2020-2025), is contingent 

on an initial feasibility study or studies to be carried out in 2019, expressed in terms of 

a “design challenge,”. The design challenge is ultimately concerned with the feasibility 

of implementation for a heat pipe high heat flux handling solution within the diverter 

region of a fusion reactor. The applications for the use of heat pipes in fusion 

applications are not necessarily limited to this application. 
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 Fluid analysis  

 

A fluid selection procedure was undertaken to select the most viable fluids 

which could be used in the application. From this study, 7 fluids were selected to take 

forward for further analysis. The figure below shows the Heat Transport Capacity (or 

Merit Number) of each fluid, this is the first method used to compare the functionality 

of the fluids over the desired temperature range.  

 

Another important quality to analyse in each fluid is the Vapour Pressure. This 

determines whether the heat pipe internal pressure is within a functional range i.e. low 

enough to not cause any damage to the heat pipe walls and large enough to overcome 

viscous forces in the wick structure. 

 

Once the Merit Number and Vapour Pressure analysis were completed, other 

important fluid properties were analysed, such as the fluid stability in air (at room 

temperature), the toxicity and ease of handling, the magnetic susceptibility and the cost. 

From this analysis, each property was assigned a score from 1 to 3 (1 indicating low 

performance and 3 indicating high performance). The fluids were then collated in a 

weighted analysis table seen below to rank the effectiveness of each fluid. From this 

analysis two fluids were shown to be equally viable as top candidate; hence these were 

taken forward into further analysis. 

Using acquired property data for each of the shortlisted fluids, it is possible to 

model the maximum operating limits of heat pipes using each of the fluids. The images 

below show the 'operating domain' of each fluid. This encompasses the maximum heat 
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transfer rate which can be achieved with changes in both angle and temperature of the 

heat pipe. 

 

The conclusion of this study brought forward two fluids which were of main 

interest to the UKAEA. To further analyse the use of these fluids with a Tungsten heat 

pipe body, an FEA study was conducted on the heat pipe structure operating at the 

maximum allowable temperature to determine the maximum von mises stress 

experienced.  
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8.6 Chapter Summary 

 

This chapter has explored some of the methods which could be applied to future 

work to manufacture and develop medium temperature heat pipes. The attempts at 

manufacturing these using conventional techniques available at Aavid Thermacore 

have been highlighted and the end results confirm that more specialised techniques are 

required.  This chapter has also highlighted the use of the ‘fluid assessment framework’ 

in industry by presenting a real case study where the framework and modelling was 

used with great success.  
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9 Chapter IX 

Conclusions and Recommendations  
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9.1 Conclusions 

 

This thesis has set out to build a framework by which medium temperature heat 

pipe fluids can be further explored. Throughout this project, modelling and 

experimental techniques have been developed not only to provide the necessary 

equipment and tools to accelerate the development of medium temperature heat pipes 

in future, but to provide commercial value to the project as these are tools and 

techniques which can be used to verify the use of heat pipes in commercial systems.   

 Summary of thesis 

 

A summary of the key conclusion from the overall thesis follows: 

 

• An analysis of 350 inorganic fluids concluded that Antimony 

Trichloride and Bismuth Trichloride are the highest ranking current 

medium temperature fluids when considering cost and ease of handling. 

Other fluids of interest are Ruthenium Pentafluoride, Rhenium 

Heptoxide and Rhenium Heptafluoride which have the greatest thermal 

transport capacity in the medium temperature range, but are very rare 

and expensive fluids – hence these should be studied in a specialised and 

specifically funded programmes. 

 

• Electromotive force difference modelling indicates that refractory 

metals are the most likely compatible metals with Antimony Trichloride. 

It also indicates that commonly available metals and alloys such as 
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Stainless Steel are highly incompatible. This has been validated through 

short term compatibility testing. 

 

• Wettability tests indicate that some refractory metals may have 

favourable wettability with water compared with conventional metals. 

Preliminary tests using novel wettability measuring techniques for air 

sensitive fluids indicate that Antimony Trichloride has excellent 

wettability with Molybdenum, Tungsten and TZM. 

 

• Experimental results for high temperature water heat pipes have 

validated the predicted Boiling limit using the Ivanovskii et al [8] 

equation. 

 

• The thermal resistance model has not provided accurate temperature 

difference predictions compared to experimental values. This model 

must be further development to enable accurate prediction of the heat 

pipe effective conductivity.  

 

• The fluid selection process developed has successfully identified both 

ideal fluids to take forward in the medium temperature range as well as 

alternative fluids in other temperature ranges with higher cost-

effectiveness to apply in commercial applications.  
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 Originality and contributions 

 

1. Develop a new, more accessible and more extensive databases of fluid 

properties, metal properties and fluid/metal compatibilities. 

• A database of 350 inorganic fluids has been created with the pending 

addition of 1000 organic fluids 

• A metal property database was created with the identified metals  

• A comprehensive database of all previous fluid/metal compatibility tests 

has been successfully created 

• The databases are able to interact seamlessly with  MATLAB code and a 

variety of analytical programmes have been developed to study the 

database 

2. Develop a new heat pipe modelling code which can easily incorporate the 

databases. 

• A MATLAB heat pipe modelling code was developed using one 

dimensional analysis of heat pipe limitations  

• The MATLAB code call and model any fluid or metal from the databases – 

this will be continually updated to provide even better user experience and 

further modelling capability in future 

3. Develop a framework by which fluids can be rapidly identified and selected 

for testing. 

• A comprehensive fluid selection framework has been developed and proven 

through academic and commercial application 
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• The framework has successfully identified and empirically justified two key 

fluids, Antimony Trichloride and Bismuth Trichloride, which are the best 

candidates to move forward with out of currently available fluids 

4. Perform extensive metal search and compatibility modelling to select likely 

compatible metals. 

• An extensive metal database search was performed, and key metal groups 

identified  

• Compatibility modelling techniques were used to determine the most likely 

compatible metals to take forward to treating. Refractory metals were 

identified as highly compatible metals, in particular Molybdenum and its 

alloys 

5. Develop methods and test rigs to perform compatibility tests and wettability 

tests on the selected fluids and metals. 

• The compatibility of Antimony Trichloride with various selected metals has 

been tested and verified using a test process developed for air sensitive 

fluids 

• The wettability of Antimony Trichloride with various selected metals has 

been tested and verified using a test process developed for air sensitive 

fluids 

6. Develop a test rig which can support heat pipe testing in the medium 

temperature range. 

• A medium temperature heat pipe test rig was successfully developed, and 

each component optimised as much as possible 

7. Validate the test rig at the lower end of the medium temperature range using 

water heat pipes. 
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• Water heat pipes have been extensively analysed over their boiling limit 

and have validated the functionality of the medium temperature test rig 

• Novel research establishing the boiling limit boundary and quantifying the 

heat pipe performance at that boundary has been published through this 

research  
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9.2 Recommendations and future work 

 

While this work has progressed research for medium temperature heat pipe 

development, there is still much further work to be done. This includes: 

 

1. Compatibility and wettability testing 

• Further testing is needed on the wettability of Antimony Trichloride with all 

refractory metal samples using the developed methods   

• Once adequate results for Antimony Trichloride are achieved, progress to 

testing with Bismuth Trichloride 

• Short term compatibility tests are needed with Bismuth Trichloride using the 

developed methods 

• Once the development of a prototype is possible, long term compatibility tests 

must be carried out using the developed long-term compatibility test rig 

 

2. Medium temperature test rig 

• The development of a gas gap condenser may be beneficial to test at higher 

temperatures 

• If possible to conduct tests in vacuum, this would be highly advisable to reduce 

heat losses 

 

3. Modelling and databases 

• Continual improvements to MATLAB model are always possible aimed at 

reducing running time, improving user experience and incorporating new 

features such as predicting the performance of bent pipes 
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• Continual improvement to databases by adding as many fluids and metals as 

possible would increase the capability of the fluid selection framework and 

modelling code 

• Development of an improved or alternative version of the thermal resistance 

network to predict the heat pipe temperature difference would be advisable 

• Development of CFD modelling which is capable of predicting the boiling limit 

 

4. Water heat pipe testing 

• Further testing at lower temperatures to identify the capillary limit point 

experimentally would be of interest 

• Testing the performance of the heat pipe at various inclinations would be of 

interest  

 

5. Prototype development 

• Study joining techniques to join refractory metals 

• Develop a filling rig for air sensitive fluids 

• Create thermocyphons for compatibility analysis  

• Develop adequate wick structures  

• Create a medium temperature heat pipe for thermal transport performance 

testing 

 

6. Medium temperature fluid development 

• Perform analysis on other shortlisted fluids such as Rhenium Heptoxide and 

Ruthenium Pentafluoride which offer excellent heat transport in intermediate 

temperature range but at a higher capital cost 
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• Perform fluid property testing on fluids which are missing fluid property data  

• Develop new potential medium temperature fluids using conventional or 

azeotropic mixtures and determine their fluid properties through 

experimentation 
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Appendix A Compatibility and Wettability 

test sample log table 
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Appendix B Improved wick conductivity and 

mesh property equations 
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Appendix C SEM/EDX imaging procedure 

  



 

 

 

Full details on SEM setup and imaging process can be found here: 

https://www.chems.msu.edu/resources/tutorials/SEM/generic-operation 

  

https://www.chems.msu.edu/resources/tutorials/SEM/generic-operation


 

 

 

Appendix D Thermocouple calibration test 

results 



 

 

Liquid temperature measurement calibration results 

 

 

 

 

 

 

 

 

 

 

dt Tin dT Tout dT Bin dT Bout dT A dT B dT C dT D 

-0.66 -0.43 -0.23 -0.13 -0.63 -0.41 -0.09 -0.14 

-0.89 -0.67 -0.42 -0.32 -0.78 -0.57 -0.11 -0.29 

-0.78 -0.57 -0.29 -0.21 -0.52 -0.32 0.26 -0.11 

-0.58 -0.39 -0.09 -0.01 -0.28 -0.08 0.67 0.15 

 

 

 

 

Temp Ref Top In Top Out Bot In  Bot Out A B C D 

30 29.66 29 29.23 29.43 29.53 29.03 29.25 29.57 29.52 

50 49.31 48.42 48.64 48.89 48.99 48.53 48.74 49.2 49.02 

70 68.75 67.97 68.18 68.46 68.54 68.23 68.43 69.01 68.64 

90 88.29 87.71 87.9 88.2 88.28 88.01 88.21 88.96 88.44 



 

 

Solid temperature measurement calibration results 

 

Reference 
temp 

C5 
Type K 

C4 
Type K 

C3 - 
Type K 

C2 - 
Type K 

C6 - 
Type K 

X1 
Type K 

E4 
Type K 

ref 1 
Type K 

ref2 
Type K 

E2 
Type K 

E3 
Type K 

E1 
Type K 

C1 
Type K 

A1 
Type K 

E5 
Type K 

100 100.02 99.83 99.49 99.45 99.50 99.59 99.73 99.78 101.04 99.56 99.81 100.60 100.79 100.83 100.97 

200 196.28 195.83 195.22 195.34 195.54 195.51 195.74 195.75 197.38 197.00 195.73 196.80 197.08 197.24 197.25 

300 294.37 293.84 293.75 293.32 293.52 293.46 293.72 293.73 294.98 294.83 293.61 294.29 294.75 294.97 294.71 

400 394.29 393.69 394.06 392.91 393.15 393.09 393.44 393.45 396.93 394.43 393.14 395.71 396.43 397.23 396.34 

500 494.44 493.71 494.54 492.55 492.74 492.83 493.40 493.27 494.11 494.24 492.99 492.84 493.70 494.11 493.71 

Reference 
temp 

C5  C4  C3 C2 C6 X1 E4 ref 1 ref2 E2  E3 E1 C1 A1 E5 

100 -0.02 0.17 0.51 0.55 0.50 0.41 0.27 0.22 -1.04 0.44 0.19 -0.60 -0.79 -0.83 -0.97 

200 3.72 4.17 4.78 4.66 4.46 4.49 4.26 4.25 2.62 3.00 4.27 3.20 2.92 2.76 2.75 

300 5.63 6.16 6.25 6.68 6.48 6.54 6.28 6.27 5.02 5.17 6.39 5.71 5.25 5.03 5.29 

400 5.71 6.31 5.94 7.09 6.85 6.91 6.56 6.55 3.07 5.57 6.86 4.29 3.57 2.77 3.66 

500 5.56 6.29 5.46 7.45 7.26 7.17 6.60 6.73 5.89 5.76 7.01 7.16 6.30 5.89 6.29 

 

Reference 
temp 

Mean SD SDOM 

100 -0.06611 0.597055 0.154159 

200 3.753779 0.788321 0.203544 

300 5.87643 0.59762 0.154305 

400 5.447529 1.54028 0.397699 

500 6.454664 0.65767 0.16981   
Av 0.215903 

 

 



 

 

Thermocouple error vs temperature  

 

 

 

 



 

 

High temperature calibration block photos 

 

 

 

 

 



 

 

 

Appendix E Dibenzyl toluene, 90-95% 

property data 



 

 

 

Thermal 
H350 

      

       

Temperature 
[°C] 

Kinematic viscosity 
[mm²/s] 

Dynamic viscosity 
[Pa.s] 

Density 
[kg/m³] 

Specific heat capacity 
[kJ/kg K] 

Thermal conductivity 
[W/m K] 

Vapor pressure 
[hPa] 

0 321 0.339618 1058 1.48 0.133 - 

20 47 0.049068 1044 1.55 0.131 - 

40 16.5 0.016995 1030 1.62 0.128 - 

60 8.1 0.0082296 1016 1.7 0.125 - 

80 4.7 0.0047047 1001 1.77 0.123 - 

100 3.1 0.0030597 987 1.85 0.12 - 

120 2.3 0.0022379 973 1.92 0.117 - 

140 1.8 0.0017244 958 1.99 0.115 0.1 

160 1.4 0.0013216 944 2.07 0.112 0.5 

180 1.2 0.001116 930 2.15 0.11 1.7 

200 0.92 0.0008418 915 2.22 0.107 5 

220 0.77 0.00069377 901 2.29 0.104 12 

240 0.65 0.00057655 887 2.37 0.102 27 

260 0.57 0.00049761 873 2.44 0.099 54 

280 0.5 0.000429 858 2.52 0.096 98 

300 0.45 0.0003798 844 2.59 0.094 200 

320 0.4 0.000332 830 2.67 0.091 315 

340 0.36 0.0002934 815 2.74 0.088 560 

360 0.32 0.00025632 801 2.82 0.086 860 



 

 

 

 

 



 

 

Appendix F MATLAB heat pipe model code 

development 

  



 

 

Using the theory outlined in section 2 a code was developed which would model 

the heat pipe working limitations using any of the fluids listed in the fluid property database 

(assuming all the property data is complete). The model uses the empirical data to map the 

limitation curves for a variety of input parameters. The capability of modelling a variety of 

wick structures is also in built. Calculations for the heat pipe limitations include: 

 

• Capillary limit 

• Capillary limit with annulus gaps in wick 

• A choice of 4 boiling limit correlations 

• Sonic limit 

• Entrainment limit 

• Viscous limit 

 

Additionally, a variety of subsequent calculations include: 

 

• Fill mass/volume calculations 

• Temperature difference calculation   

• Effective conductivity calculation 

• Calculation of capillary limit at a variety of angles 

 

 



 

 

  

 

MATLAB modelling structure 

 



 

 

MATLAB Heat Pipe Modelling Code 

 

The one-dimensional empirical equations outlined in chapter 2.3 form the basis of 

the coding used to assess the fluid performance within a heat pipe. The fluid performance 

is determined mainly by its capillary limit as this generally tends to be the limiting factor 

in the majority of cases. Another performance indicator is the temperature difference 

between the two ends of the heat pipe (although this tends to also be affected by the heat 

pipe wall thickness and metal conductivity). A comparison between these key performance 

indicators are used to evaluate each fluid and compare these against the baseline fluid 

(water) and each other.  

 

The code performs three key functions in sequence; extracts all of the property data 

for the fluid selected, defined the key variables relating to the heat pipe geometry and wick 

structure, performs the performance limitation and temperature difference calculations and 

lastly presents the results in a graphical format. Each of these sections is detailed below 

  



 

 

User input 

 

The first section of code takes the user defined fluid input and locates the relevant 

property data stored as a .csv file in a database folder. The file is then stored as a Tabular 

text containing 9 columns and variable number of rows (varies according to the temperature 

range of the fluid).  

 

  
 

    
 

 



 

 

Variable Definition 

 

This section serves to define all of the required variables relating to the heat pipe 

geometry, wick structure and any area/volume calculations necessary. It also serves to 

extract the property data of the fluid from the tabular text data store and saves individual 

property data at each temperature increment as single column matrices.  

 

if (wick_type=="mesh")           % Conditions for wick types chosen  
    NW = N_WRAPS;          % Input the number of wraps in the mesh    
    N = MESH_NUMBER;                     % Input the screen type 
 

if N == 100 
     
    d_scr_in = 0.1E-3;                      % Wire Diameter (m) 
    w = 0.154E-3;                             % Aperture (m) 
 

(…) 
 
rc1 = (1/(2*N))*2.54/100;                         % Pore radius 
rc2 = ((1/N+d_scr_in*100/2.54)/2)*2.54/100;       % Alternative Pore 
radius calculation 
 

twick = (2*d_scr_in*NW);                    % Wick Thickness 
rv = (do-(2*twall)-(2*twick))/2;           % Radius of Vapour Space 
po = 1-((1.05*pi*N*d_scr_in*100/2.54)/4);             % Porosity  
pe = (d_scr_in)^2*po^3/(122*(1-po)^2);                % Permeability 
 

elseif (wick_type=="sintered") 
    po = input('enter the porosity ');   % Input the porosity  
    rc1 = input('enter the pore radius ');  % Input the pore radius 
    rc2 = rc1; 
    pe = input('enter the permeaillity '); % Input the permeability 
    dm_mm = input('mandrel diameter (mm) ');% Input mandrel diameter 
    dm = dm_mm/1000; 
    kwick = input('powder conductivity (w/mk) ');  % Enter powder 
conductivity 
    twick = do/2-twall-dm/2;                  % Wick Thicknes 
    rv = (do-(2*twall)-(2*twick))/2;   % Radius of Vapour Space 
end 
    
 

 



 

 

 

 

  

kwick = WICK_K;                    % Input screen conductivity 
A = pi*((do-2*twall)/2)^2;            % Total inner area 
Av = pi*rv^2;                             % Area of vapour space 
Aw = pi*((((do-2*twall)/2)^2)-rv^2);           % Aria of wick 
Akeff = pi*(do/2)^2;              % Area for effective conductivity 
 

Sz_table = size(P_read); 
Tmin = T(1);                                  % Min operating temp 
Tmax = T(Sz_table(1));                        % Max operating temp 
g = 9.81;                                     % Gravity 
theta = HP_Angle;                             % Angle of heat pipe 
h = -l*sin(theta*2*pi/360);                   % Height of evap 
Aevap = do*le*pi+2*pi*(do/2)^2;              % Area of evaporator 
Acond = lc*do*pi+2*pi*(do/2)^2;             % Area of condenser 
 
     

 

 



 

 

Capillary limit 

 

The Capillary limitation is first calculated without the use of an ‘annulus gap’, 

referring to the gap present between mesh wick structures when these are the chosen wick 

type (if sintered wick is chosen this capillary limit is chosen by default).  The calculation 

of the capillary limit makes use of two ‘for’ loops which iterate the ‘Qcap’ value until a 

residual value below ‘-0.001’ is reached. The magnitude of the residual value is determined 

by the magnitude of the iteration used in the second ‘for’ loop (in this case set at 0.01 to 

minimise calculation time). This can be changed within the code to improve the residual 

value. The gravitational, vapour and liquid pressure balance equations are used within the 

‘for’ loop to determine maximum capillary limit of the system. These are equated to the 

maximum theoretical capillary pressure in the iterative cycle. See the extract below as an 

example of the ‘for’ loop used in this case. 



 

 

 

  

Qcap_ant = zeros(Sz_table(1),1);  % Creates an empty matrix 

  
for x = 1:Sz_table(1) 

     
    for x0 = 1:n 

         
    for Qcap_an = 0:0.1:100000 

  
P_cmax = 2*(st_l(x,x0)/rc1);                                                                               

% Maximum capilliary limit Pc_max = 2*(ST/rc) 
dPl_an = (mu_l(x,x0)*leff*Qcap_an)/(rho_l(x,x0)*k_gap(5)*(pi*((do/2-

twall)^2-(do/2-twall-gap(5))^2))*lhc(x,x0));  

% Liquid pressure difference with annular gap dPl = 

(mu_l*leff*Qcap_an)/(rho_l*k_gap*(pi*((do/2-twall)^2-(do/2-twall-

gap)^2))*lhc) 
dPg_an = rho_l(x,x0)*g*h;                                                                                  

% Gravitational pressure difference dPg = rho*g*L*Sin(theta) 
dPv_an = (Qcap_an*mu_v(x,x0)*8*leff)/(rho_v(x,x0)*pi*rv^4*lhc(x,x0));                                            

% Vapour pressure difference dPv = (8*mu_v*Qcap*leff)/(rho_v*Pi*rv^4*lhc) 
Prem_an = P_cmax - dPg_an - dPv_an - dPl_an; 

% Pressure balance  

    
    if Prem_an < -0.001   % Break condition 
        break 
    end   
    Qcap_ant(x,x0) = Qcap_an;  % Output calculated values into 

empty matrix 
    end 
    end 
end 

 

 



 

 

Capillary limit at various angles 

 

In addition to the calculations described previously, it is of interest to assess the 

performance of the heat pipe at various angles (in addition the one set by the user in the 

variable definition section). This give a fuller picture of the heat pipe performance in terms 

of the capillary limitation and dictates the ‘operating domain’ of the heat pipe, that is, the 

full characterisation of the heat pipe operation with respect to angle, temperature and heat 

flux. This ‘for’ loop performs the capillary limit with annulus gap equations but with the 

addition of an angle variable defined by another sub ‘for’ loop. This outputs six single 

column matrices defining the capillary limit at in 30° angle increments (varying form -90° 

to +90°) .  

 



 

 

 

theta_range = -90:45:90;                                            % 
Angle of heat pipe 
h_range = -l*sin(theta_range.*2*pi/360);                            % 
Height of evap 
%Qcap_rant = zeros((Sz_table(1)*10),1); 
 

gap = 0.000127    % Wick gap 
k_gap = 2*(gap.^2)./24;      % Permiabillity of wick gap                                                                    

x1=1; 
for hx = h_range 
    for x = 1:Sz_table(1) 
        for Qcap_ran = 0:0.1:100000 
                 
 

P_cmax = 2*(st_l(x)/rc1);                                                                                 
% Maximum capilliary limit Pc_max = 2*(ST/rc) 
dPl_ran = (mu_l(x)*leff*Qcap_ran)/(rho_l(x)*k_gap(5)*(pi*((do/2-
twall)^2-(do/2-twall-gap(5))^2))*lhc(x)); % Liquid pressure difference 
with annular gap 
dPg_ran = rho_l(x)*g*hx;                                                                                  
% Gravitational pressure difference dPg = rho*g*L*Sin(theta) 
dPv_ran = (Qcap_ran*mu_v(x)*8*leff)/(rho_v(x)*pi*rv^4*lhc(x));                                            
% Vapour pressure difference dPv = 
(8*mu_v*Qcap*leff)/(rho_v*Pi*rv^4*lhc) 
Prem_ran = P_cmax - dPg_ran - dPv_ran - dPl_ran; 
    
    if Prem_ran < -0.001 
        break 
    end   
        end  
 

Qcap_rant(x1,1) = Qcap_ran; 
x1=x1+1; 
    end 
end 
 

Qcap_m90 = Qcap_rant(1:Sz_table(1));   
Qcap_m45 = Qcap_rant(Sz_table(1)+1:Sz_table(1)*2); 
Qcap_0 = Qcap_rant(Sz_table(1)*2+1:Sz_table(1)*3); 
Qcap_45 = Qcap_rant(Sz_table(1)*3+1:Sz_table(1)*4); 
Qcap_90 = Qcap_rant(Sz_table(1)*4+1:Sz_table(1)*5); 

 



 

 

Other Heat Pipe limitations 

 

Further to the capillary limitation of the heat pipe, the viscous, sonic, entrainment 

and boiling limits are analysed to validate the temperature range in which the capillary 

limit can be used as the dominating limitation. Often at higher temperature limits the 

boiling limit can become the predominant limitation and at lower temperatures the sonic 

or entrainment limits can dominate. It is rare that the viscous limit should dominate at such 

temperatures unless a highly viscous fluid is used.  

 

 
 

 

%%%%%%%%%%%%%%%%%%%%% Heat Pipe Limitations 
 

%/////////////////VISCOUS LIMIT EQUATION///////////////////////////// 
qvisc = (((rho_v.*P_v).*rv^2).*lhc)./((16*mu_v.*leff)); 
Qvisc = qvisc.*(pi*rv^2); 
 

%/////////////////SONIC LIMIT EQUATION/////////////////////////////// 
qsonic = ((((rho_v.*P_v).^0.5).*lhc).*0.474); 
Qsonic = qsonic.*(pi*rv^2); 
 

%///////////////ENTRAINMENT LIMIT EQUATIONS////////////////////////// 
 
qent = (((((lhc.^2).*(rho_v.*2*pi)).*st_l)./rc2).^0.5); 
Qent = qent.*(pi*rv^2); 
 

%////////////////// Boiling limit Equations////////////////////////// 
%////////// Chi/Faghri ///////// 
rn = Rn; 
Ke = (K_l.*((K_l+kwick)-((1-po)*(K_l-kwick))))./((K_l+kwick)+((1-
po)*(K_l-kwick))); 
Qb =((T_k'.*(Ke.*2*pi*le))./((lhc.*rho_v).*log(((do/2)-
twall)/rv))).*(((st_l.*2)./rn)-P_cmax); 
 

 



 

 

Heat Pipe Thermal Network 

 

The temperature difference between the evaporator and condenser is evaluated in 

this part by adding the thermal resistances of each section of the heat pipe. Below is and 

extract of the code used to evaluate this at a fixed temperature and over a range of heat 

fluxes. The heat pipe thermal resistance network follows the theory presented in section 

….  

 

 

 

 

 

  

%%%%%%%%%%%%%%%% dT Calculation for varying heat fluxes %%%%%%% 

  
dT_wall_evap = (Q_min.*twall)./(kwall*pi*do*le); 
dT_wick_evap = (Q_min.*twick)./(Ke.*pi*(do-2*twall)*le); 
dT_wall_cond = (Q_min.*twall)./(kwall*pi*do*lc); 
dT_wick_cond = (Q_min.*twick)./(Ke.*pi*(do-2*twall)*lc); 

  
dT_tot = [dT_wick_cond + dT_wick_evap + dT_wick_evap + 

dT_wall_evap].'; 

  
Res = dT_tot'./Q_min; 
K_eff = (A*Res).^(-1)*leff; 

 

 

 



 

 

Databases 

 

One crucial part to analysing these fluids is creating a database of both property 

data and fluid compatibility to incorporate into the heat pipe model. This provides the 

baseline property data needed to be incorporated into the modelling process. As the 

modelling used incorporates such extensive property data (8 individual property data sets 

needed per fluid) it is imperative to create an efficient and accessible database system 

which can be easily updated when new fluids are to be analysed. The methods chosen to 

combine both excel and MATLAB data basing systems which will be described in this 

section.  

 

The fluid property database is a tool to collate all fluid property data found from 

numerous sources and provide a straightforward interface to access this data on demand. 

The data has successfully been integrated with MATLAB code to search, extract and use 

the property data within calculations. This data tends to be derived directly from empirical 

data, where the individual data points are given in the data source (as opposed to curve 

fitting equations).  

 

  



 

 

Matlab database code 

 

In addition to the Excel property database, a MATLAB based database was 

developed in order to extract large amounts of data from curve fitting equations. The code 

contains a database of polynomial variables for each fluid property. Once a fluid is selected, 

the code runs all variables in their relevant polynomial equations and outputs the property 

data in both tabular and graphical form.  

 

 

%/////////////////////////// Data Extraction ////////////////////////// 
 

load('Enthalpy of Vaporisation.mat'); 
load('Liquid Density.mat'); 
load('Surface Tension.mat'); 
load('Thermal Conductivity Liquid.mat'); 
load('Thermal Conductivity Vapor.mat'); 
load('Vapour Pressure.mat'); 
load('Viscosity Liquid.mat'); 
load('Viscosity Vapor.mat'); 
load('Metal Propoperties Database.mat'); 
 

Met2 = cell2mat(M2(2)); 
Met2_select = Met2(str2double(Metl),:); 

%/////////////////// Variable identification ////////////////////// 
 
MP_metl = Met2_select(3); 
MAX_metl = Met2_select(4); 
YM_max = Met2_select(5); 
YMA = Met2_select(6); 
YMB = Met2_select(7); 
YMC = Met2_select(8); 
YMD = Met2_select(9); 
UTS_max = Met2_select(10); 
UTSA =  Met2_select(11); 
UTSB = Met2_select(12); 
UTSC = Met2_select(13); 
UTSD = Met2_select(14); 
Kmet_max = Met2_select(15);  (…) 
KA = Met2_select(16); 
KB = Met2_select(17); 
KC = Met2_select(18); 
KD = Met2_select(19); 
MW = P_Hv_select(7); 



 

 

 

  

%////////////////////////// Data Extraction ////////////////////////// 
 

P_Pv = cell2mat(Pv(2)); 
P_Pv_select = P_Pv(str2double(Fluid),:); 
 

% Property data extraction from database 

APv = P_Pv_select(4); 
BPv = P_Pv_select(5); 
CPv = P_Pv_select(6); 
DPv = P_Pv_select(7); 
EPv = P_Pv_select(8); 
MW = P_Pv_select(11); 
Tc = P_Pv_select(12); 
 

x = 1; 
for T = Trange   % Property data matrix creation 
 
Pv = 
((10^(APv+(BPv/(T+273.15))+CPv*log10(T+273.15)+DPv*(T+273.15)+EPv*(T+27
3.15)^2))/750.06156130264);    % Polynomial expression 
 
Pvx(x,1) = Pv; 
x = x+1; 
end 
 
 



 

 

Fill volume analysis 

  

% Fill Volume Calculation %% 
 

dp = do;                                   % Diameter unit conversion    
di_tube = dp-2*twall;  
 

  if (wick_type=="mesh")  
di_vap = di_tube-2*(NW*2.2*d_scr_in);         % Vapor space diameter 
  else  
di_vap = di_tube - 2*twick; 
  end 
 
Area_wick = (pi*(di_tube^2-di_vap^2))/4;      % Wick area    
Area_vap = (pi*di_vap^2)/4;                   % Vapor space area    
Vol_wick = l*Area_wick;                       % Wick volume    
Vol_vap = l*Area_vap;                         % Vapor space volume       
 

Sat_wick = Vol_wick*po*1E6;               % Wick saturation volume (cc) 
 

% Find rho_v at operating temperature 
T_rho_v = [T',rho_v]; 
find_rho_v = find(T_rho_v(:,1)>=Op_temp-2 & T_rho_v(:,1)<=Op_temp+2); 
size_T_rho_v = size(T_rho_v); 
rho_v2 = T_rho_v(round(find_rho_v+(size_T_rho_v(1)))); 
 

% Find rho_l at operating temperature 
T_rho_l = [T',rho_l]; 
find_rho_l = find(T_rho_l(:,1)>=Op_temp-2 & T_rho_l(:,1)<=Op_temp+2); 
size_T_rho_l = size(T_rho_l); 
rho_l2 = T_rho_l(round(find_rho_l+(size_T_rho_l(1)))); 
 

Sat_vap = ((rho_v2*Vol_vap)/rho_l2)*1E6;    % Vapor space volume (cc) 
Losses = 0.06*Sat_wick;                     % Losses 
 

Fill_Volume = Sat_wick + Sat_vap + Losses   % Fill Volume (cc) 
Fill_Mass = rho_l2*Fill_Volume*1E-3         % Fill mass (g) 
                              

 

 

 



 

 

Wall thickness analysis 

 

  

T_uts = [T',utsx]; 
find_utsx = find(T_uts(:,1)>=Op_temp-2 & T_uts(:,1)<=Op_temp+2); 
Operating_Temperature = T(find_utsx); 
size_utsx = size(T_uts); 
M_UTS_max = T_uts(round(find_ymx+(size_ymx(1)))); 
 

max_stress = (M_UTS_max/1E6)/4; 
atm = 0.101325; 
sf = 2; 
 

% input('What safety factor would you like to include? ' ) 
t1 = [(((Pv/1000000)-atm)*((do/max_stress)/2)*1000)*sf];     % mm 
if t1 <= 1; 
    t=1; 
else if t1 > 1; 
        t = t1; 
    end 
end 
 

error1 = isempty(t1); 
if error1 == 1 
    disp('You have selected an operating temeprature out of range for 
your fluid'); 
    return 
end 
     

 

 

 



 

 

 

 

Appendix G General MATLAB graph output 

description 

  



 

 

After running the model with the desired parameters, the output graphs are displayed as 

seen in . Currently parameters can only be changed by either modifying them inside the 

code or entering one by one as each display prompt appears. Future iterations of the 

model are working to include a graphical user interface where all the parameters can be 

entered beforehand and changed on the fly.  

 

 

Heat pipe model end screen  

 

 

 

 



 

 

The following document shows the output results for the input parameters described in 

the table below and a run through of each graphical output with a more detailed 

explanation of each is outlined.  

 

 

 

 

 

 

 

 

 

 

  

Parameter Input 

Fluid Water 

Length 100mm 

Evap length 20mm 

Cond length 20mm 

Wick Mesh 

Wraps 3 

Count 200 

Position 0° 

Wall thickness 1mm 



 

 

Output graph 1 – Heat pipe operating domain 

 

 

Water heat pipe operating domain 

 

 shows the first output graph detailing the ‘heat pipe operating domain’. This is a 

combination of three separate operating conditions, and the limitation equations associated 

with each. The output is a three-dimensional curved plain which demonstrates the output 

thermal load expected at any given angle and temperature within range.  

 

The graph serves as a general overview of how the heat pipe will perform over its entire 

operating limit. It is important to note that output only makes use of the Capillary limit 

equations, which generally tend to be main limiting factor over the operating temperature 

range, the output thermal loads at the beginning and end may be reduced due to other 



 

 

limitations which tend to affect only the start and end limit. The maximum heat transport 

point is always limited by the Capillary limit, so the graphs gives a good indication of what 

angle and temperature the maximum heat transport can be delivered at.  

 

Output graph 2 – Capillary limit curve at various angles 

 

 

Water/Tungsten capillary limit at various angles 

 

The second output figure seen in  is a two dimensional view of . This is utilised to pinpoint 

exact operating conditions and enable a better reading of the thermal load to be expected 

at that point. A map of various operating conditions can then be made if there are various 



 

 

operating condition to be expected in the application. The graph can also be easily adapted 

to include other specific operating angles. 

 

Output graph 3 – Limitations at 0° angle 

 

Water/Tungsten heat pipe limitations operating angle 

 

 shows the third output graph. When setting the input parameters, the main angle that the 

heat pipe is operated at is determined. This graph shows all the operating limitations over 

the entire operating temperature range of the heat pipe. In this case the Sonic limit only 

barely affects the start-up limit, but the boiling limit shows a large effect on the upper 

temperature range. The various operating limits are affected by a large number of factors, 



 

 

hence it is important to analyse the full limitation graph for each operating condition to be 

expected in the application. 

By observing the various limitation curves, it is possible to provide measures to reduce 

them, for example, in this case if the heat pipe were to be operated at high temperatures, 

the boiling limit could be increased by using an alternative wick type. Of course, this would 

then lead to a cost-benefit analysis on the proposed change.  

 

Output graph 4 – Heat pipe flux limitations at 0° angle 

 

Water heat pipe heat flux limitations operating angle 

 



 

 

The fourth output graph displayed in  shows the full range of the thermal transport limit on 

the right axis considering all limitation equations and the corresponding evaporator, 

condenser and axial heat flux is displayed on the left axis.  

This serves to translate the operating heat transport limitations into the maximum 

application heat flux which can be applied to each section of the pipe. In this case, as the 

evaporator and condenser areas are equal, they present the same maximum heat flux 

condition.  

 

Output graph 5 – Heat pipe dT at max heat flux vs temperature 

 

Water heat pipe temperature difference at limitation curve 

 



 

 

The fifth output, seen in , shows the predicted temperature difference form the thermal 

resistance network equations when at the maximum thermal load conditions. As the model 

uses a simplistic approach to the problem, the results tend to over predict the expected 

temperature difference due to the simplified approach to modelling the wick structure 

thermal resistance. In reality, the wick structure provides a much more complex interface 

which is difficult to model as a single thermal resistance value. Improved versions of this 

model are still being research and the code is updated as this progresses for a more accurate 

temperature difference prediction.  

 

Output graph 6 – Heat pipe effective conductivity 

 

Water heat pipe equivalent conductivity trend 

 



 

 

The last output graph, shown in , is the calculation of the effective conductivity 

corresponding to the heat transport curve displayed in . Within this temperature range, the 

minimum effective thermal conductivity (measured as the conductivity at the operating 

limits) can be calculated through the temperature difference profile in  using equation 1. 

When performing the calculation at each datapoint along the heat transport limitation 

curve in , the end result is the effective conductivity trendline seen in .  

As mentioned previously, the temperature difference tends to be lower than the predicted 

values, which result in a lower effective thermal conductivity prediction to reality. This 

graph, therefore, serves as a ‘worst case scenario’ for the equivalent thermal conductivity 

over the heat pipe operating range.  

  



 

 

 

Appendix H Test rig frame design iterations 

  



 

 

Design 1 

 

Design 2 

 

 



 

 

Design 3 

 

 

Design 4 

 

  



 

 

 

Appendix I Cartridge heater specifications 

  



 

 

 

  

https://uk.rs-online.com/web/p/heating-elements/3742498/


 

 

 

Appendix J Heater block design iterations 

  



 

 

Design 1 

 

Design 2 

 



 

 

 

Design 3 

 

 



 

 

 

 

  



 

 

 

Appendix K Full SEM/EDX imaging data 

  



 

 

All images can be found in the share file location below: 

 

https://uniofnottm-

my.sharepoint.com/:f:/g/personal/thomas_werner_nottingham_ac_uk/EhS9aGTswqRJt9c

RhsnJ7bYBY8iwuy6rVUww1blDh26J-g?e=BN5XiI  

https://uniofnottm-my.sharepoint.com/:f:/g/personal/thomas_werner_nottingham_ac_uk/EhS9aGTswqRJt9cRhsnJ7bYBY8iwuy6rVUww1blDh26J-g?e=BN5XiI
https://uniofnottm-my.sharepoint.com/:f:/g/personal/thomas_werner_nottingham_ac_uk/EhS9aGTswqRJt9cRhsnJ7bYBY8iwuy6rVUww1blDh26J-g?e=BN5XiI
https://uniofnottm-my.sharepoint.com/:f:/g/personal/thomas_werner_nottingham_ac_uk/EhS9aGTswqRJt9cRhsnJ7bYBY8iwuy6rVUww1blDh26J-g?e=BN5XiI


 

 

 

Appendix L Heat pipe design iterations 

  



 

 

Design 1 

 

Design 2 

  



 

 

 

Appendix M Calorimeter unit design 

iterations 

  



 

 

Design 1 

 

 

 



 

 

Design 2 

 

 

 



 

 

Design 3 

 

Design 4 – Concept 

 



 

 

Design 5 – Concept 

 

 

  



 

 

 

Appendix N RHEONIK Dashboard 

 

 

 

  



 

 

 

RHE16 dashboard 

 

 


