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Summary 

Improved cooling technologies are becoming necessary in electronic applications, 

specifically Radio Frequency Power Amplifiers (RFPA) installed in tower-top Remote 

Radioheads (RRH). Current methods of cooling are becoming inadequate as heightened 

service demands increase heat generation. The hardware is also subject to thermal cycling 

which can impact long-term reliability and function.  

With this in mind, the objectives of this study involve the design and characterisation of a 

small dimension thermosyphon suitable for use as an RFPA cooling solution and, 

ultimately, thermal management system. 

The performance of small-scale (Di ~ 10 mm) thermosyphons was determined in terms of 

both the rate of heat transfer and the fluid dynamics. The counter-current flow of the 

liquid and vapour phases in small-scale thermosyphons resulted in substantial interfacial 

forces that can lead to rapid deterioration of the rate of heat transfer. With small 

dimensions there is an additional restriction on the flow due to confinement of the 

vapour during evaporation, which can significantly affect the two-phase flow regimes. 

An initial feasibility study was performed to assess the capability of a two-phase 

thermosyphon in this particular application, using water as the working fluid. To mimic 

the operating conditions within the RRH, the condenser section of the thermosyphon was 

cooled by natural convection to ambient conditions. High watt density ceramic heaters 

were used as the heat source to replicate both the size and power output of the RFPA. 

The investigation of thermosyphon performance involved varying the fill volume of 

working fluid and installing various bend angles in the thermosyphon geometry.  

It was found that the thermosyphon could provide adequate cooling for the required 

application. The results highlighted the benefits of using bends in the thermosyphon 

geometry of a small-scale thermosyphon to reduce the liquid-vapour interfacial forces 

that can lead to deterioration of the heat transfer within the device. The vertical 

thermosyphon exhibited oscillatory, geyser boiling behaviour which deviated from the 
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conventional boiling mechanisms described for thermosyphons: nucleate pool boiling 

and falling film condensation. 

The oscillatory boiling behaviour of small dimension thermosyphons was investigated by 

designing and constructing a fully transparent thermosyphon. Synchronised flow 

visualisation via high-speed imaging and thermal measurements enabled an interlinked 

study of the flow regimes and heat transfer. Three working fluids were employed to 

assess the performance with varied thermophysical properties. The observed flow 

regimes could be characterised in terms of the degree of confinement and rate of vapour 

production. Flow pattern maps were developed which could guide future small 

dimension thermosyphon design to avoid the geyser boiling regime, a result of a 

combination of both high levels of confinement and vapour production. The rate of heat 

transfer associated with each flow regime highlighted the flow regimes that were most 

conducive to high rates of heat transfer, mainly churn flow.  

Finally, an augmentation study of the flow regimes and heat transfer was carried out 

using electrohydrodynamics (EHD). This study outlined the potential opportunity for 

smart control of the heat transfer within thermosyphons. Both heat transfer enhancement 

and deterioration were observed, depending on the initial, free-field flow regime. The 

response of the system to EHD was also fast and reversible. 

In conclusion, a deep understanding of the flow regimes and associated heat transfer has 

been gained through analysis of the dominant forces in two-phase flow in small diameter 

thermosyphons. A novel thermosyphon design with complex geometry was developed 

providing a viable cooling solution for electronic applications. Further to this, a 

transparent test section was developed to characterise flow regimes and heat transfer in 

small dimension thermosyphons with the additional capability of EHD flow 

augmentation. This study highlighted the possibility of advanced thermosyphon cooling 

technologies with the prospect of high thermal performance and intelligent operation. 
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1. Introduction 

This research has been motivated by the need for a more effective cooling solution for 

electronic components used in telecommunications hardware, specifically Radio 

Frequency Power Amplifier (RFPA) transistors housed in Remote Radioheads (RRH), 

shown in Figure 1.1. Design of cooling equipment for this particular application is 

complicated by the fact that this hardware is positioned outdoors, usually on top of 

buildings or masts. Due to this, any RRH heat transfer device is subject to size and 

weight constraints for ease of installation and maintenance.  

 

Figure 1.1 - Remote Radiohead box (for illustration purposes) 

Current cooling mechanisms include conduction from the RFPA transistor to the finned 

enclosure and natural convection to the atmosphere. A number of factors can impact the 

reliability of the RRH, variable weather conditions subject the hardware to thermal 

cycling, while higher heat generation in the RFPA leads to a parasitic spread of heat 

through the electronic circuitry, as shown in Figure 1.2. 
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Figure 1.2 - Thermal imaging of heat spread from RFPA 

Two-phase closed thermosyphons have the potential to provide effective cooling while 

adhering to these design constraints due to their high effective thermal conductivity, low 

cost and passive, reliable operation.  

The objectives of this study were to investigate the feasibility of using a naturally 

aspirated thermosyphon system as a cooling and thermal control solution for 

telecommunications hardware and to understand the mechanisms determining the 

performance of the device, in terms of flow regimes and heat transfer. It is envisaged that 

by gaining an understanding of the factors influencing the two-phase flow behaviour and 

associated heat transfer performance of small-scale thermosyphons, design guidelines 

could be produced. In this way, the operation of such thermosyphons could be optimised 

for the required application. Further to this, the feasibility of controlling the thermal 

performance of the thermosyphon using electric fields is explored. It is proposed that the 

application of this technology could result in an intelligent thermal management system.  

 

1
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1.1. Thesis outline 

The current work is divided into three main investigations, which develop and explore 

the objectives listed in the above section. Chapter 2 consists of an overarching literature 

survey, discussing topics relevant to all investigations in this work. Following this the 

chapters are divided according to each experimental study.  

Within each chapter there is a dedicated literature review which is intended as an 

addition to Chapter 2 and discusses topics relevant to the particular investigation. Each 

investigation involved a different or modified experimental apparatus. For this reason, 

the experimental methodology of each study will be detailed individually in the 

associated chapter. Similarly, the results of each investigation will be discussed in turn in 

the relevant chapter. 

In Chapter 3, a study of a small-scale thermosyphon for use in conjunction with 

telecommunications hardware is detailed. Considered in this chapter is the feasibility of a 

naturally aspirated thermosyphon for use as an electronics cooling device. Chapter 4 

follows with an in-depth study of the flow regimes and associated heat transfer 

performance of a small-scale transparent thermosyphon. Chapter 5 documents the 

augmentation of the thermal performance of heat transfer in thermosyphons using 

electrohydrodynamics (EHD). 

The results of these three investigations are summarised in Chapter 6 and 

recommendations for future work are outlined in Chapter 7. 
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2. Literature review 

2.1. Thermosyphon operation 

Thermosyphons have been recognised as simple, low cost and effective heat transfer 

devices [1]. The use of evaporation and condensation heat transfer within these devices 

means that the effective thermal conductivity of thermosyphons can exceed that of solid 

materials by several orders of magnitude [2 – 3].  

In general, thermosyphons operate between a concentrated high temperature heat source 

and a low temperature heat sink. It is possible to transfer large amounts of heat over 

relatively large distances, even with a small temperature difference between the heat 

source and sink. Thermosyphons employ the use of gravitational forces to return the 

condensate to the heat source, or evaporator section as shown in Figure 2.1.  

 

Figure 2.1 - Two-phase thermosyphon operation, adapted from [4] 

g
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In this way, their manufacture is simplified compared to heat pipes, in which a wick is 

installed to aid the return flow of condensate. However, there are some limitations to the 

operation of thermosyphons due to the fact that the liquid and vapour phases are flowing 

counter-currently. 

Since the 1960’s, many books and guides have been published giving comprehensive 

details on thermosyphons from device conception to performance optimisation, most 

notably E.S.D.U. [4], Faghri [5] and Reay et al. [3], along with the International Heat Pipe 

Conference proceedings. These references describe the main mechanisms of heat and 

mass transfer in thermosyphons. Heat is supplied to an evaporator section containing a 

small amount of working fluid which evaporates. In general, it is speculated that there is 

a combination of pool boiling in the lower evaporator sections, and also film evaporation 

in the upper section from the returning condensate. The evaporated vapour flows 

through the core region of the pipe to a condenser section which is externally cooled. 

Here the vapour condenses on the pipe wall and gravitational forces drive the 

condensate flow back to the evaporator section.  

There is still uncertainty in the explanation of the complex mechanisms occurring during 

thermosyphon operation. This complexity is further compounded by the fact that 

thermosyphon performance is significantly affected by a large number of design 

parameters [6]. These parameters are basic to thermosyphon design, such as geometry, 

working fluid fill volume, thermophysical properties of the working fluid, inclination 

angle and saturation conditions. Prediction of thermosyphon behaviour on a general 

scale is extremely difficult due to these parameter variations. The range of variation in 

thermosyphon design and performance across the existing literature means that complete 

understanding of the heat and mass transfer within these devices is not fully understood. 

With recent advances in technology and the electronics industry, more advance cooling 

solutions are being sought to cope with the growing issue of effective heat dissipation 

from higher heat flux sources [7 – 9]. As the size of electronics becomes smaller, 

investigation of small-scale thermosyphons has become popular on a mini and 

meso-scale. Reducing the form factor of two-phase devices can induce complications in 
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the optimisation of the device, especially in the case of counter-current flow regimes, as 

are present in thermosyphons [10]. Boiling in small diameter tubes can present issues due 

to bubble confinement, resulting in flow behaviour that is quite different to traditional 

thermosyphon boiling models [11].  

In an effort to maximise the performance of smaller scale thermosyphons, more complex 

thermosyphon designs have been produced. Looped heat pipes and capillary pumped 

heat pipes have eliminated the complexities of counter-current flow by incorporating 

separate liquid and vapour flow paths. These design modifications have been shown to 

greatly improve heat transfer compared to single phase solutions in high heat flux 

electronic components, as reviewed in detail by Franco & Filippeschi [12].   

With regard to the design of conventional counter-current vertical thermosyphons, there 

is still very little literature on their performance at small diameters, Di < 10 mm. A lack of 

visual observation of the internal flow in small diameter thermosyphons means the 

understanding of the physical mechanisms causing this behaviour is mainly based on 

speculation.  

Visual studies of the two-phase flow in thermosyphons are uncommon, due to 

complication of design and practicalities. Existing research on visual analysis of 

thermosyphon fluid dynamics is in tubes of large diameter, Di > 10 mm, and is not 

relevant considering the application of this work [13 – 18]. 

 The focus of this research is on small diameter thermosyphons, of a dimension 

compatible with telecommunications hardware with tube diameters in the range of 

3 mm < Di < 10 mm (within conventional dimension as described by Kandlikar [19]) and 

steady operation was expected. The results however, point to instabilities and a visual 

analysis of the flow gives evidence of strong confinement effects. It is therefore proposed 

that thermosyphons of this scale are transitional in behaviour, showing properties 

inherent to both confined and conventional scale channels. The two-phase flow observed 

in this study were different to those conventionally described in the thermosyphon 

literature. 
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2.2. Thermosyphon heat transfer 

The performance of a thermosyphon is generally described in terms of the heat transfer 

coefficient, h, or thermal resistance, Rth, of the evaporator and condenser section, 

separately. These values are related by Eqn. (2.1). 

Therefore, optimum thermosyphon performance is one where the thermal resistance is 

minimised across the evaporator and condenser sections. In order for this to be possible, 

the most effective mechanisms of boiling and condensation are preferable. These 

mechanisms depend on the saturation conditions within the thermosyphon and the 

thermophysical properties of the working fluid. Prediction of the heat transfer coefficient 

in thermosyphons is complicated by the sensitivity to design as mentioned in Section 2.1. 

2.2.1. Condensation heat transfer  

The rate of heat transfer in the condenser section is influenced by the condensate and 

vapour flow. The effectiveness of the different modes of condensation heat transfer are 

given in [20]. In general, it is understood that the condensate forms a liquid film on the 

wall of the thermosyphon. The heat transfer coefficient in the condenser section is 

generally predicted using the Nusselt theory for falling liquid films, Eqn. (2.2).  

Chen et al. [21] studied reflux condensation in a two-phase closed thermosyphon of large 

dimension using water and methanol as the working fluid. It was found that Nusselt 

Theory over-predicted the heat transfer coefficient compared to the experimental data. It 

was suggested that the shear effects between the liquid and vapour phases within the 

thermosyphon caused an increase in the condensate film thickness, reducing the heat 

 
𝑅𝑡ℎ =

1

𝐴 ∙ ℎ
 

Eqn. (2.1) 

 
ℎ𝑁𝑢𝑠𝑠𝑒𝑙𝑡 = 0.943{

𝜌𝑙(𝜌𝑙 − 𝜌𝑣)𝑔𝑘𝑙
3[ℎ𝑓𝑔 + 0.68𝐶𝑝𝑙(𝑇𝑣 − 𝑇𝑐)]

𝜇𝑙(𝑇𝑣 − 𝑇𝑐)𝐿𝑐
}

0.25

 
Eqn. (2.2) 
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transfer in this region. However, accounting for these shear effects did not make up for 

the discrepancies in the observed with Nusselt’s Theory. 

Gross [22] proposed that Nusselt’s Theory does not correlate well with all experimental 

conditions. Data from a number of different research facilities was presented in [22] and a 

modified equation for reflux condensation heat transfer was proposed. This new 

correlation showed a ± 10 % agreement with over 50 % of the experimental data used. It 

was also noted that the rate of condensation heat transfer deteriorated with high vapour 

velocities, due to an increase in film thickness in the condenser region. This scenario is 

common in thermosyphons where the interface between the liquid and vapour are 

subject to high shear forces. Liquid droplets from the falling condensate are pulled into 

the vapour core and propelled upwards to the condenser section, thickening the film in 

this region. The phenomenon is called flooding or entrainment and presents a limitation 

in the heat transfer capabilities of thermosyphons.  

Other research has also recognised the limits of using Nusselt Theory in predicting 

thermosyphon condensation heat transfer. Modification factors have been proposed 

which account for the discrepancies with Nusselt’s Theory when applied to reflux 

condensation heat transfer in thermosyphons. Hashimoto and Kaminaga [23] 

experimentally investigated reflux condensation in a thermosyphon at low Reynolds 

numbers. They found that the condensation heat transfer was negatively affected by the 

entrainment of liquid droplets into the upward vapour flow. Again, Nusselt Theory over-

predicted the condensation heat transfer and a correction factor that would account for 

entrainment in thermosyphon counter-current flows was proposed, Eqn. (2.3). 

Jouhara and Robinson [24] experimentally investigated heat transfer in small diameter 

thermosyphons using a range of working fluids: water, FC-84, FC-77 & FC-3282. They 

also found that the Nusselt theory was inadequate in accounting for the liquid 

ℎ𝑐 = 0.85𝑅𝑒𝑙
0.1exp⁡[−0.000067(

𝜌𝑙
𝜌𝑣
) − 0.6] {0.943 [

𝜌𝑙(𝜌𝑙 − 𝜌𝑣)𝑔𝑘𝑙
3ℎ𝑓𝑔

𝜇𝑙(𝑇𝑣 − 𝑇𝑐)𝐿𝑐
]

0.25

} 
Eqn. (2.3) 

Where 𝑅𝑒𝑙 =
4𝑄

𝜋𝐷ℎ𝑓𝑔𝜇𝑙
 

Eqn. (2.4) 
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entrainment, especially at low power conditions. A modification of the equation given by 

[23] was proposed based on a regression analysis of experimental data. 

2.2.2. Boiling behaviour in thermosyphons 

The mechanisms of heat transfer in the evaporator section are thought to be more 

complex, with evaporation occurring simultaneously in both the liquid pool and the 

falling liquid film. The sensitivity of the thermosyphon performance to operating 

conditions means it very difficult to predict the behaviour occurring inside. As many 

thermosyphons are built using opaque metals, the heat transfer mechanisms occurring 

within the evaporator have only been speculated upon. Such speculation is based on 

correlations with existing equations for different modes of boiling. Typically, empirical 

data is compared to a number of equations to find the best fit for a particular experiment. 

Baba et al. [25] determined that boiling systems are influenced by surface tension, inertia 

and gravitational/body forces due to the density difference between phases, as 

characterised by Reynolds and Satterlee [26]. The interaction and relationship between 

these forces for a particular system can be represented by the Weber, Bond and Froude 

numbers.  

 

Figure 2.2 - Surface tension, inertia and gravity dominated regions, source: [27] 

The Weber number describes the relationship between inertia and surface tension forces 

of two-phase flow. Pool boiling is characterised by low Weber numbers, where interfacial 

forces dominate creating discrete bubbles. The surface tension forces to 

body/gravitational forces are represented by the Bond number. The Bond number 
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describes the active forces during bubble growth and detachment from a surface, where 

gravity and body forces will dominate at high Bond numbers. The Froude number is a 

ratio of the Bond and Weber numbers and represents the inertial to gravitational forces. 

The Rohsenow correlation [28], Eqn. (2.5), is generally accepted to correlate heat transfer 

coefficients in the nucleate boiling regime. This can be rearranged to give the boiling heat 

transfer coefficient, Eqn. (2.6) using the relation q = hΔT. 

Park et al. [29] conducted experiments in a thermosyphon, using FC-72, which 

investigated the working fluid fill ratio and the influence of surface grooves on 

thermosyphon performance. It was found that the Rohsenow correlation best predicted 

the heat transfer coefficient for smooth surfaces. Pioro [30] investigated the accuracy of 

prediction methods of nucleate pool boiling using existing equations proposed by 

Rohsenow, Kutateladze, Labuntsov, Kruzhilin and the author. They confirmed that the 

Rohsenow correlation showed the best agreement for the conditions under investigation 

and accounting for the particular fluid/surface combination. 

Other empirical and semi-empirical pool boiling correlations exist in the literature, given 

in [10], [31 – 33]. Of particular relevance is the correlation proposed by Imura et al. [31], 

Eqn. (2.7). 

This equation was based on a least square correlation with their experimental data of 

heat transfer within a closed two-phase thermosyphon. More recently, Noie [2] found the 

Imura correlation to be within good agreement with heat transfer coefficients for their 

experimental conditions. 

 𝐶𝑝𝑙∆𝑇𝑏
ℎ𝑓𝑔

= 𝐶𝑠𝑓 [
𝑞𝜆𝑐
𝜇𝑙ℎ𝑓𝑔

]

0.33

𝑃𝑟𝑙
1.7 

Eqn. (2.5) 

 
ℎ𝑒 =

𝑞0.66

𝐶𝑝𝑙 ∙ 𝐶𝑠𝑓
ℎ𝑓𝑔

[
𝜆𝑐

𝜇𝑙ℎ𝑓𝑔
]
0.33

𝑃𝑟𝑙
1.7

 Eqn. (2.6) 

 
ℎ𝑒 = 0.32(

𝜌𝑙
0.65𝑘𝑙

0.3𝐶𝑝𝑙
0.7𝑔0.2

𝜌𝑣
0.25ℎ𝑓𝑔

0.4𝜇𝑙
0.1 )(

𝑃𝑣
𝑃𝑎𝑡𝑚

)
0.3

𝑞0.4 
Eqn. (2.7) 
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Chowdhury [33] investigated boiling heat transfer in a natural circulation loop using 

three different working fluids: water, ethanol and Freon R-113 in a very small diameter 

tube, Di = 2.8 mm. They proposed a correlation for pool boiling which accounts for the 

influence of both the density ratio at reduced pressures, and Confinement number effects 

in small diameter tubes. 

El-Genk and Saber [10] proposed a correlation for three different heat transfer regimes 

(natural convection, combined convection and nucleate boiling) within the evaporator 

section and a condition for transition between these regimes. In this paper over 700 heat 

transfer data points from various different researchers were sorted into different regimes 

and compared to new and existing correlations for heat transfer. The data covered a wide 

range of internal diameters, 6 mm < Di < 37 mm, and a variety of working fluids: water, 

ethanol, methanol, Dowtherm-A, R-11 and R-113. A mixing coefficient, ψ, was proposed 

which accounted for the motion of sliding and rising bubbles in the liquid pool during 

nucleate boiling. The heat transfer coefficient proposed for the nucleate boiling regime 

was based on a combination of the heat transfer correlation proposed by Kutateladze and 

the mixing coefficient. This equation showed agreement within ± 15 % of the 

experimental data and accounted for the importance of the confinement effects in small 

diameter tubes. 
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2.3. Limitations to heat transfer 

The relevant limitations to heat transfer in thermosyphons are presented in this section. 

The limitations represent the mechanisms which result in failure of the thermosyphon 

whereby heat transfer between the evaporator and condenser section ceases. These limits 

are described in more detail in [4 – 5] along with correlations to predict the onset of 

failure due to the limitations. 

The flooding limit, or entrainment limit, is a result of the interfacial shear stress between 

the liquid and vapour phases. As the velocity difference between the vapour and liquid is 

increased, the liquid-vapour interface becomes wavy and unstable. The vapour velocity 

will accelerate with increasing imposed heat flux and can overcome the surface tension 

force of the liquid, pulling liquid droplets from the wall and into the vapour core. With 

further increase in the heat flux, all condensate can be prevented from returning to the 

evaporator. The working fluid accumulates in the condenser section, reducing heat 

transfer in this region. In the evaporator, there are large excursions of the wall 

temperature and dryout of the evaporator wall can occur.  

The dryout limit in thermosyphons is a result of inadequate fill volume of the working 

fluid. This limit is reached when all of the liquid has evaporated and exists either in the 

falling film regime or in the vapour core and there is no liquid pool remaining in the 

evaporator section. Dry patches begin to grow from the bottom of the evaporator section, 

increasing in size with heat flux. The wall temperature in the evaporator section can 

increase rapidly at dryout as there is no longer any evaporation occurring.  

The boiling limit is encountered in thermosyphons at high heat fluxes. At the critical heat 

flux, evaporation is so vigorous that film boiling occurs. Vapour bubbles coalesce at the 

wall surface and prevent the liquid from rewetting the surface. Evaporation ceases and 

the evaporator wall temperatures can rise exponentially due to the high imposed heat 

flux. 

Models for the critical heat flux in thermosyphons due to each of these limits have been 

developed and are presented in [3 – 5]. The majority of these predictions of maximum 
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heat flux are focussed on the flooding or entrainment limit. Most flooding limit 

correlations are based on that of Wallis [34], which calculates the balance between inertial 

and buoyancy forces, or Kutateladze [35] which, in addition to [34], takes account of the 

surface tension forces. Tien and Chung [36] combined the results of [34] and [35] to 

account of the dimensional effects of the thermosyphon. Faghri [37] further developed 

[36] to take account of fluid properties and this is considered the most general flooding 

correlation.  

More recently, El-Genk and Saber [38] presented an operational envelope for the 

optimum fill ratio of two-phase closed thermosyphons based on the geometry, saturation 

conditions and imposed heat flux. The boundaries of the operation envelope referred to 

the entrainment, boiling and dryout limits. It was found that the size of the operational 

envelope is proportional to evaporator aspect ratio, and increasing saturation conditions. 

Jiao et al. [39] also investigated the effects of fill ratio on the critical heat flux due to 

flooding, dryout and boiling limits in two-phase closed thermosyphons. Experimental 

results, using nitrogen as the working fluid, showed good agreement with calculated 

results. A maximum fill ratio was proposed which produced optimum thermosyphon 

performance before the onset of limitations. An operational range was proposed for the 

vertical two-phase thermosyphon, which was also analysed for sensitivity to geometry 

and pressure conditions.  

2.3.1. Effects of confinement on boiling in thermosyphons 

With decreasing form factor, the operation of the thermosyphon can be subject to heat 

and mass flow restrictions due to confinement of the working fluid phases within the 

tube. There is less space in the annulus of the thermosyphon for the upward vapour flow, 

leading to a complex interaction of capillary, buoyancy and inertial forces at the confined 

liquid-vapour interface. The factors affecting heat transfer in small-scale thermosyphons, 

therefore, are the thermophysical properties of the working fluid, fill volume, and the 

dimension of the tube. Operating conditions, such as pressure and heat flux, should also 

be taken into account. 
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Due to the change in thermophysical properties of the fluid with pressure, there will also 

be a change in the size of the bubbles as the pressure of the system changes. Larger 

bubbles are present at lower pressures, due to the rapid increase in vapour specific 

volume with reducing pressure, and hence bubble growth is enhanced. For this reason, 

the reduced pressure, Pr = P/Pcrit, for each particular experiment is important.   

The definition of ‘small-scale’ can vary in the existing literature. In a recent review of 

micro channel flow, Ribatski [40] discussed the existing transitions from micro to macro 

scale. In a comparison of 9 different studies it was evident that conventional scale 

behaviour is expected in diameters around 6 mm, with reduced pressure conditions 

ranging from 0.001 < Pr < 0.8.  

Bubble departure size has been studied in fundamental boiling research over a range of 

experimental conditions [20], [41]. The Laplace length, or capillary length, λc, represents a 

balance of liquid surface tension and liquid-vapour buoyancy forces, Eqn. (2.8). This 

length is used to describe the characteristic bubble departure diameter using the 

thermophysical properties of the fluid at the operating pressure. 

The Confinement number, Co, is a ratio of the bubble departure size, λc, to the channel 

diameter, Di, Eqn. (2.9). This quantifies the level of confinement of growing bubbles for a 

given channel diameter, expressed as the following equation: 

Fluid and channel size conditions giving high values of Confinement number, Co ~ 1, 

indicate a large bubble size relative to channel size, typical in micro-scale flow. 

Conversely, Co << 1 represents a situation resembling small bubbles in an infinitely large 

pool. For smaller diameter thermosyphons, the confinement number indicates the 

benefits of high vapour pressure fluids, as they should produce smaller bubbles. 

 
λ𝑐 = √

𝜎

(𝜌𝑙 − 𝜌𝑣)𝑔
⁡ 

Eqn. (2.8) 

 
𝐶𝑜 =

𝜆𝑐
𝐷𝑖

=
1

𝐷𝑖
√

𝜎

(𝜌𝑙 − 𝜌𝑣)𝑔
⁡ 

Eqn. (2.9) 
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For channel flow regimes, Ong and Thome [11] described a transition region between 

micro and macro scale flow behaviour, referred to as meso-scale, using Co. It was found 

that this transition regime was present for 0.3 < Co < 0.4. Conventional channel flow is 

expected for Co < 0.3. 

Franco and Filippeschi [14], and Jouhara and Robinson [24], used the Laplace length scale 

to define small dimension thermosyphons as one which Di = 2λc. The rationale for using 

this relationship in [24] is the disturbance of the flow when two bubbles orientated in 

opposing directions grow and interact at half the tube diameter. 

Confinement can affect the heat transfer performance of thermosyphons, resulting in a 

more transient operation with fluctuations in pressure and temperature. This 

phenomenon has been referred to in the literature as the Geyser effect. The Geyser effect 

describes nucleating bubbles which quickly grow to the size of the thermosyphon tube, 

trapping some volume of the liquid pool above. Evaporation from the liquid film 

surrounding the bubble causes further increase in bubble size and the liquid plug is 

forced into the condenser section where it can collide with the end wall of the 

thermosyphon. Once the subcooled liquid plug returns to the evaporator there is a quiet 

period as the liquid pool temperature rises to the necessary superheat for another boiling 

event to occur. Though the oscillation of liquid plugs is not desired in thermosyphon 

behaviour, this behaviour is not a limitation of performance but represents a 

pseudo-steady state of operation where there is a significant contribution of sensible heat 

transfer. This could explain the over-prediction of nucleate boiling heat transfer 

coefficients, which predict high rates of heat transfer due solely to the latent energy 

involved in phase change. 

The geyser effect was studied by Casarosa et al. [18] and a heat transfer analysis was 

accompanied with visual images of the behaviour. Water was used as the working fluid 

at a low pressure condition. It was found that the frequency of oscillation increased with 

increasing heat flux. The evaporation heat transfer coefficient showed poor agreement 

with existing nucleate boiling correlations; however, a correlation was made relating the 

heat transfer coefficient to the imposed heat flux and the vapour pressure. 



Chapter 2 Literature review 

 

17 

More recently, Khazee et al. [42] investigated geyser boiling in thermosyphons with 

varying diameter, fill ratio and heat input. They found that geyser boiling was only 

present in cases where the fill ratio was greater than 30%. The frequency of oscillation in 

their experiment was found to be proportional to the fill ratio, but inversely proportional 

to the imposed heat flux and aspect ratio of the evaporator section. An equation to 

predict the period of geyser oscillations was also proposed based on the experimental 

data. 

Filippeschi et al. [43] investigated boiling in miniature pools of FC-72 in periodic two-

phase thermosyphons. In such a system the evaporator section experiences periodic 

dryout. The study reported that, as the volume of the liquid pool is decreased, there is a 

greater deviation from nucleate pool boiling in the evaporator and an unstable transient 

boiling regime is dominant.  

Jouhara et al. [44] investigated a two-phase closed thermosyphon in which the condenser 

section was axially offset from the evaporator by an angle of 12°. A mixture of water and 

ethanol was used as the working fluid and compared to operation with pure water, and a 

range of inclination angles were tested. It was found that the presence of ethanol with 

water drastically reduced the presence of geysering at lower powers in the evaporator 

section. The water-ethanol mixture provided the same heat transfer performance as that 

of pure water. It was also found that the inclination angle did not have an effect on the 

performance of the thermosyphon. 

Confined flow boiling is harnessed in the operation of other types of thermosyphons and 

heat pipes, such as oscillating heat pipes and capillary pumped loop heat pipes. These 

devices have been designed to cope with oscillatory behaviour of fluids at small 

dimension and are described in [1]. 

Overall, the common factors in the presence of geyser boiling in the existing literature is 

the use of water as a working fluid, high fill ratios, and low pressure conditions. 

However, there are still large variations in the experimental parameters investigated. 

Table 2.1 gives an overview of the experimental conditions described in the existing 

literature in which geyser boiling was encountered. This highlights a need for further 
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work in the area of small diameter channels at varying pressure conditions, particularly 

within 0.2 < Co < 0.4. For a full understanding of the confinement behaviour, more recent 

visual analysis of the flow needs to be conducted. 

 

Reference Di 

[mm] 

Working 

fluid 

Fill ratio 

[%] 

Pr λc 

[mm] 

Co 

Casarosa et al. [18] (*) 42 Water > 112 1.87 x10-4 2.7 0.06 

Negishi et al. [45] (*) 15 Water 

Ethanol 

5 – 100 1.87 x10-4 

1.56 x10-3 

2.7 

1.7 

0.21 

0.12 

Negishi [46] (*) 22 Water 30 2.47 x10-4 2.7 0.12 

Lin et al. [47] (*) 29.6 Water 

Ethanol 

30 – 140 1.38 x10-4 

1.56 x10-3 

2.7 

1.7 

0.09 

0.06 

Kuncoro [48] (*) 18 Water 

R-113 

100 1.47 x10-4 

1.06 x10-2 

2.7 

1.1 

0.15 

0.06 

Abreu et al. [49] 15 Water 60 – 80 8.18 x10-4 2.7 0.18 

Noie [2] 25 Water 30 – 90 1.25 x10-3 2.6 0.11 

Sarmasti Emami et al. 

[50] 

14 – 24 Water 15 – 45 2.47 x10-4 2.7 0.19 

Khazee et al. [42] 15 – 25 Methanol 30 – 100 3.46 x10-3 1.7 0.11 

Jouhara et al. [24] 6 Water 80 – 160 5.21 x10-4 2.7 0.45 

Jouhara et al. [44] 20.2 Water 50 8.18 x10-4 2.7 0.13 

Table 2.1 - Summary of geyser boiling investigations [(*) denotes transparent test sections] 
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2.4. Summary 

Highlighted in this chapter is a need for further research into counter-current, two-phase 

flow behaviour in small-scale channels, and the consequences of the flow regimes on the 

heat transfer performance. It is clear that there are some adverse effects on the flow 

regimes as the channel size is reduced, especially for the case of thermosyphons where 

the liquid and vapour phases are opposed in flow direction. The entrainment limit is 

most commonly encountered in thermosyphon operation, and is a major factor in causing 

failure of these devices.  

The above discussion outlines some key gaps in the existing knowledge with regard to 

understanding the behaviour and performance of thermosyphons, particularly of small 

dimension. The limited previous work in the range 0.2 < Co < 0.4 in vertical counter-flow 

thermosyphons was highlighted. 

Much of the existing literature investigates the thermal performance of metal 

thermosyphons, where the mechanisms of heat transfer are inferred from temperature 

and pressure measurements. A visual study of thermosyphons with small dimension is 

required in order for the two-phase flow behaviour over a range of operating conditions 

to be understood fully. 
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3. Feasibility study 

3.1. Introduction 

The focus of this investigation is to assess the performance of a naturally aspirated 

thermosyphon in cooling telecommunications based hardware, particularly Radio 

Frequency Power Amplifiers (RFPA) installed in Remote Radioheads (RRH). The design 

of a cooling solution for such an application is complicated by the operational 

requirements, due to the tower top location of this hardware there are size and weight 

constraints for ease of installation and maintenance. Considering the RRH is situated 

outdoors, thermal cycling of the electronic components is a concern as it can impact the 

reliability and functionality of the circuitry. 

The design of a thermosyphon for this particular application is further complicated by 

shape and size restrictions, where bends may need to be incorporated into the geometry. 

In counter-current flow regimes such as those present in thermosyphons, bends may 

pose a further limitation to the heat and mass transfer.  

This study aims to investigate the thermal performance of a thermosyphon design 

incorporating bends between the evaporator and condenser sections. The thermosyphon 

performance is assessed in terms of its viability for use as an electronics cooling solution.  
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3.2. Literature review 

The existing literature relevant to the current study of thermosyphon design and 

performance are outlined in this section. The topics specific to this investigation were the 

effect of inclination, bends in the geometry and working fluid fill volume on the 

performance of the thermosyphon. 

3.2.1. Effect of inclination angle 

The inclination angle of a thermosyphon can affect its performance in terms of heat 

transfer capability. To date much of the research into thermosyphon inclination has been 

carried out on straight test sections where the whole apparatus has been tilted at an 

angle.  

Work by Nguyen-Chi and Groll [51] noted a significant influence of the inclination angle 

on thermosyphon performance. It was found that the maximum rate of heat transfer 

occurs between an angle of 40° and 60° to the horizontal plane. Their research also found 

that the fill ratio had a more significant effect on the rate of heat transfer at higher 

inclination angles. Payakaruk et al. [52] showed that the inclination angle could in some 

cases assist the return of condensate to the evaporator, increasing the operational limits 

of the heat pipe. Most often it has been found that there is an optimum tilt angle range in 

which the heat transfer capability of the thermosyphon is enhanced. 

3.2.2. Effect of bend angle 

There is little existing literature on thermosyphons with only one section at an inclined 

angle, or a bend in the test section geometry. Lock [53] conducted experiments on an 

“elbow” type thermosyphon, with a 90° bend between the evaporator and condenser. 

Two different orientations were tested to measure the influence of bend angle on 

condenser and evaporator performance. It was found the failure mechanism differed for 

each of the two cases. For the case of a vertical condenser/horizontal evaporator, the 

failure mechanism was a dryout failure as the liquid was prevented from returning to 

refill the evaporator. The vertical evaporator test indicated that fluid was not draining 
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fully from the horizontal condenser section, while a liquid pool remained in the lower 

evaporator section, referred to as the flooding limit. Though this study established the 

investigation of bends in thermosyphon design, there has been little further experimental 

research into additional bend angles.  

McKee and Hobbs [54] developed a flexible thermosyphon that was capable of folding at 

an angle up to 180° along with computational code to predict the power limits of the 

flexible thermosyphon. On comparing the computational and experimental results it was 

found that the computer code over predicted the power limits by 200 %. This was most 

likely due to flow restrictions imposed by the bends in the adiabatic section, resulting 

unexpected flow behaviour. 

3.2.3.  Effect of fill ratio 

The volume of working fluid contained in the thermosyphon has an impact on the 

thermal performance, with most researchers reporting an optimum filling range over 

which the heat transfer capability is enhanced. A summary of minimum liquid 

requirements has been detailed in thermosyphon design guides, Faghri [5], Reay and 

Kew [3] and E.S.D.U [4]. The filling ratio is usually described as the volume of working 

fluid relative to the volume of the evaporator, or in some cases, total thermosyphon 

volume. El-Genk and Saber [38] proposed an operation envelope which details the limits 

of closed two-phase thermosyphon (CTPT) performance with respect to the filling ratio 

and input power, as shown in Figure 3.1. The closing boundary for the thermosyphon 

operation occurs with the counter-current flooding limit (CCFL).  

A more recent study by Jiao et al. [55] developed a computational model to predict the 

effects of filing ratio on the thermal performance of a thermosyphon at steady state. This 

study concludes that the evaporator filling ratio should be kept in the range proposed by 

El-Genk and Saber [38], as shown in Figure 3.1. It is also confirmed that the boundaries of 

the filling ratio envelope are inversely proportional to the heat input, but proportional to 

the operating pressure and tube diameter. This model was further developed to include 

dryout, flooding and boiling criteria and the influence of the filling ratio [39]. These 
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predictions are more comprehensive in their modelling of the behaviour of the 

thermosyphon with varying heat input. 

 

Figure 3.1 - Operation envelope of a thermosyphon, [38] 

 

3.2.4. Summary 

The need for further research of thermosyphon design with sizes and shapes applicable 

to telecommunications hardware has been outlined here. The lack of existing research on 

the operation of reflux thermosyphons with more complex geometry was also 

highlighted.  

The goal of the work in this chapter is to determine the capability of a small dimension 

thermosyphon designed specifically for RFPA cooling applications. A more complex 

thermosyphon geometry with bends was considered to address the size and weight 

limitations imposed by the application. These flow restrictions will inherently have an 

effect on the heat transfer of the device, and therefore require further investigation. 
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3.3. Experimental methodology 

In this investigation, the performance of four thermosyphons having bends in the 

adiabatic section of 0°, 30°, 60° and 90° from vertical will be studied, along with the effect 

of working fluid fill volume, Vf. In order to realistically represent the operation 

conditions for the proposed application, the condenser section for each test consisted of a 

radially finned heat sink, with no forced convection, so that the effectiveness of 

thermosyphon cooling by natural convection could be investigated. High watt density 

heaters were used to represent the RFPAs. The performance of the thermosyphon was 

quantified by measuring the thermal resistance in each of the sections for increasing 

power levels similar to those which would typically be experienced in industrial 

applications. 

3.3.1. Experimental apparatus 

A schematic of the experimental apparatus is illustrated in Figure 3.2. The evaporator of 

the thermosyphons used in this experiment consisted of a rectangular copper block of 

dimensions 70 x 20 x 30 mm. A cylindrical hole, 16.7 mm diameter, was drilled through 

the centre of the copper block to serve as the interior boiling surface. Heat was applied to 

one side of the evaporator section using two Watlow Ultramic ceramic heaters 

(25 x 15 x 2.5 mm), each with a maximum power of 180 W. The heaters were bolted to the 

evaporator using clamps, and thermal paste ensured good contact with the evaporator 

wall surface. The heaters were powered by a variable voltage transformer and the power 

was measured using multimeters. The temperatures of the heaters were measured using 

internal K-type thermocouples (numbered 5 & 6 in Figure 3.2). A uniform heat flux 

distribution was assumed across the copper evaporator section. This assumption was 

validated using a Biot number analysis, detailed in Appendix A.   

The thermosyphon condenser section consisted of a radially finned anodized aluminium 

heat sink, with an external diameter of 150 mm and internal diameter 35 mm (TitanTurbo 

heat sink model number: HS-5430-0537). The heat sink was modified such that the top 

end was sealed, and the bottom drilled and tapped to allow a plumbed connection to the 
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adiabatic section. The chamber formed by the inner diameter served as the condensation 

surface of the thermosyphon. Heat was then conducted outwards through the radially 

mounted fins for dissipation to the surroundings by natural convection. 

The evaporator and condenser sections were each fitted with two Ø 1 mm T-type, 

stainless steel sheathed thermocouples, one fitted in the section wall and one in the 

vapour core (numbered 1 – 4 in Figure 3.2). Internal pressure was measured in the system 

using an absolute pressure transducer (Omega PX01-5T), located in the condenser 

section. All pressure and temperatures in the system were recorded using a data 

acquisition (DAQ) system and National Instruments LabView. 

 

 

Figure 3.2 - Schematic of stainless steel thermosyphon with bends 
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The evaporator and condenser sections were connected using a stainless steel adiabatic 

tube with an internal diameter of 9 mm. To investigate the effects of changing bend 

angle, equal lengths of 400 mm stainless steel tubing were bent to angles of 30°, 60° and 

90° from the vertical plane, and these were also compared to a straight vertical tube 

(denoted 0°). Each of the bent adiabatic sections was created using the same pipe bending 

device, having a radius of curvature, Rc = 38 mm. This resulted in a bend radius, Rc/Do ~ 3. 

The evaporator and adiabatic sections were wrapped in high temperature insulation to 

prevent ambient heat losses.  

In order to limit the presence of non-condensable gas, the thermosyphon was evacuated 

using a vacuum pump for 30 minutes prior to testing to a pressure of 0.1 bar. Degassed 

water was chosen as the working fluid. The fill volume of working fluid was measured 

using a graduated burette. The fluid volume, Vf, for each bend angle were such that the 

evaporator section was half-filled (Vf = 7.5 mL), full (Vf = 15 mL) and over-filled 

(Vf = 22.5 mL), corresponding to filling ratios of 50 %, 100 % and 150 % respectively. 

3.3.2. Data reduction 

The uncertainty associated with the experimental measurements was quantified using 

the manufacturer’s specification for each device, as shown in Table 3.1.   

 

Measurement Device Experimental uncertainty 

Temperature Omega T-type thermocouple ± 0.5 °C 

Heater temperature K-type thermocouple ± 1 °C 

Pressure Omegadyne pressure transducer ± 3 % 

Voltage Metrix MX22 multimeter ± 1 % 

Current Metrix MX22 multimeter ± 1.2 % 

Table 3.1 - Uncertainty in measured parameters 
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The overall thermal resistance, Rtot, of the thermosyphon was calculated using Eqn. (3.1) 

as outlined in E.S.D.U. [4]. Similarly, the thermal resistances in the evaporator and 

condenser sections, Re and Rc, were calculated using Eqn. (3.2) and Eqn. (3.3). The 

temperatures Tew, Tev, Tcw, and Tcv are time averages of the quasi-steady-state temperatures 

taken from thermocouples in the evaporator wall, evaporator vapour, condenser wall 

and condenser vapour respectively. 

The propagation of error through the calculated parameters was evaluated using the 

method outlined by Kline and McClintock [56], as shown in Eqn. (3.4): 

To account for losses the total uncertainty associated with the power measurement was 

estimated to be ± 5 %. Considering the uncertainty of temperature and power 

measurements, the propagation of error in the thermal resistance was calculated to be 

within a maximum of 8 %, shown in Table 3.2.  

Appendix B. outlines the ambient heat losses from the stainless steel thermosyphon 

wrapped in high temperature insulation. These losses are small enough to be assumed 

negligible. 

Power 40 W 70 W 100 W 150 W 200 W 250 W 300 W 

Uncertainty in Rtot 6.0% 6.8% 7.5% 7.9% 6.7% 7.0% 6.2% 

Table 3.2 - Propagation of error in Rtot with changing input power 

 
𝑅𝑡𝑜𝑡 =⁡

𝑇𝑒𝑤̅̅ ̅̅ ̅ − 𝑇𝑐𝑤̅̅ ̅̅̅

𝑄
 

Eqn. (3.1) 

 
𝑅𝑒 =⁡

𝑇𝑒𝑤̅̅ ̅̅ ̅ − 𝑇𝑒𝑣̅̅ ̅̅

𝑄
 

Eqn. (3.2) 

 
𝑅𝑐 =⁡

𝑇𝑒𝑣̅̅ ̅̅ − 𝑇𝑐𝑤̅̅ ̅̅̅

𝑄
 

Eqn. (3.3) 

 

∆𝑓 = √∑(
𝜕𝑓

𝜕𝑥𝑖
∆𝑥𝑖)

2𝑛

𝑖=1

 
Eqn. (3.4) 
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3.4. Results and discussion 

The following sections analyse the performance of the thermosyphon. Firstly, the case of 

the straight vertical thermosyphon (0° bend) and the mid fluid loading (100 %) will be 

discussed in detail in terms of the overall behaviour across the range of power inputs 

tested. Following this the heat transfer of this initial case will be compared and 

contrasted to those of the other bend angles and fill volumes. Finally, the failure 

mechanisms of the thermosyphon are proposed based on this analysis. The findings of 

each of these sections are then evaluated in terms of the practical application goal of this 

work, namely using thermosyphons as heat transfer devices in telecommunications 

hardware.  

3.4.1. Behaviour of vertical thermosyphon under thermal loading conditions 

The results of the straight vertical (0°) thermosyphon present some interesting trends in 

terms of temperature and pressure oscillations at both low and high power levels, with 

steady operation at intermediate powers. As there is no visual access to the 

thermosyphon, the temperature and pressure transients are used to infer the mechanisms 

of boiling taking place. For illustration, the following results are presented for the 0° 

thermosyphon, with Vf = 15 mL. 

Figure 3.3 shows the temperature and pressure time trace plots for the thermosyphon at 

Q = 40 W. Here, it is evident that there are fluctuations in the evaporator vapour 

temperature, and also in the associated pressure. Due to the low power setting, and low 

pressure and temperature in the evaporator, this indicates geyser boiling in the 

evaporator [5], [27], [42], [47], [50]. Geyser boiling is commonly encountered with large 

filling ratios and high density differences, whereby a vapour bubble forms and increases 

in size along the length of the thermosyphon, often forcing a slug of liquid to the top of 

the thermosyphon. This slug of liquid can strike the end cap of the condenser, producing 

an audible ticking sound during thermosyphon start up. Once this liquid hits the 

condenser cap it falls back to the evaporator as a liquid film on the thermosyphon wall. 

The fluctuations in temperature and pressure associated with geyser boiling can be seen 
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in the temperature of both the condenser and evaporator vapour, and to a lesser extent in 

the wall temperature of each section, shown in Figure 3.3.  

 

Figure 3.3 - Temperatures and pressure at 40W in (a) the evaporator and (b) the condenser 

showing geyser boiling 

 For increasing power levels, 40 W > Q > 70 W, the oscillatory trends in temperature of the 

evaporator wall and vapour are evident in the standard deviation plots of Figure 3.4. In 

these figures the geysering phenomenon is evident for low power levels Q < 70 W, as 

shown by an increase in standard deviation of the temperatures in this region. Figure 3.4 

highlights more stable behaviour of the thermosyphon as the power input is increased 

from 70 W to 150 W, with no large fluctuations in temperature and pressure. This 

indicates that between 70 W and 150 W the heat transfer in the evaporator is steadier, 

which suggests the thermosyphon is operating within the nucleate boiling regime.  

 

Figure 3.4 - Temperature standard deviation of (a) evaporator wall and (b) evaporator vapour  
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For higher power levels in the range Q > 150 W the observed temperature fluctuations 

become more intense, as shown in Figure 3.4. The standard deviation increases sharply as 

the thermosyphon approaches failure. By monitoring the standard deviation of the 

operating temperature, it is thought that failure of thermosyphons in industrial 

applications could be recognised and possibly avoided.  

The oscillatory behaviour of the thermosyphon in the range 150 W < Q < 325 W is 

emphasised in the evaporator wall temperature measurements, shown in Figure 3.5. The 

failure of the thermosyphon was observed at 325 W, designated as a rapid excursion of 

the evaporator wall temperature.  

 

Figure 3.5 - Evaporator wall temperature distributions for higher power range 

Of particular note in Figure 3.5 is unsteadiness of the evaporator wall temperature at 

higher power levels (Q ≥ 200 W). The periodic fluctuation in the temperature at 

Q = 250 W indicates a flooding oscillation. 

The temperature and pressure measurements in the evaporator and condenser during 

this event are shown in Figure 3.6. It is evident that an unsteady behaviour is occurring in 

the evaporator section, where the wall temperature shows a fluctuation of ~ 10 °C. This 

oscillatory regime corresponds to a peak standard deviation of the wall temperature, 

shown in Figure 3.4.  
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Figure 3.6 - Wall and vapour temperature and pressure in (a) the evaporator and 

(b) the condenser at Q = 250 W 

Flooding oscillation is a temporary limitation, usually occurring at high heat inputs, 

where the vapour velocity is large enough to entrain liquid droplets into the vapour core 

which are subsequently carried to the condenser section. As a result, less liquid returns to 

the evaporator, and there is partial dryout in the evaporator. This causes a decrease in 

pressure, as there is less evaporation occurring. The vapour pressure decreases until 

there is no longer enough force to hold the liquid in the condenser section, at this point 

the liquid will fall back to the evaporator. This phenomenon was also observed by 

Lock [57].  

At 300 W the thermosyphon begins to show signs of failure, as shown in Figure 3.7. There 

is a notable increase in the pressure measurement with substantial oscillations, from 

P = 1.85 bar at Q = 250 W, to P = 2.93 bar at Q = 300 W. Large fluctuations are observed in 

the evaporator wall temperature, also quantified by a rapid increase in the standard 

deviation in Figure 3.4, this indicates the imminent failure of the thermosyphon.  

The temperature and pressure conditions at failure are illustrated in Figure 3.8, for 

Q = 325 W. At this power level, the velocity of the vapour flowing to the condenser is 

increased, causing the initial increase in pressure evident in Figure 3.8. This high velocity 

vapour results in entrainment of the condensate flowing back to the evaporator and 

unsteady evaporator wall temperatures are observed. Similar to flooding oscillation at 

250 W, the liquid is held in the condenser section and the evaporator experiences dryout.  
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Figure 3.7 - Wall and vapour temperature and pressure in (a) the evaporator and 

(b) the condenser at Q = 300 W 

 

 

Figure 3.8 - Wall and vapour temperature and pressure in (a) the evaporator and 

(b) the condenser at Q = 325 W 
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Considering the condenser temperatures in Figure 3.8 (b), as the vapour condenses 

within this region, the system changes thermodynamic states, such that the saturation 

pressure and temperature drop. This is important as it offers a passive safety mechanism 

of the thermosyphon should this failure limit be reached in application. As the flow of 

liquid between the evaporator and condenser is restricted, the thermosyphon begins to 

act as two separate systems with respect to temperature. In the condenser, as more heat is 

removed by natural convection, the liquid is subcooled, and the pressure decreases. 

The entrainment limit of thermosyphons has been investigated in previous work, 

detailed in Chapter 2. These studies show that the entrainment limit depends on the fill 

ratio of the working fluid, and orientation of the thermosyphon. The critical heat input, 

Qmax, for the onset of flooding as described by Faghri et al. [37], can be estimated using 

Eqn. (3.5). For this experiment, it can be seen that this prediction gives a conservative 

estimate of the failure power, as shown in Figure 3.9. The critical power input as 

predicted for a vapour temperature of 145 °C is 220 W.  

 

Figure 3.9 - Entrainment limit prediction using Faghri et al. correlation [37] 
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𝑄𝑚𝑎𝑥 = 𝐾ℎ𝑓𝑔𝐴𝑖[𝑔𝜎(𝜌𝑙 − 𝜌𝑣)]

0.25× (𝜌𝑣
−0.25 + 𝜌𝑙

−0.25)
−2

 
Eqn. (3.5) 

where 
𝐾 = 𝑅′ 𝑡𝑎𝑛ℎ2(0.5𝐵𝑜0.25)⁡; ⁡(𝑅′ = 1) 

Eqn. (3.6) 
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3.4.2. Effects of inclination angle and fluid loading 

The thermal resistances of all thermosyphon tests were calculated using the formulae 

outlined in Section 3.3.2 (Eqn. (3.1), Eqn. (3.2) and Eqn. (3.3)). The total thermal 

resistances for each of the bend angles and fluid loadings are presented in Figure 3.10. As 

evident in Figure 3.10, there is generally little change in the overall thermal resistance as 

both the bend angle and fluid loading are varied. It is noted, however, that for the 90° 

bend case the thermal resistance increased as it approached failure, Rtot = 0.09 K/W at 

Q = 270 W, shown in Figure 3.10 (a). For the 0°, 30° and 60° there was very little change as 

the device approached failure, with Rtot ≈ 0.02 K/W.  

 

 

Figure 3.10 - (a) Total thermal resistance variation with bend angle and power (Vf = 15 mL) and 

(b) Variation of total thermal resistance with fluid loading (vertical orientation, 0°) 
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For example, for the low power case (Q = 40 W) the vapour core resistance is 

Rvap = 0.0003 K/W, and subsequently decreases with increasing power. Thus, the effective 

thermal resistance associated with the vapour core can be neglected for the range of 

parameters studied in this investigation. 

Figure 3.11 shows the thermal resistance trend in the (a) evaporator and (b) condenser 

section with both increasing power and bend angle from 0° to 90°. For comparison 

purposes, the Imura pool boiling correlation [31] is included in Figure 3.11 (a). As 

discussed in Chapter 2, the Imura correlation is widely regarded as an accurate tool in 

predicting pool boiling regimes within thermosyphons, and is defined by Eqn. (3.9). 

The performance of the condensation regimes in Figure 3.11 (b) are compared to both 

Nusselt’s equation for falling film condensation, Eqn. (3.10), and the modification of this 

theory for thermosyphon applications, proposed by Hashimoto and Kaminaga [23], Eqn. 

(3.11). 

 
𝑅𝑣 =⁡

𝑅0𝑇𝑣
2∆𝑃𝑣
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Eqn. (3.7) 
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ℎ𝑁𝑢𝑠𝑠𝑒𝑙𝑡 = 0.943{

𝜌𝑙(𝜌𝑙 − 𝜌𝑣)𝑔𝑘𝑙
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Eqn. (3.10) 

ℎ𝑐 = 0.85𝑅𝑒𝑙
0.1exp⁡[−0.000067(

𝜌𝑙
𝜌𝑣
) − 0.6] {0.943 [

𝜌𝑙(𝜌𝑙 − 𝜌𝑣)𝑔𝑘𝑙
3ℎ𝑓𝑔

𝜇𝑙(𝑇𝑣 − 𝑇𝑐)𝐿𝑐
]

0.25

} 
Eqn. (3.11) 
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Figure 3.11 - (a) Evaporator thermal resistance and (b) condenser thermal resistance at various 

bend angles for Vf = 15 mL  

Comparing the 0° bend angle to the curve for nucleate pool boiling in the evaporator 

section [31], shown in Figure 3.11 (a), it is evident there is a significant increase in the heat 

transfer performance moving from Q = 40 W to Q = 60 W, Re = 0.062 K/W drops by 40 % 

to Re = 0.037 K/W at Q = 60 W. As discussed previously, a geyser boiling phenomenon 

occurs in the evaporator, noted by oscillations in the wall and vapour temperatures 

(Figure 3.3). During the geyser boiling regime large plugs of liquid are forced upwards 

from the evaporator toward the condenser. The heat transfer under these conditions is 

thus a mixture of latent and sensible heat and is less effective than nucleate pool boiling. 

As result of this, there is a relatively higher thermal resistance in the evaporator 

compared with higher powers (70 W > Q > 150 W) where the mechanism of heat transfer 

is nucleate boiling.  

At lower power levels, the geyser boiling regime defines how the heat energy is 

transported to the condenser section and thus the thermal resistance in the condenser 

section is dictated by the evaporator behaviour. Heat energy is transported to the 

condenser as vapour (latent) and heated liquid (sensible) as a result of the unsteady 

boiling behaviour in the evaporator section. It is clear in Figure 3.11 (b) that there is very 
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poor heat transfer in the condenser section at low power levels due to the geyser boiling 

regime. It is also evident in Figure 3.11 (b) that the thermal resistances are larger than 

those predicted by Hashimoto and Kaminaga [23] during the geyser regime. This is direct 

evidence that the geyser phenomenon at low power results in heat transfer mechanisms 

that are different to those expected, such as falling film condensation, and that this 

regime is detrimental to the rate of heat transfer.  

Without visualisation of the boiling and condensation occurring within the 

thermosyphon at low power, these mechanisms must be inferred from the thermal 

measurements. The changes in thermal resistance of both the evaporator and condenser 

combined with the time resolved measurements shown in Section 3.4.1 provide strong 

evidence that geyser boiling occurs at lower power. Also, this geyser regime has a 

significant influence on the entire thermosyphon performance, affecting the mechanisms 

of heat transfer in both the evaporator and condenser. 

Figure 3.11 (a) shows a continual reduction in the thermal resistance of the evaporator 

section at moderate to high applied power levels in the evaporator, 70 W < Q < 200 W. 

This drop in evaporator thermal resistance indicates a change in the mechanism of 

boiling. During this phase the measured thermal resistances are similar in trend and 

magnitude to that of the Imura correlation [31] (within 30 % agreement). This, coupled 

with the smooth evaporator wall temperature profile in Figure 3.5 and associated low 

standard deviation in Figure 3.4, indicates that the boiling regime in the evaporator has 

transitioned to that of nucleate pool boiling. 

Higher heat transfer coefficients that improve with increasing the imposed heat input are 

consistent with nucleate boiling. It is well known that the increased vapour production 

enhances the heat transfer due to increased liquid agitation near the heated surface [58]. 

This is also evidenced by the reduction of both evaporator wall and vapour temperature 

fluctuations for 70 W < Q < 200 W shown in Figure 3.4 and Figure 3.5. The reduction in 

the amplitude of the wall temperature oscillation suggests that the mechanism has 

transitioned to more “traditional” thermosyphon behaviour, where the heat is transferred 

by up-flowing vapour and liquid condensate return. As the heat input is increased 
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towards Q = 200 W, nucleate boiling becomes more rigorous, resulting in a further drop 

in thermal resistance in the evaporator section at higher power levels. 

For the condenser at moderate to high power (70 W < Q < 200 W), there is a steep 

reduction in the thermal resistance, as seen in Figure 3.11 (b). This indicates that the 

thermosyphon is performing in a condensation phase change regime. It can also be seen 

in Figure 3.11 (b) that the condenser thermal resistance approaches the predicted 

condensation thermal resistances of Hashimoto and Kaminaga [23]. This correlation 

implies that film condensation is occurring within the condenser section over this range 

of input power, with some effects of entrainment due to the counter-current flow 

arrangement. Further increase of the power results in the thermal resistance of the 

condenser approaching a regime of falling film condensation as predicted by the Nusselt 

correlation, Figure 3.11 (b). 

For the highest power tested, 200 W < Q < 325 W, there is a notable plateau in the 

measured evaporator thermal resistance (Figure 3.11 (a)). This is consistent with the 

temperature fluctuations observed in Section 3.4.1. The flooding oscillation regime 

observed over this power range deteriorates the effective nucleate pool boiling heat 

transfer, and as a result the thermal resistance measurement starts to flatten. 

For these high power levels, 200 W < Q < 325 W, the evaporator oscillations have little 

effect on the condenser performance. The high mass flux of the vapour to the condenser 

at high powers ensures a dominant upward flow of vapour to the condenser. The thermal 

resistance shown in Figure 3.11 (b) approaches that of the Nusselt correlation at high 

power levels. This indicates that the mechanism of heat transfer in the condenser section 

is falling film condensation. 

With regard to the thermal resistances in the evaporator for changing bend angles, Figure 

3.11 (a) shows that the 30° and 60° case follow the same general trend as that described 

for the 0° case. It is evident however, that there is a slight reduction in the thermal 

resistance of the evaporator section at power levels below 100 W. Looking ahead to 

Figure 3.16 it is also evident that there are no significant oscillations in the evaporator 

temperature within this applied power range for the 30° and 60° bends. These results 
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indicate that the effects of geyser boiling may be lessened with the installation of bends in 

the thermosyphon geometry. In the case of the 30° and 60° bend angles, there is 

improved separation of the liquid and vapour phases due to gravity in the evaporator, 

i.e. phase stratification. This may act to lessen the probability of liquid becoming trapped 

above a growing vapour bubble. The flow restriction imposed by the bend angle in the 

adiabatic section will further act to disturb the upward flowing fluid, breaking large 

vapour bubbles and liquid plugs that may be suspended by vapour. In this way less 

liquid is forced to the condenser section by the rising vapour, and the geyser regime is 

mitigated.  

A different trend is observed for the case of 90° bend, shown in Figure 3.11 (a). For the 

lower power levels, the hydrostatic pressure acting on the liquid in the adiabatic section 

returning to the evaporator is sufficiently high to overcome the rising vapour inertia 

force, and thus refill the evaporator section. Therefore, the evaporator is cooled by the 

returning condensate and the boiling behaviour resembles that of the other bend angle 

cases. As the heat input is increased, Q > 200 W, the thermal resistance for the 90° bend 

increases to more than 300 % of the other angle test cases and exceeds that predicted by 

the Imura pool boiling correlation. This indicates that nucleate pool boiling is no longer 

occurring in the evaporator section. The sharp reduction in the heat transfer at this point 

suggests earlier onset on dryout for the 90° bend angle, where the lack of hydrostatic 

head in the adiabatic section prevents liquid returning to the evaporator. This restriction 

on the fluid is also compounded by higher vapour velocities flowing upward at these 

elevated power levels. For the 90° bend case, without the aid of gravity to counteract the 

inertia of the vapour, the returning liquid condensate is held out of the evaporator, either 

pooling in the bend of the adiabatic section, or becoming entrained into the vapour core 

flow. With diminishing condensate to wet the evaporator as the power is further 

increased, the mechanisms of heat transfer continually deteriorate. This results in a rise in 

the thermal resistance and associated increase in the wall temperature for these 

experimental conditions. 

Figure 3.12 shows the changes in the thermal resistance with fill volume, from 

Vf = 7.5 mL – 22.5 mL, for the case of the 0° bend angle. Figure 3.12 (a) shows that there is 
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very little change in the trend of the evaporator thermal resistance for Vf = 15 mL and 

Vf = 22.5 mL. This suggests that, at high fill volumes, the evaporator thermal resistance is 

less sensitive to fluid loading.  

Also of interest in Figure 3.12 is the performance of the lowest fill volume case, which 

does not present evidence of geysering as described above. Looking at the evaporator 

thermal resistances in Figure 3.12 (a), there is a consistently lower measured thermal 

resistance for the case of Vf = 7.5 mL. Looking forward to Figure 3.16 it is also clear that 

there are no notable fluctuations in the evaporator wall temperature for the lowest fill 

volume. The lower thermal resistances and steady wall temperatures are evidence to 

suggest that nucleate boiling is occurring in the evaporator, even at the lower power 

inputs. This has important practical implications for low power applications, in that the 

thermal performance can be improved and geyser boiling avoided by simply considering 

the liquid fill volume.  

 

 

Figure 3.12 - (a) Evaporator thermal resistance and (b) condenser thermal resistance at various 

fill ratios for 0° 
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For the condenser section, there is still a substantial thermal resistance evident at low fill 

volumes and power levels, shown in Figure 3.12 (b). This is due to the fact that, at lower 

fill volumes and lower powers, there is less liquid circulating through the thermosyphon 

and the vapour velocity is relatively low. It is possible that some of the vapour condenses 

along the adiabatic section and, as a result, the condenser is not active at low power and 

low fill volume. Once the power, and thus vapour velocity, is increased in Figure 3.12 (b) 

there is a substantial reduction in the condenser thermal resistance at low fill volumes. 

The measured thermal resistance is closer to that predicted using the Hashimoto and 

Kaminaga correlation [23], showing that the dominant mechanism of heat transfer is 

falling film condensation. 

Figure 3.13 shows the component thermal resistances as a percentage of the total 

resistance for Vf = 15 mL and the corresponding values of the evaporator and condenser 

thermal resistances are shown in Table 3.3. The trends shown here are representative of 

all fill volumes tested. At lower power, Q = 40 W, the high condenser thermal resistance 

dominates as there is limited phase change heat transfer occurring and a geyser-type 

regime dominates. The mid power of Q = 150 W shows a balance between the 

evaporation and condensation thermal resistances, consistent with nucleate pool boiling 

and falling film condensation regimes outlined previously. At the higher power level of 

Q = 250 W there is again an increase in the relative proportion of the condenser thermal 

resistance over the range 0° < θ < 60°. This is due the observed flooding regime at this 

power level, leading to higher condenser thermal resistance compared to that of the 

evaporator. The higher proportion of the evaporator thermal resistance for the 90° bend 

is due to partial dryout in the evaporator, as discussed previously. 
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Figure 3.13 - Thermal resistances per thermosyphon section for each angle over a range of 

power settings (Vf = 15 mL) 

 Power [W] 0° 30° 60° 90° 

Re 40 0.054 0.045 0.054 0.038 

[K/W] 150 0.025 0.022 0.030 0.030 

 250 0.008 0.008 0.010 0.068 

Rc 40 0.351 0.432 0.382 0.340 

[K/W] 150 0.026 0.026 0.026 0.024 

 250 0.018 0.017 0.021 0.025 

Table 3.3 - Evaporator and condenser thermal resistance values 

3.4.3. Failure performance characteristics 

The failure power of the thermosyphon as a function of fill volume for each of the bend 

angles tested was investigated, as it is crucial with regard to defining the operational 

limit of the thermosyphon. The failure point of each bend angle and fill volume was 

noted by large excursions in the evaporator wall temperature, coupled with a high 

degree of pressure fluctuation, as presented previously in Figure 3.8.  
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The behaviour of the thermosyphon at failure, in relation to the power level and thermal 

resistance, is highlighted in Figure 3.14. Considering the trend of failure power with fill 

loading for the 0° case, shown in Figure 3.14 (a), it is clear that there is an optimum fill 

loading in terms of achieving the maximum power performance, here observed as 

Vf = 15 mL. This result is consistent with the operational envelopes of thermosyphons 

described in the literature. As discussed in Section 3.2.3, an operational envelope in terms 

of the fill ratio and input power, was developed by El-Genk and Saber [38]. The 

boundaries of this envelope represent the dryout, flooding and entrainment limits of the 

two-phase closed thermosyphons. 

 

Figure 3.14 - Failure power levels for varying fill volume and bend angle; total thermal 

resistance at failure for varying fill volume and bend angle 

In Figure 3.14 (a) at the lowest fill ratio, Vf = 7.5 mL, and 0° bend angle, the failure power 

is 60 % lower than that of the mid fluid loading. In terms of the thermal resistances 

immediately prior to failure, Figure 3.14 (b) shows there is a higher thermal resistance 

evident for the 0° low fluid loading case. The low failure power and high thermal 

resistance of this experimental arrangement are due to insufficient fluid circulation 

through the thermosyphon. The limited volume of liquid flows down the sides of the 

evaporator under the influence of gravity, resulting in a thin film that may not span the 

entire evaporator length, as illustrated in Figure 3.15. At high power levels, the film 
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evaporates rapidly and cannot provide adequate cooling to the heaters. The heat input 

reaches a maximum point where dryout of the evaporator occurs, there is significant 

increase in the evaporator wall temperature and the vapour circulates through the upper 

sections of the thermosyphon.  

With increased fluid loading, Figure 3.14 indicates that the failure power increases for 

Vf = 15 mL. This represents a different failure mechanism occurring at higher fill volumes, 

where the thermosyphon reaches the counter-current flooding limit, as described by 

El-Genk and Saber [38]. For the Vf = 15 mL case, the dryout is a result of the high vapour 

production rates in the evaporator preventing the liquid from returning to this section, as 

opposed to that of the lower fluid loading where there was insufficient fluid circulating 

through the thermosyphon. The flooding limit is reached when the liquid is held up in 

the condenser section, which leads to a large excursion of the evaporator temperature 

and subsequent failure of the thermosyphon.  

 

Figure 3.15 - Flow of liquid condensate for each bend angle case at failure 
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outlined by Faghri [5]. At the higher power levels, the boiling in the evaporator becomes 

more vigorous. At the maximum heat input the bubbles begin to coalesce at the 

evaporator wall, generating a layer of vapour between the wall and liquid phase. The 

wall is insulated from the cooling liquid and the wall temperature of the evaporator 

section rises significantly, leading to failure of the thermosyphon.  

The failure mechanisms for the 30° and 60° bend angles show the same trend as the 0° 

case for changing fill volumes, with the failure power increasing with increasing fill, as 

shown in Figure 3.14. However, a notable improvement in failure power is evident at the 

lower fill volume, Vf = 7.5 mL, for the 30° and 60° bend angles. It appears that at these 

higher bend angles the flow of returning condensate is directed in such a way that it can 

cool the heated surface more effectively, as illustrated in Figure 3.15. A bend in the 

evaporator results in a more stratified counter-current flow in the evaporator region, 

where the vapour rises to the top of the evaporator. The condensate is free to flow back to 

the evaporator section under the influence of gravity covering the heated surface more 

evenly and the evaporator wall is less susceptible to dryout with lower fill volume. 

Considering the standard deviation of the evaporator wall temperature, shown in Figure 

3.16 (b) & (c), it is evident that, for the lower fill volumes, the thermosyphon is already 

operating in a transient regime with oscillatory behaviour. However, for the 30° and 60° 

bend angles, the thermosyphon is capable of sustaining pseudo-steady behaviour over a 

higher range of input power levels.  

A higher bend angle (60°), Figure 3.15 and Figure 3.16 (c) show that there is further 

stratification of the flow while still maintaining the required hydrostatic head to force 

liquid return throughout the evaporator. It is likely that the bend angles result in a 

thicker liquid film in the evaporator section covering the heated wall, and the onset of 

dryout is delayed to higher power levels for lower fill volumes. Therefore, the improved 

failure power for the 30° and 60° bend angles is thought to be a combination of the liquid 

stratification at the bend enabling more liquid to enter the evaporator, and improved 

filling of this section due to the hydrostatic pressure gradient forcing the liquid 

downwards.  
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Finally, considering the case of the 90° bend, shown in Figure 3.14 the thermosyphon 

performance deteriorates. This is due to a combination of factors, resulting in premature 

dryout of the evaporator section. For the 90° bend, a larger hydrostatic head is required 

to overcome the increase in vapour inertia forces at higher power levels. Without the aid 

of hydrostatic forces, the liquid is prevented from entering the evaporator and most 

likely pools in the bend section, as illustrated in Figure 3.15. With no condensate return, 

the evaporator section quickly dries out and failure occurs. 

 

Figure 3.16 - Evaporator wall temperature standard deviation with fill ratio (all bend angles) 
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The onset of failure is also indicated by an increase in the standard deviation of the 

temperature. Figure 3.16 shows the standard deviation of evaporator wall temperature 

for each bend angle over the experimental range of fill volumes. For the 0° bend, there are 

fluctuations evident at low power (Q < 100 W) and high fill volumes, Vf = 15 & 22.5 mL, 

shown in Figure 3.16 (a). These fluctuations are due to geyser boiling, and are not 

associated with thermosyphon failure. The focus in this section is on the regions where 

severe temperature oscillations occur at high power levels, which are indicative of the 

dryout events in the evaporator leading to the failure of the thermosyphon. 

These results suggest promising practical implications for the 30° and 60° bend angles 

cases. The results indicate that the sensitivity of the thermosyphon to fill volumes can be 

mitigated with bends in the adiabatic section, due to the flow stratification in the 

evaporator. This prolongs the operation of the thermosyphon to higher power levels, 

which is beneficial in some cooling applications. 

3.4.4. Outlook for passively cooling of electronics 

Figure 3.17 shows the thermal resistances across the various sections of the experimental 

apparatus at increasing levels of heat input, Q = 60, 150 & 300 W. The resistances shown 

in this figure are: from the heaters to the evaporator section, RTIM, across the length of the 

thermosyphon, Rtot, and across the natural convection heat sink to ambient air, Rc-a.  

 

Figure 3.17 - Thermal resistances across the entire system (Vf = 15 mL; 0° bend) 
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It is clear from this Figure 3.17 that the thermal resistance of the thermosyphon, Rtot, 

reduces significantly with increasing power, showing a ~ 75 % reduction from Q = 60 W 

to Q = 150 W. As discussed previously, this is an indication that the evaporator is within 

the nucleate pool boiling regime and heat transfer is enhanced. It is also evident that the 

thermosyphon represents only a small percentage of the thermal network, from the 

heaters to ambient air, Rtot contributes 4 % at Q = 300 W. This confirms that the 

thermosyphon is the path of lowest resistance to dissipate the heat generated by the 

heaters. The largest thermal resistance of the system is that of the natural convection heat 

sink which consumes over half the thermal resistance budget.  

Figure 3.17 highlights the reducing trend of the total thermal resistance across the entire 

system, from Rth = 0.9 K/W at Q = 60 W, to Rth = 0.6 K/W at Q = 300 W. Even as the device 

approaches failure at Q = 300 W, there is no significant increase in the thermal resistance, 

which is 50 % lower than the maximum operating thermal resistance of the power 

amplifiers. The threshold temperature for the radio frequency power amplifiers is 200 °C 

with a typical combined maximum power of 140 W (Rmax ~ 1.3 K/W). The natural 

convection cooled thermosyphon system offers acceptable cooling capabilities compared 

with conventional heat sink cooling techniques. This has positive implications with 

regard to device performance and reliability. Additionally, the failure limit power of 

325 W is greater than a factor of safety of 2 above that of the threshold operation limit of 

the RFPA, which is promising in the context of the target application. However, the 

unsteadiness associated with the geysering phenomena would require special 

consideration due to pressure pulsations possibly causing fatigue-type failure of the 

thermosyphon wall. 
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3.5. Conclusion 

The results presented in this chapter highlight the need for further investigation with 

visualisation of the mechanisms affecting the operation of small dimension 

thermosyphons, in both the vertical and bent orientation. The main findings of this 

chapter are itemised as follows: 

 Geyser boiling is present for higher fill volumes in the vertical thermosyphon 

orientation which can negatively affect the heat transfer performance of the 

thermosyphon, particularly at low power conditions.  

 The geyser regime can be avoided with lower fill volumes. However, low fill 

volumes were also found to fail at lower power levels, due to insufficient fluid 

circulating through the thermosyphon.  

 It was found that the failure of the thermosyphon at low fill volumes could be 

delayed with the bend angles of 30° and 60°, where the bend acted to direct the 

liquid condensate, under the influence of gravity, to more effectively cover and 

cool the heater surface.  

 The 30° and 60° bend angles showed less sensitivity to fill volume, operating in a 

steady manner across all fill volumes, suggesting that these bends also mitigated 

the oscillations associated with geyser boiling. 

 The bend angles of 30° and 60° presented improvements in the thermosyphon 

performance in terms of lower thermal resistance, higher power to failure and 

more steady operation at low powers. For the case of this study, the 60° bend 

angle showed the best performance in terms of both thermal resistance and failure 

power. The results also suggest that there is an optimum bend angle and fill 

volume at which the thermal performance is maximised.  

 For the case of the 90° bend, the heat transfer was deteriorated, with higher 

thermal resistances and failure at lower power levels. 
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 Relatively, the thermal resistance of the thermosyphon is a small percentage 

(~ 4 %) compared to the natural convection heat sink and thermal interface of the 

heaters at high powers. Thus, the thermosyphon is effectively a thermal shunt 

between the heaters and the ambient conditions. 

Importantly, in terms of the objectives of this study, it was found that the naturally 

aspirated thermosyphon was capable of adequately cooling the heat source application 

under investigation and the installation of bend angles in the thermosyphon geometry 

did not pose any limitations to the heat transfer capabilities of the device. For steady 

thermal performance during operation it would be beneficial to avoid the oscillatory 

behaviour encountered at high fill volumes in the vertical thermosyphon orientation. The 

forces driving the oscillatory behaviour of the thermosyphon require further 

investigation and this will be considered in the following chapter. 
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4. Flow regimes and heat transfer 

study 

4.1. Introduction 

The objective of this study was to identify and understand the oscillatory behaviour 

observed with certain thermosyphon operating conditions. Oscillations in temperature 

and pressure have been observed in the previous tests, outlined in Chapter 3, and unless 

properly understood and avoided, this phenomenon could lead to damage of the 

thermosyphon. In order to achieve this objective, a transparent thermosyphon test section 

was constructed, of similar dimension to the thermosyphon of the previous chapter. 

Within small dimension thermosyphons the two-phase flow regimes and associated heat 

transfer are dictated by the confinement of flow and interactions between the channel 

and the fluid.  

To investigate the effects of confinement with changing thermophysical properties a 

parameter study was carried out using three different fluids: water, ethanol and 

engineered fluid HFE-7000 from 3M. In this way the parameters influencing particular 

flow regimes can be determined and understood. 
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4.2. Literature review 

4.2.1. Analysis of flow regimes – Influence of flow regimes on heat transfer  

Flow regimes aid in the description of the interfacial interactions associated with 

two-phase flow. These interactions are complex as they are influenced by a wide range of 

parameters associated with two-phase flow. A combination of fluid thermophysical 

properties and experimental operating conditions will define the type of flow to be 

expected. Experimental conditions such as channel shape, size, orientation, flow direction 

and velocity, saturation conditions, and heating conditions will affect two-phase flow. 

Fluid properties, in particular surface tension, viscosity, density and contact angle, will 

have varying degrees of influence depending on the defined experimental conditions.  

Analysis of flow regimes in the context of heat transfer analysis is important, and often 

neglected in historical thermosyphon research. For boiling and condensation, heat 

transfer coefficients in two-phase flow and the flow patterns are intrinsically linked. 

Prediction of flow patterns can improve models for the prediction of heat transfer 

coefficients. Similarly, the effects of heat transfer coefficients on flow patterns need to be 

understood to predict flow regime transitions. Heat transfer analysis and flow regime 

characterisation are complementary; understanding trends and transitions in one area 

can help to explain those in the other. 

Extensive work has been done in the area of characterising and predicting flow regimes 

for a range of different fluids and conditions. For convective boiling and condensation, 

the main experimental conditions used in flow regime classification are adiabatic or 

diabatic (flow boiling and condensation studies), horizontal, vertical or inclined channel 

orientation and direction of flow (co-current, counter-current, upward or downward). 

Cheng et al. [59] provides a comprehensive review of the advances of flow regime 

analysis in recent decades. This source also highlights the areas of flow recognition, 

classification and mapping that need attention in future research. The following section 

will summarise studies described in [59] of particular relevance to this research. It should 
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be noted, however, that in general, the following flow regime descriptions pertain to co-

current flow boiling conditions, unless otherwise stated.  

Flow pattern maps have been developed as prediction tools for flow patterns and 

transition regions where the flow regime is expected to change form. These maps 

generally relate the liquid and gas phases using certain flow parameters which act as a 

coordinate system. The choice of parameters generally varies between investigators. The 

commonly used coordinate systems are generally related to the velocity, mass flux, or 

momentum flux of each phase. In some cases, dimensionless numbers are used, such as 

Re, We, Bo, and Fr, which take account of the properties of the liquid and vapour phases. 

Flow pattern maps proposed in the literature are of two types, empirical and theoretical. 

Empirical maps are based on the observations of particular experimental conditions and 

are widely used. The transitions of flow regimes are based on visual analysis and 

comparison with earlier studies. Theoretical models use analytical expressions to predict 

the flow regimes and transitions of two-phase flow based on the fluid (and heat transfer) 

characteristics.  

For flow boiling in vertical channels, the flow regimes as observed in previous 

experiments are illustrated in Figure 4.1. Descriptions of these flow regimes are given in 

Collier [20] and Cheng [59]. Figure 4.1 also highlights the mechanisms of heat transfer 

associated with each type of flow. Though this figure outlines the observed trends in flow 

regimes and heat transfer, theoretical models to predict the onset of flow pattern 

transitions are yet to be developed. Therefore, flow pattern maps to predict the 

transitions regions for vertical heated flow are not present in the existing literature. 
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Figure 4.1 - Flow regimes for boiling in vertical tubes, source: [59] 

One of the most established empirical flow maps for vertical adiabatic channels is that of 

Hewitt and Roberts [60]. This map was developed using experimental observation and 

momentum flux is used to relate the liquid and vapour transitions. Taitel et al. [61] 

developed a theoretical adiabatic flow map for vertical tubes. The conditions for flow 

regime transitions are characterised using analytical arguments based on physical 

mechanisms of two-phase flow. Therefore, the predictions of flow transition account for 

the influence of channel size and fluid properties. The proposed flow patterns in this map 

describe bubble, slug, churn, and dispersed annular flow. 

Flow pattern maps for heated channels are not as well described in the literature. One of 

the first diabatic flow pattern maps was developed by Kattan et al. [62] for horizontal 

flow boiling of refrigerant fluids. This map was developed using experimental 

observations of the flow in conjunction with thermal data. Using this information, new 

heat transfer prediction models linked to the flow regimes were produced. The 

investigation has been the catalyst for many further studies, however predictive models 

for flow regimes in heated vertical channels are yet to be developed. 



Chapter 4 Flow regimes and heat transfer study 

 

57 

4.2.2. Summary 

The existing literature presented in this section, combined with that of Chapter 2, point to 

a lack of recent flow visualisation of thermosyphons, especially across the entire length 

from evaporator to condenser. Consequently, there is also some misconception on the 

flow regime occurring within a thermosyphon, and how these flow regimes contribute to 

the overall heat transfer of the thermosyphon. With this is mind there is a need to 

progress the current knowledge toward development of diabatic flow pattern maps for 

vertical orientation. 

The focus of this work will be to investigate the mechanisms of boiling both with and 

without confinement. The performance of a fully transparent thermosyphon will be 

analysed in terms of both the observed flow regimes and the measured heat transfer 

coefficients.  
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4.3. Methodology 

4.3.1. Experimental design 

The objective of these experiments was to fully visualise the two-phase flow patterns 

along the entire length of the thermosyphon. This was achieved by designing and 

fabricating a completely transparent thermosyphon and test apparatus which provided 

transparent heated and cooling sections without any flow restrictions. 

The experimental set-up for the tests carried out in this investigation is shown in Figure 

4.2. The main body of the thermosyphon consists of a length of sapphire tube, 500 mm in 

length, with 8 mm inner diameter and 1 mm wall thickness (10 mm outer diameter). 

Sapphire was used for the test section because it has a thermal conductivity 

commensurate of metals (k ≈ 40 W/mK) and is transparent to light in the visible spectrum 

(~ 80 %). The high thermal conductivity of sapphire is desirable, compared to other 

transparent low conductivity materials such as glass, because it: (i) mitigates large 

temperature differences across the tube wall, (ii) responds quickly to dynamic changes 

within the thermosyphon and (iii) offers a low enough thermal resistivity that heat can be 

extracted from a water cooled condenser of practical length. The evaporator section was 

100 mm long, and the condenser section was 200 mm in length. These sections were 

separated by a 180 mm adiabatic length.  

The outer surface of sapphire tube was coated with electrically conductive (10 Ω/m2) and 

visually transparent Indium Tin Oxide (ITO). The 100 mm evaporator section was 

ohmically heated by an Elektro-Automatik (8360-10T) D.C. power supply which imposed 

a voltage differential across, and subsequent current flow through, the ITO coating. The 

electrical connection to the tube surface was through metal leads, tightly fixed to the 

surface of the sapphire tube at the desired spacing. The thickness and electrical resistivity 

of the coating was such that an adequate level of uniform heating could be achieved in 

the evaporator section, while still allowing full internal visualisation of the 

thermosyphon test section.  
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Figure 4.2 - (a) Schematic of apparatus; (b) Instrumentation of test section; (c) 3D rendering of 

thermosyphon; (d) Photographic image of thermosyphon 
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Cooling was achieved in the 200 mm condenser section using an annular, transparent 

polycarbonate water jacket. The condenser water jacket was connected to a Julabo A40 

chiller unit through which the condenser water temperature could be controlled and set. 

A sufficiently high cooling water flow rate ensured a low enough water-side thermal 

resistance such that the condenser wall temperature was maintained close to that of the 

cooling water. This, coupled with the small temperature drop across the tube wall 

(max. 1 °C), facilitated the use of the chiller set point temperature as the control for the 

nominal thermodynamic state of the working fluid within the thermosyphon during 

operation. Thermocouples were positioned in the inlet and outlet of the condenser jacket 

to verify small temperature drops across the condenser section.  

In order to seal the entire system, supporting end caps were manufactured from PEEK 

(Figure 4.2). The function of these end caps was twofold: they allowed for the 

thermosyphon to be affixed to a supporting aluminium profile frame and provided screw 

fittings to seal the sapphire tube in order for a vacuum tight seal. The screw fittings were 

manufactured from brass and allowed for two nitrile O-rings to ensure an air tight seal. 

Plumbing of the pressure transducer, filling line and vacuum line was with 1/8” stainless 

steel tubing and Swagelok pipe fittings. All materials were chosen as they were 

chemically and thermally sound for use with all working fluids under investigation. 

Once sealed the thermosyphon was vacuumed to 0.01 bar before testing. 

The thermosyphon itself was instrumented with 14 thermocouples inserted into the 

external tube wall, as shown in Figure 4.2. Two thermocouples were installed inside the 

tube (Tev and Tcv in Figure 4.2), and a pressure transducer was used to measure the 

internal pressure of the system.  
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4.3.2. Instrumentation 

To measure the temperature in each of the sections of the thermosyphon and to ensure an 

accurate reading of the wall temperatures, 0.5 mm diameter holes were drilled into the 

tube wall to a depth of 0.5 mm (half the depth of the tube wall) and the thermocouples 

were potted in the holes with thermally conductive paste. The positions of the 

thermocouples along the wall are shown in Figure 4.2. Two thermocouples were inserted 

inside the thermosyphon through compression fittings, positioned in the condenser 

vapour and evaporator liquid pool, Tev and Tcv as shown in Figure 4.2.  

Prior to testing, all thermocouples were calibrated in the same oil bath against an RTD 

probe to within 0.5 °C. The 14 thermocouples in the tube wall were T-type, Omega 

0.5 mm stainless steel sheathed thermocouples. The use of small diameter thermocouples 

ensured the fastest response time to temperature changes across the tube wall. Two 

K-type thermocouple probes, each 1.5 mm in diameter, were positioned internally. These 

thermocouples were chosen for compatibility with compression fittings as a tight seal 

needed to be maintained in order to vacuum the system. An Omegadyne 

PX01C1-050A5T pressure transducer was plumbed into the system, located above the 

condenser section. This transducer had been calibrated by the manufacturer prior to use. 

High-speed cameras were used to provide images of the full length of the test section. 

The cameras used were NAC Hi-Dcam II and operated using associated NAC software. 

An external trigger was used to initiate image recording in order to have the images from 

both cameras synchronised, and also synchronise the temperature and pressure 

measurements to the images. The high-speed images were captured at a rate of 1000 

frames per second (fps), with a 1/1000 exposure time. A 50 mm Nikon lens was used with 

each camera so that the focal length was such that the whole test section could be viewed 

across the two cameras, one focused on the evaporator section and one on the condenser. 

A CMOS control gate was also built between the NI output voltage DAQ and the camera 

PCI board to ensure that the camera board would not be damaged by high input 

voltages. 
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The high-speed images were processed using editing software, ImageMagick (V 6.8.9), 

where they could be cropped and the separate evaporator and condenser images were 

paired and stitched together into one image. All images were compiled into video files 

using FFMPEG. 

All pressure and temperature measurements were recorded using National Instruments 

DAQ systems and controlled using LabView. Thermocouples were wired to a 16-channel 

NI 9213 DAQ and pressure was measured using a voltage input NI 9201 DAQ. A NI 9263 

module was used to output a 5 V signal to trigger the camera system when required. All 

DAQ modules were connected to a laboratory PC using a 4 module chassis (CDAQ 9174). 

As the thermocouple DAQ contained 16 thermocouples, the maximum sampling rate for 

this module, per thermocouple, was 50 samples per second. For the case of the pressure 

measurements, the voltage DAQ allowed a maximum sampling rate of 

1000 samples/second. 

A LabView interface was designed to read in the signals from the DAQ modules. This 

programme was designed to record data at separate sampling rates, depending on the 

test type. For longer steady state tests (~ 20 minutes) data was captured at the maximum 

rate for both temperature and pressure and averaged over 1 second. The average value 

for each thermocouple and pressure was then saved to an output text file every second. 

For high-speed data recording, a loop was programmed in LabView. This loop sent a 5 V 

signal to the Camera PCI board on a separate computer, and also triggered a high-speed 

data recording loop. The high-speed recording loop saved temperature and pressure 

values at the maximum sampling rate. This meant that for every image there was a 

pressure measurement and there was one temperature reading for every 20 images. 

4.3.3. Working fluids 

Deionised water, ethanol and HFE-7000 were employed as the working fluids as part of 

this study. The fill volume of the thermosyphon is defined as the volume of working 

fluid relative to the volume of the evaporator section. The fluid fill volume for the tests of 
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this study was such that the evaporator was full (100 %) or half full (50 %), where the 

total volume of the evaporator was 5 x10-6 m3 (5 mL). 

The working fluid were chosen based on a characteristic bubble length scale in order to 

investigate the influence of bubble size and tube diameter on boiling dynamics, which 

were discussed in the Chapter 2. All fluids chosen were also transparent to allow for 

better visualisation of the fluid dynamics. The fluids used were non-toxic, and 

commercially available. HFE-7000 was also chosen due to its dielectric properties, which 

could be utilised in further electrohydrodynamic (EHD) testing of the thermosyphon. 

Table 4.1 summarises the thermodynamic properties of the fluid used at atmospheric 

pressure. The Figure of Merit, FOM, is a performance indicator for working fluids in 

thermosyphons, described in [3], given as Eqn. (4.1). 

As can be seen from the table, water has a much higher FOM, mostly due to the high 

liquid thermal conductivity. Water is commonly chosen as a working fluid, along with 

having a high FOM, it is a cheap, non-toxic and readily available. Refrigerants, however, 

are becoming a more attractive working fluid for electronics cooling applications. In 

general, they will have low values of λc, resulting in more stable performance at small 

dimension. Lower boiling and freezing temperatures also allow the thermosyphon to 

operate in wider temperature ranges and below 0 °C.  

 Tsat 

[°C] 

ρl 

[kg/m3] 

ρv 

[kg/m3] 

σ 

[mN/m] 

µl 

[mNs/m] 

hfg 

[kJ/kg] 

FOM 

Water 100 958 0.6 59 0.28 2257 6925 

Ethanol 78 757 1.4 17.3 0.4 960 1574 

HFE-7000 34 1386 8.2 12.4 0.4 132 703 

Table 4.1 - Thermophysical properties of working fluids at atmospheric pressure (1.01 bar) 
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Eqn. (4.1) 
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4.3.4. Testing methodology 

Before testing, the entire system was evacuated to 0.01 bar for about 30 minutes to ensure 

the removal of non-condensable gases (NCG). If NCGs are present they can collect in the 

upper condenser section, and prevent condensation in this region, therefore affecting the 

condensation heat transfer in this region. Once vacuumed the thermosyphon was then 

filled with the required working fluid, water, ethanol or HFE-7000, until the evaporator 

was either full or half full.  

Testing consisted of maintaining a constant nominal sub-atmospheric internal pressure 

while varying the heat flux at the evaporator. The internal operating pressure was 

controlled by adjusting the temperature of the condenser section using the precision 

chiller and cold water loop such that decreasing the cold side temperature reduced the 

saturation pressure of the system.  

The heat flux was increased in 10 W increments, and the system was left for a settling 

period of time, allowing a steady-state to be reached. Once the system was steady, 

temperature and pressure recordings were taken, and high-speed data and images were 

taken at the end of each tests setting. The heat flux was increased incrementally until 

dryout was present in the evaporator, noted by sharp increases in the evaporator 

temperatures and visually by observing no liquid film present in the evaporator. The 

maximum heat flux reached varied across each of the fluids, and depending on the fill 

volume under test. Table 4.2 shows a matrix of the tests carried out. 

Working Fluid Pr Fill ratio 

[%] 

Heat flux 

[kW/m2] 

Water 0.0002 – 0.006 50 – 100 7.5 – 63  

Ethanol 0.001 – 0.006 – 0.02 50 – 100 7 – 46 

HFE-7000 0.02 – 0.04 50 – 100 7 – 21 

Table 4.2 - Test parameter matrix for transparent thermosyphon. 



Chapter 4 Flow regimes and heat transfer study 

 

65 

4.3.5. Data reduction 

The analysis of the performance of the thermosyphon in terms of the heat transfer 

coefficient was carried out. In order to calculate the heat transfer coefficient, a measure of 

the electrical power to the evaporator section was measured. The input heat applied to 

the heated section, Qin, was calculated using the recorded voltage, V, and current, I (Eqn. 

(4.2)). 

To allow full visual access to the total length of the thermosyphon, no insulation was 

used on the test section. Due to natural convection heat transfer to the surroundings 

inevitable energy losses were encountered. In order to account for these losses, a natural 

convection measurement was carried out. This test consisted of applying a heat flux to 

the evaporator section, while no working fluid was present in the system. Any heat 

transfer would be purely due to conduction through the tube and natural convection to 

ambient air. The total heat transferred to the evaporator could then be estimated using 

Eqn. (4.3), 

This analysis showed losses of up to 6 % for the low pressure experimental conditions. 

For the higher pressure tests the losses due to natural convection were close to 15 % due 

to the higher operating temperatures. These losses were incorporated into the analysis 

presented in the results section. 

For each power setting of the heater the corresponding heat flux for the evaporator and 

condenser sections, qe and qc [kW/m2], were then calculated from Qtot using the inner 

 
𝑄𝑖𝑛 = 𝑉 ∙ 𝐼 

Eqn. (4.2) 

 
𝑄𝑡𝑜𝑡 = 𝑄𝑖𝑛 − 𝑄𝑁𝐶 

Eqn. (4.3) 

where, 
𝑄𝑁𝐶 = ℎ𝐴(𝑇𝑒𝑤 − 𝑇∞) 

Eqn. (4.4) 
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surface area, Ai, of the respective section, Eqn. (4.5). In this equation, n = e, c, tot, 

representing the evaporator, condenser and total length of the thermosyphon. 

The heat transfer coefficient is calculated in each of the sections of the thermosyphon, and 

also across the entire tube, according to Eqn. (4.6). The heat transfer coefficient in the 

evaporator section, he, is calculated between the evaporator wall and evaporator vapour 

temperature measured in the lower evaporator pool, (Tew – Tev). The heat transfer 

coefficient of the condenser section, hc, is estimated based on the temperature difference 

between the internal vapour and the condenser wall temperature, (Tev – Tcw).  

For the analysis of the flow regimes in Section 4.4.2, the mass flux was calculated based 

on the heat transferred to the thermosyphon and the latent heat of vaporisation of the 

fluid, Eqn. (4.7) 

The momentum flux, p, was also calculated for both the liquid and vapour phases using 

the phase density, according to Eqn. (4.8), where k = l, v. 

4.3.6. Uncertainty and error in analysis 

In order to accurately measure the behaviour of the thermosyphon, all measurements 

were calibrated, as outlined in Section 4.3.2. Table 4.3 lists the uncertainties associated 

with each measurement device used during experiments. The propagation of these errors 

through the calculations performed on the data was calculated according the method 
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𝐺 =

𝑞𝑛
ℎ𝑓𝑔

 
Eqn. (4.7) 
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outlined by Kline and McClintock [56], Eqn. (4.9). In this equation, xi represents each 

variable on which the function, f, is dependent.  

Using Eqn. (4.9) the error incurred by the calculation of the input power, Qin, was 0.03 %. 

Using the associated measurement errors in Table 4.3, the uncertainty in the calculation 

of the heat transfer coefficient was estimated not to exceed ± 10 %. 

Measurement Device Experimental uncertainty 

Wall Temperature Omega T-type thermocouple ± 0.5 °C 

Vapour temperature Radionics K-type thermocouple ± 1 °C 

Pressure Omegadyne pressure transducer ± 3 % 

Voltage & Current Elektroautomatik power supply < 0.2 % 

Table 4.3 - Uncertainty associated with experimental measurements 
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Eqn. (4.9) 
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4.4. Results and discussion – Flow regime analysis 

One of the major advances of the present work compared with earlier thermosyphon 

studies is simultaneous and synchronised capturing of high-speed images and recording 

of temperature and pressure measurements. Two high-speed cameras allow for full 

visual access to the entire length of the thermosyphon, while temperature and pressure 

measurements provide further understanding of the behaviour of the thermosyphon. 

Changes in the thermal performance are interlinked with the flow phenomena and vice 

versa. For this reason, both elements need to be considered in tandem in order to 

understand the mechanisms occurring. In this way, the influence of bubble confinement, 

Co, and the rate of vapour production on the behaviour of the working fluid within a 

thermosyphon can be examined. 

Dimensionless numbers are useful in flow analysis as a tool to pinpoint the forces 

dominating a particular two-phase flow behaviour. The Weber number, We, (Eqn. (4.10)) 

Bond number, Bo, (Eqn. (4.11)) and Froude number, Fr, (Eqn. (4.12)) describe the 

interaction between various forces and can be used to identify the dominant parameters 

influencing two-phase flow regimes.  

For the present experimental conditions, a summary of the data has been plotted on the 

We-Bo graph, developed by Baba et al. [25], shown in Figure 4.3. From this figure it is 

clear that all experiments conducted as part of this study are well within the gravity/body 

force driven region, as is typical for Earth-based boiling scenarios, with low inertial 

influences. The position of the data with respect to the Weber number also indicates that 

the surface tension forces are dominant over the inertial forces. This is to be expected in a 
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Eqn. (4.11) 
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Eqn. (4.12) 
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passive convective flow system whereby there is no externally ‘pumped’ forced flow 

through the system. The result of this is very low values of mass flux, and thus the Weber 

number, We, for the results presented. For example, the mass flux of the water case for 

the present work was of the order 10-3 kg/sm2, whereas forced flow boiling systems are 

several orders of magnitude higher (G ~ 10 – 100 kg/sm2). With gravitational forces 

dominating surface tension, and negligible inertial forces, it can be concluded that the 

gravity/body forces are most significant in the current thermosyphon investigation. 

 

Figure 4.3 - Relative dominance of forces on two-phase flow in the current study 

With this in mind, it was found that over the gravity dominated regime the two-phase 

flow behaviour within the thermosyphon is very sensitive to confinement effects, as 

noted by Di Marco [27]. Unconfined regimes behave in a manner similar to more 

established pool boiling regimes, with relatively small bubbles produced continuously. 

These regimes are generally anticipated in thermosyphon boiling. However, confined 

boiling regimes are characterised by bubble departure sizes commensurate with the size 

of the channel. The effect of confinement is heightened at smaller relative tube diameters 

and the resulting flow regimes are very different to the expected pool boiling regime. In 

order to investigate the range of parameters affecting small channel, counter-current flow 

in thermosyphons, three different fluids with varying properties, and thus different 

confinement levels, were tested and compared.  
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The relevant thermophysical properties of the three working fluids are listed in Table 4.1. 

Of particular interest in this investigation is the behaviour of fluids in small dimension 

tubes, where confinement of the bubble growth is expected, possibly leading to 

instabilities. These instabilities may present as an oscillatory behaviour of the two-phase 

flow regime, as identified in Chapter 3. Table 4.4 presents an overview of the flow 

regimes observed in the evaporator section for the range of test conditions along with the 

associated dimensionless numbers considered in the flow analysis. Table 4.5 presents an 

example of the observed trend in the evaporator temperature for each of the flow regimes 

observed in Table 4.4. 

Ong and Thome [11] describe a transition region from micro to macro-channel type flows 

at 0.3 ≤ Co ≤ 1, with the lower threshold for macro-scale flows in the range of 

approximately 0.3 ≤ Co ≤ 0.4. As observed in Table 4.4, Co = 0.34 for water, indicating that 

confinement effects should be expected, typical of those discussed in Ong and 

Thome [11]. For HFE-7000, since Co << 1, confinement effects should be small, and a 

different boiling behaviour to that of water would be expected. For the case of ethanol, 

the confinement number, Co ~ 0.2, is between that of water and HFE-7000 and this is 

reflected in the observed boiling behaviour. 

The rate of vapour production depends on a number of experimental conditions within 

the system. The pressure of the system strongly influences the vapour density, with 

vapour density rapidly increasing with increasing pressure. High system pressure results 

in high vapour density (and low vapour specific volume) and therefore a low rate of 

vapour production for a given heat input. The resulting two-phase flows are relatively 

slow and steady. Conversely, lower system pressure results in lower vapour density, and 

therefore the high specific vapour volume results in high vapour production rates. This 

leads to a more transient and explosive boiling condition. Similarly, for a given pressure, 

the heat flux of the experiment will influence the rate of vapour production and thus the 

two-phase flow regime. Higher levels of heat flux result in more vapour production and 

a more vigorous boiling. This results in flow regime changes with both pressure and heat 

flux as observed in Table 4.4, these changes will subsequently be described in more 

detail. 
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Fluid Pr Heat flux 

[We] 

10 mm 

Water 

 

Co = 0.34 

Bo = 9 

0.0002 

7.5 kW/m2 

[2.8 x 10-5] 
 

19 kW/m2 

[1.7 x 10-4] 
 

0.006 

5.5 kW/m2 

[2.3 x 10-6] 
 

17 kW/m2 

[1.9 x 10-5] 
 

Ethanol 

 

Co = 0.2 

Bo = 25 

0.001 

7 kW/m2 

[2.1 x 10-4] 
 

19 kW/m2 

[5.6 x 10-4] 
 

0.006 

6.6 kW/m2 

[3.3 x 10-5] 
 

18 kW/m2 

[1.2 x 10-4] 
 

0.02 

5.5 kW/m2 

[1.5 x 10-5] 
 

17 kW/m2 

[8.2 x 10-5] 
 

HFE-7000 

 

Co = 0.12 

Bo = 65 

0.02 

7.8 kW/m2 

[2.9 x 10-4] 
 

21 kW/m2 

[1.9 x 10-3] 
 

0.04 

7 kW/m2 

[1.6 x 10-4] 
 

15 kW/m2 

[6.9 x 10-4] 
 

Table 4.4 - Overview of flow regimes for each fluid, reduced pressure, input power and 

dimensionless numbers, Co, Bo, We 

g 
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Fluid Pr Heat flux 

[We] 

 

Water 

 

Co = 0.34 

Bo = 9 

0.0002 

7.5 kW/m2 

[2.8 x 10-5]  

19 kW/m2 

[1.7 x 10-4] 
 

0.006 

5.5 kW/m2 

[2.3 x 10-6] 
 

17 kW/m2 

[1.9 x 10-5] 
 

Ethanol 

 

Co = 0.2 

Bo = 25 

0.001 

7 kW/m2 

[2.1 x 10-4] 
 

19 kW/m2 

[5.6 x 10-4] 
 

0.006 

6.6 kW/m2 

[3.3 x 10-5] 
 

18 kW/m2 

[1.2 x 10-4] 
 

0.02 

5.5 kW/m2 

[1.5 x 10-5] 
 

17 kW/m2 

[8.2 x 10-5] 
 

HFE-7000 

 

Co = 0.12 

Bo = 65 

0.02 

7.8 kW/m2 

[2.9 x 10-4] 
 

21 kW/m2 

[1.9 x 10-3] 
 

0.04 

7 kW/m2 

[1.6 x 10-4] 
 

15 kW/m2 

[6.9 x 10-4] 
 

Table 4.5 - Overview of evaporator wall temperature time trace for test conditions  
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It was found in the present study that the vapour production rate of confined flow results 

in very different flow behaviour compared to the unconfined cases. Where the superficial 

vapour velocity is low (at high pressure, low heat flux conditions) it results in confined, 

slug-type flow regime where vapour bubble production appears slow and orderly. In 

contrast, at high vapour superficial velocities, as in the case of high heat flux and low 

pressure, the rate of vapour production becomes substantial, resulting in explosive 

boiling events and unsteady behaviour of the two-phase flow. During this case, liquid is 

forced to the condenser by the rapidly growing vapour, as depicted in the images of 

Table 4.4 for both water and ethanol. 

It is therefore proposed that the flow regimes observed in the current study can be 

divided according to the level of confinement and vapour production rates for each 

experimental condition, as illustrated in the flow map Figure 4.4.  

 

Figure 4.4 - Confinement and rate of vapour production of each fluid under investigation 

This graph highlights the two-phase flow regime, as defined by the rate of vapour 

production, jv*, and degree of confinement, Co, for each of the fluids and associated test 

conditions. Two regimes, confined and unconfined flow, were identified through visual 

1.E-01

1.E+00

1.E-04 1.E-03 1.E-02 1.E-01

C
o

jv* = G/√[gDρv(ρl - ρv)]

Ethanol, P = high Water, P = high HFE-7000, P = high

Ethanol, P = mid Water, P = low HFE-7000, P = low

Ethanol, P = low

Geyser flowSlug/Plug flow

Bubbly flow Churn flow

UnconfinedConfined

C
o

n
fin

ed
U

n
co

n
fin

ed



Chapter 4 Flow regimes and heat transfer study 

 

75 

observation, with very different two-phase flow behaviours. Figure 4.4 gives an 

indication of the location of each of the test fluids in terms of the rate of vapour 

production, jv*, and Co.  

In the low vapour generation region the associated bubble production rate is slower and 

steadier resulting in the slug/plug regime. If this flow is also confined, as observed in the 

current investigation, the bubbles gradually expand to fill the diameter of the channel 

and in some cases bubble coalescence occurs and larger bubbles are formed. This is 

referred to as slug/plug flow and is evident in the images of water and ethanol at higher 

pressures in Table 4.4. Moving to the right of Figure 4.4, high vapour production results 

in a churn-type flow for unconfined fluids. The geyser boiling regime is characterised by 

both high confinement and high vapour production rates, as seen for water and ethanol 

at low pressure in Table 4.4. With higher vapour production, the boiling events are 

explosive and periodic, leading to a transient oscillatory system. This oscillatory 

behaviour is evident in the corresponding temperature trace plots for low pressure water 

and ethanol in Table 4.5, where the lower vapour density caused higher vapour 

production rates. Along the vertical axis, the tube/fluid interaction is characterised. Small 

bubbles or large tube diameters will present low levels of confinement, characteristic of 

bubbly or churn flow. The flow regimes of HFE-7000 presented in Table 4.4 and 

corresponding steady temperature traces in Table 4.5 are typical of bubbly or churn 

regimes.  

Changing the heat flux to the evaporator will also determine the horizontal position on 

the graph of Figure 4.4. Higher heat fluxes are associated with higher vapour production 

rates and will move the system to the right, with more aggressive geyser or churn 

behaviour observed. Similarly, changing the pressure of the system will significantly alter 

the vapour density within the thermosyphon. Lower pressures result in high vapour 

production rates and are more susceptible to geysering. 

The main hypothesis explored in this work is that for gravity dominated two-phase flow 

within thermosyphons, the flow regimes and associated rate of heat transfer are 

dependent on the level of confinement and rate of vapour production rates. 
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For thermosyphons with confined boiling and high vapour production rates, oscillatory, 

geyser-type two-phase flow occurs. For confined thermosyphons with low vapour 

production rates, a slug-plug-type of flow regime, with a steadier operation, is observed. 

For unconfined thermosyphon flow, the flow regimes are not oscillatory. Low vapour 

production rates result in a bubbly-type flow, whereas high vapour production rates 

create a churn-type of flow. 

4.4.1.  Working fluid study 

The focus of this investigation will be to study and categorise flow regimes in a reflux 

thermosyphon. The following sections will discuss these regimes in detail, while also 

looking at some interesting effects on the temperature and pressure. Particular attention 

will be focussed on the evaporator section during this investigation. In many cases it was 

found that at high vapour production rates, the flow structure in the evaporator dictated 

the general two-phase flow behaviour within the thermosyphon, including the condenser 

behaviour. This was especially true for confined boiling flows where a significant amount 

of liquid was pushed into the condenser region during geyser events. Only for the case of 

HFE-7000, due to it being unconfined, the vapour was free to rise to the condenser and 

falling film condensation was observed.  

For each fluid, at various recorded experimental conditions, the flow regimes will be 

studied and grouped based on defining features. In this study, the basic flow recognition 

stemmed from the nucleation behaviour of the fluid under particular experimental 

conditions. The main regime differentiation was whether the bubble nucleation occurred 

in a single large bubble, explosive event, or whether smaller bubble nucleation and 

growth was sustained continuously, i.e. transient versus steady two-phase flow. 

The definition of the flow regimes in this study were complicated by the nature of the 

counter-current two-phase flow that is present in this thermosyphon set-up. As discussed 

in Section 4.2.1, there are no existing flow pattern maps for closed counter-current, 

vertical flow as described in this investigation. Attempts were made here to draw 

analogies to vertical flow boiling patterns and confined flow boiling in mini and micro 



Chapter 4 Flow regimes and heat transfer study 

 

77 

channels. However, a fundamental system difference in the current work was that there 

is no continuous flow channel for the developing regimes, since the mass fluxes are so 

low, i.e. there are no inertial effects. As a result, the flow of liquid and vapour within the 

thermosyphon is constantly conflicting, and once forces of either phase become large 

enough, this flow is easily disturbed.  

The test case using water as the working fluid will first be described in detail in 

Sections 4.4.1.1 to 4.4.1.4, and following that will be compared to the case of HFE-7000 

(Section 4.4.1.5 to 4.4.1.7) and ethanol (Section 4.4.1.8 to 4.4.1.11). All tests were conducted 

using both 50 % and 100 % filling ratio, however, no significant difference in flow were 

noted between these two fill volumes for the present investigation. In the following 

discussion, the 100 % fill volume will be considered, unless otherwise stated. The flow 

regime map presented in Figure 4.4 is used throughout the following sections to indicate 

the experimental conditions and resulting flow regime classification. For each discussion, 

an “X” on the flow map denotes the relevant position.  
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4.4.1.1. Water at low pressure and low heat flux 

The heat fluxes tested in the case of water at low pressure, Pr = 0.0002, ranged from 

q = 7.5 – 63 kW/m2. At this low reduced pressure, the bubble departure diameter, λc, was 

almost half the tube diameter and vapour production rates are relatively high. Single, 

explosive bubble nucleation is evident in both the flow visualisation and temperature 

and pressure recordings, for all levels of heat flux. These explosive boiling events give 

rise to a pseudo-steady oscillatory state. In this scenario, the thermosyphon is still 

capable of transferring heat, however the boiling events may cause shock damage to the 

thermosyphon components due to the pressure pulsations. Flow instabilities of this 

nature have been described in the previous literature, as outlined in Chapter 2. However, 

full field high-speed videography has not been performed so the precise mechanisms 

governing this behaviour have been largely speculative.  

 

Figure 4.5 - Water at low pressure and low heat flux (parameter values shown in figure) 

The position of water at low pressure and low heat flux in relation to the flow regime 

map is denoted by “X” in Figure 4.5. The high level of confinement for water at the 

current experimental conditions, coupled with the high rate of vapour production 

situates this state in the oscillatory geyser regime of two-phase flow. 

The following discussion will focus on comparing the high-speed images of Figure 4.6 to 

the temperature and pressure measurements, shown in Figure 4.7. Figure 4.7 highlights 

the points along the pressure trace which correspond to the high-speed images. 
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Figure 4.6 - Water thermosyphon, q = 7.5 kW/m2, Pr = 0.0002, Δt = 0.06 s 
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Figure 4.7 - Temperature and pressure trace for water at low pressure Pr = 0.0002, q = 7.5 kW/m2 

The recorded images for water at the lowest heat flux of q = 7.5 kW/m2, over a period of 

3 seconds during a typical geyser event are shown in Figure 4.6, with the associated data 

in Figure 4.7. The images are separated by a time step of Δt = 0.06 s and start from bubble 

nucleation in Figure 4.6 (1), to vapour slug growth (2 – 4), with the plug reaching a peak 

height in the tube at Figure 4.6 (6), before dropping back to the evaporator (7 – 9).  

Firstly, considering Figure 4.7, it is clear that prior to bubble nucleation the system 

pressure is steady and the wall superheat of the evaporator section is increasing steadily. 

The superheat in the lower evaporator section, T8, is initially ΔTSH = 10 °C and rising with 

time. During this prolonged waiting period, the liquid pool remains stagnant, 

represented here in Figure 4.6 image (1). The heat supplied to the evaporator section is 

transferred to the liquid pool, and stored within it, by conduction and possibly some 

natural convection, however this is not visible in Figure 4.6 with the current set-up. The 

wall superheat continues to increase until bubble nucleation occurs, in this instance at the 

bottom section of the pool, as seen in Figure 4.6 (1). At this point the wall superheat 

begins to decrease due to evaporative cooling. The high vapour generation rate causes 

the Taylor-like bubble to grow to such an extent that it fills the tube. This can be 
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attributed to the fact that there is a relatively high level of confinement at these test 

conditions.  

Because nucleation occurred well below the free surface of the liquid, a large volume of 

liquid is trapped above the vapour slug, as depicted in Figure 4.6 (2). The high rate of 

bubble growth then forces this plug of liquid from the evaporator section to the 

condenser section. Thus, in contrast to conventional thermosyphon behaviour reported in 

existing literature, heat from the evaporator section is transported to the condenser as 

both sensible and latent heat. The notable decrease in wall superheat indicates an 

improvement in the heat transfer during the bubble growth phase as the bulk liquid 

begins to move.  

With regard to the internal pressure of the system, as the wall superheat is increasing 

(between time 5 s and 6 s, Figure 4.7) there is very little change in the pressure. Attempts 

were made to measure the pressure in the evaporator though it was deemed impractical 

as it drained working fluid and influenced the boiling dynamics. This being the case, the 

sole pressure transducer is located at the top of the condenser section of the 

thermosyphon. Here the internal pressure is influenced by the movement of liquid plugs 

within the tube. As the liquid plug is forced upwards to the condenser, caused by the 

boiling event in the evaporator, the vapour in the condenser is compressed, resulting in 

an increase in the internal pressure in this region. 

Due to the disparity between the liquid and vapour densities at this operating pressure 

(Table 4.1), evaporation results in a high rate of vapour production. The high vapour 

growth rate forces the liquid plug towards, and ultimately into, the condenser section. As 

the liquid plug is forced deeper into the condenser, the vapour, and possibly a small 

amount of non-condensable gas, in the top region of the condenser is compressed. This is 

evident in Figure 4.7 which shows that the pressure spikes between Figure 4.6 (3) and 

Figure 4.6 (6) increases sharply by 0.02 bar (57 % increase over quiet-phase pressure). As 

the liquid plug is cooled and returns back to the evaporator, the pressure reduces and 

returns to the original state. Once both temperature and pressure resume their state 

before the geyser event, the liquid pool is refilled and the cycle begins again.  
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As the bubble is forced into the condenser (Figure 4.6, 2 – 6) the meniscus of the plug tip 

is flat whilst the base of the plug is convex indicating that the pressure in the lower 

vapour region is higher than that of the upper region. Assuming quasi-static 

thermodynamic equilibrium, this will result in an increase in the saturation temperature. 

Since the wall temperature has dropped due to the evaporative cooling effect and the 

saturation temperature is increasing, the subsequent wall superheat decreases. In 

contrast, because the condenser wall temperature is relatively constant, the increased 

saturation temperature will result in an increased subcooling in the condenser. At Figure 

4.6 (6) the liquid plug has reached its peak height in the tube and the pressure has also 

reached its peak magnitude. At this point the force due to the pressure acting on the base 

of the plug is insufficient to overcome the downward (pressure, gravity) and wall 

adhesion forces, and the plug begins to descend back to the evaporator. With changes in 

the forces acting on the plug, the top and bottom meniscus change shape, with the upper 

region being concave and the lower becoming flat. This would suggest that the pressure 

at the tip is now higher which, with the aid of gravity, forces the subcooled plug back to 

the evaporator. 

Large amounts of energy were released when large liquid plugs collided with the end of 

the tube, or when two columns collided within the tube. Any vapour that had been 

present in the space between the columns rapidly collapsed. The energy from this 

collapse was released as sound and some was also transferred to the ends of the liquid 

columns. A ticking or clapping noise was audible during all of the water tests, a result of 

the water hammer effect occurring within the tube during oscillations. Most collisions 

were also followed by jets of liquid being pushed from opposite ends of the columns. 

This chain of events is depicted in Figure 4.8, with each successive image separated by 

Δt = 4 ms. 

Figure 4.8 (1) shows the approach of two liquid columns, their direction of motion 

indicated by the black arrows on the left. On the instance of Figure 4.8 (2) a smacking 

sound was heard. Following this collapse of the vapour, the energy was transferred to the 

ends of the liquid column where distinctive jets were formed, image (3). Some heat from 

the lower column, rising from the evaporator is then transferred to the collapsed region 
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and a vapour bubble forms and begins to grow, Figure 4.8 (4). The liquid jets also grow 

outwards, propelled by the initial energy release of the vapour collapse, Figure 4.8 (5 – 6). 

 

Figure 4.8 - Liquid jets following column collision. Water, Pr = 0.0002, q = 7.5 kW/m2 

 

4.4.1.2. Water at low pressure and high heat flux 

The boiling behaviour described above was found to continue with increasing heat flux. 

However once the heat flux was increased, the frequency and magnitude of the events 

increased, as seen in Figure 4.9 and also Table 4.5. The events were also irregular in 

period, with some occurring close together, followed by shorter duration quiet phases 

where the liquid column attempted to return to the evaporator.   
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Figure 4.9 - Evaporator temperature trace for water at high heat flux 19 kW/m2 < q < 59 kW/m2 

The water boiling events were still subject to confinement, even at higher vapour 

production rates. Figure 4.10 shows an overview of the boiling regimes for water with 

each increasing heat flux between 19 kW/m2 < q < 59 kW/m2. In general, there is a smaller 

evaporator liquid pool with increasing heat flux as there is more liquid entrained 

upwards from the evaporator.  

Observation of the high-speed images of Figure 4.10 shows the liquid plug often being 

held up in the adiabatic and condenser zones, oscillating between them. Rarely does the 

plug fully return to the evaporator. In the wake of a rising liquid plug some liquid flows 

back to the evaporator as a film on the walls and refills a small liquid pool. With higher 

levels of heat flux the time for these small pools to reach superheat for boiling is reduced 

and therefore the boiling events occur more frequently, which is evident in the 

temperature trace histories in Figure 4.9. As is shown, with increased vapour production 

rates, and thus higher vapour superficial velocities, there is an increase in entrainment of 

the liquid film returning to the evaporator. In the evaporator the boiling mechanism now 

resembles a more churn-type flow as seen in Figure 4.10, as more liquid is entrained in 

the high velocity, upward flowing vapour. In some cases, above q > 39 kW/m2 film 

evaporation including some nucleation events are visible in the upper evaporator section.  
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Figure 4.10 - High-speed images for water, 19 kW/m2 < q < 59 kW/m2 

For water at a higher heat flux of q = 39 kW/m2, Figure 4.11 indicates that the 

characteristics of confinement and higher generation rate of vapour situate this state 
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pressure the point moves further to the right of the graph, but the flow regime and heat 

transfer trends described are still applicable. 

 

Figure 4.11 - Water at low pressure and high heat flux 

It can be seen from Figure 4.12 that the effects of confinement are still evident at higher 

heat fluxes. The high-speed images in Figure 4.12 are at the same time spacing as those in 

Figure 4.6. It is evident at this higher heat flux that the vapour production rate is higher 

as the movement of the column through the thermosyphon is faster. Figure 4.13 shows 

the temperature and pressure time trace for this state, water at q = 39 kW/m2 and 

Pr = 0.0002. 

Considering the high-speed images of Figure 4.12, it is evident that there is little of the 

liquid pool remaining in the evaporator section. In Figure 4.12 (1) there is a column of 

liquid suspended in the condenser section, while a boiling event occurs in the evaporator, 

and high vapour velocities entrain liquid into the vapour core. This upward flow is 

continued in Figure 4.12 (2 – 3). The maximum height of the liquid plug is reached in 

Figure 4.12 (3) where the corresponding pressure also reaches a maximum in Figure 4.13. 

The plug begins to descend in the thermosyphon in Figure 4.12 (4), due to the same 

behaviour as in the case of lower heat flux, i.e. pressure and gravitational forces. 
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Figure 4.12 - Water, Pr = 0.0002, q = 39 kW/m2, Δt = 0.06 s 
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Figure 4.13 - Temperature and pressure trace, water, Pr = 0.0002, q = 39 kW/m2 

Only a very thin liquid film remains on the wall of the evaporator once the boiling event 

has occurred and high-speed vapour rises to the condenser. Due to the continuously 

imposed high heat flux, this liquid film is quick to evaporate until the walls are dry. At 

this point there is less vapour flowing to the condenser, and the plug is no longer forced 

upwards. The liquid plug descends to the evaporator in Figure 4.12 (4 – 6). Also evident 

in Figure 4.12 (4 – 6) is the flow of some liquid film to the evaporator section, as seen by 

ripples on the evaporator wall Figure 4.12 (5). This thin film is evaporating before 

accumulating to form a pool, due to the high level of heat flux. It is clear in Figure 4.12 (7) 

that the liquid plug is prevented from fully returning to the evaporator section due to the 

rising vapour generated by the evaporation of this returning liquid film in the heated 

section. This behaviour continues with evaporation of the remaining small liquid pool 

and further film evaporation, with the high vapour production rates forcing the liquid 

column upwards again to the condenser. In this way, the majority of the working fluid at 

this experimental condition is seen to oscillate as a liquid plug, mainly in the adiabatic 

and condenser section. 
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The temperature of the evaporator section during these explosive boiling events does not 

change significantly, due to high vapour generation rates, as shown in the plot of Figure 

4.13. The thermosyphon enters a pseudo-steady, albeit oscillatory, state with regard to 

the wall temperatures, as the oscillations become more frequent, as shown in Figure 4.9. 

In terms of the pressure in Figure 4.13, it is clear that the oscillations have increased 

frequency from that of the lower level of heat flux, shown in Figure 4.7. Higher vapour 

production rates force the liquid plugs higher in the condenser section with greater 

velocity resulting in a more oscillatory pressure measurement.  

Entrainment of the liquid into the vapour core is expected given the higher rates of 

vapour production and a significant degree of confinement in this counter-current 

two-phase flow regime. An example of entrainment can be clearly seen at q = 58.7 kW/m2, 

shown in Figure 4.14. In Figure 4.14 (1) there is a thickening of the liquid film on the left 

side of the tube adjacent to the black arrow. With increased vapour production at higher 

heat fluxes, there is increased shear forces imposed on the liquid film in this location and 

it is pulled out from the wall, Figure 4.14 (2 – 3). The sheared film stretches to form a 

liquid bridge across the entire tube diameter, Figure 4.14 (4 – 5). With a further increase 

in the vapour upflow due to the high rate of evaporation this bridge is broken through 

and the broken droplets are carried upwards in the vapour core flow, Figure 4.14 (6). The 

increase of liquid entrainment from the liquid film together with the hold-up of the liquid 

plugs results in there being less liquid returned to the evaporator.  

 

Figure 4.14 - Entrainment of liquid upwards by vapour flow (water, q = 58.7 kW/m2) 
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The failure of the water thermosyphon was due to increased liquid entrainment with 

higher levels of heat flux levels q > 60 kW/m2. When the vapour velocities are high 

enough, the entire liquid pool can be suspended in the condenser and the evaporator 

walls dry out. At the highest level of heat flux tested for water, dryout in the evaporator 

became extensive as most of the liquid was suspended and entrained into the vapour 

core before it was able to return to the evaporator. The liquid hold-up in the plug, 

combined with the continual entrainment at the exit of the evaporator, prevented 

sufficient liquid from returning to the evaporator. With little evaporation occurring, the 

evaporator wall temperature increased to a point where the boiling limit was reached 

and the superheat is such that re-wetting of the wall is prevented. At the highest level of 

heat flux, q = 63 kW/m2, any liquid entering the evaporator boils instantly and a layer of 

vapour can become trapped, covering and insulating the wall. The thin layer of 

insulating vapour between the liquid condensate and the wall prevents any cooling of 

this section and no further evaporation takes place. This results in an excursion of the 

evaporator temperature and potentially dangerous conditions.  

The two-phase flow dynamics and associated heat transfer mechanisms of this 

thermosyphon are very much different to that of the existing literature. This is mainly 

due to the effects of confinement, which was relatively high for all water tests at low 

pressure, Co = 0.34. The majority of previous research has considered thermosyphons 

with film evaporation and pool boiling in the evaporator and Nusselt-type falling film 

condensation in the condenser. Here the flow, heat transfer and thermodynamic state are 

highly transient and the heat transport mechanism from the evaporator to the condenser 

is a mix of sensible heat in the liquid plug, and latent heat in the vapour column. The 

flow dynamics in the condenser are imposed by the boiling behaviour in the evaporator, 

and for the majority of the tests this section is flooded with liquid.  

4.4.1.3. Water at high pressure and low heat flux 

The effect of higher pressure on the bubble size was investigated as a means to avoid the 

geyser boiling regime in the experimental set-up. Continuing with water as the working 

fluid, tests were conducted at a higher pressure of Pr = 0.06. For a 100 % evaporator fill 
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volume, varying heat fluxes were imposed on the evaporator section, in the same way as 

Section 4.4.1.1. At higher pressures, the vapour density is increased tenfold, resulting in a 

much lower vapour production rate for a given rate of heat input. The level of 

confinement is still such that the flow can be regarded as confined. These conditions 

place the flow within the slug/plug regime, as shown in Figure 4.15. 

 

Figure 4.15 - Water at high pressure and low heat flux 

Figure 4.16 shows the flow behaviour of water at higher pressure conditions, Pr = 0.06, 

and low heat flux setting, q = 5.5 kW/m2. The time between each successive image is 

Δt = 60 ms and the corresponding temperature and pressure measurements are shown in 

Figure 4.17. In contrast to Figure 4.6 no liquid columns are forced into the condenser 

section due to the lower rate of vapour production associated with the higher vapour 

density at higher pressure. Bubble nucleation is higher in the evaporator pool and so 

there is less liquid trapped above the expanding vapour bubbles. The bubble nucleation 

is continuous, rather than a single event as seen with low pressure conditions, Figure 4.6. 

With lower vapour production rates, and thus lower vapour momentum, there is no 

churn evident in the flow. The fluid behaviour resembles that of slug flow, as described 

for flow boiling. This type of flow is characterised by smaller bubbles leaving the wall in 

a low mass flux flow boiling condition. The bubbles grow in the superheated pool and 

can coalesce to form larger Taylor bubbles, seen here in Figure 4.16 (6). 
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Figure 4.16 - Water at high pressure, Pr = 0.06, q = 5.5 kW/m2, Δt = 0.06 s 
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Figure 4.17 - Temperature and pressure trace, water at high pressure, Pr = 0.06, q = 5.5 kW/m2 

As the Taylor bubbles grow they can push a small bridge of liquid upwards towards the 

condenser. This is only sustained for a short period however, as it is fuelled by the 

evaporation of the film surrounding the bubble. Once this film has been evaporated the 

liquid bridge becomes thin, before breaking and flowing back to the evaporator as a film.  

In terms of the condenser for this test, it can be seen that dropwise condensation is visible 

in the lower condenser section with a very thin film above, Figure 4.16. Further 

investigation, however, indicated that non-condensable gases could be present in the 

condenser during these tests. The presence of non-condensable gases in the condenser 

can limit the performance of this section, acting as a barrier to the vapour entering this 

region to condense. 

Considering the temperature trace shown in Figure 4.17 (and Table 4.5) it is clear that the 

high pressure conditions present much steadier operation compared to lower pressures. 

There are also no significant oscillations in the pressure observed, indicating that there 

are no liquid columns forced to the condenser region, consistent with the visual 

observations of Figure 4.16. 
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4.4.1.4. Water at high pressure and high heat flux 

For the high pressure experimental conditions, as the heat flux was elevated the rate of 

vapour production rate also increased. Water at the higher pressure and high heat flux is 

still positioned in the slug/plug regime as shown in Figure 4.18. However, the high-speed 

images of this experimental condition show trends of both churn and geyser flow, 

therefore, these experimental conditions may be in a transitional region between these 

regimes. 

 

Figure 4.18 - Water at high pressure and high heat flux 

An example of the flow structure for water at high pressure, Pr = 0.06, and high heat flux, 

q = 17 kW/m2 is show in Figure 4.19, with corresponding temperature and pressure 

measurements. In this image, it is evident that there is increased vapour production in 

the evaporator section, but it has not reached the magnitude of that necessary for geyser 

boiling. It is likely that the pressure fluctuations evident in Figure 4.19 are exaggerated 

due to the presence of compressed gases in the condenser region. More bubbles are 

present in the lower evaporator section, while there is some churn and entrainment in the 

upper evaporator section, as indicated in Figure 4.19. In some cases, the bubbles coalesce 

and rise to the condenser, trapping a small amount of liquid in this region, and 

compressing the gases present in this region, resulting in the pressure spikes shown in 

Figure 4.19. However, unlike geyser boiling described in Section 4.4.1.1, these liquid 

plugs are small and do not travel far into the condenser region before being breached by 

the vapour. The peak liquid rise height is shown in Figure 4.19, and the liquid plug 

length in this case is less than 10 mm. 
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Figure 4.19 - Temperature and pressure trace, and high-speed image, water, 

Pr = 0.06, q = 17 kW/m2 

From this pressure study it is clear that changing the pressure has considerable effects on 

the flow. This is mainly due to the fact that the vapour density is significantly affected by 

changes in the saturation pressure, since there is little appreciable change in the 

confinement with pressure. Higher vapour densities, at higher pressure conditions result 

in a lower vapour production rate for a given heat input. This creates a more relaxed, 

steady flow behaviour, shown here as a slug/plug flow regime. The higher pressure 

condition mitigates the explosive boiling conditions seen at the low pressure conditions 

where low vapour densities led to significantly higher vapour production rates. 

4.4.1.5. HFE-7000 at low pressure and low heat flux 

A comparison study using HFE-7000 was conducted to investigate the effect of changing 

confinement of the working fluid. HFE-7000 has a much lower surface tension (~ 80 %) 

and higher liquid-vapour density ratio to that of water, as shown in Table 4.1. This 
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results in a much lower level of confinement, Co = 0.12. The HFE-7000 working fluid case 

was tested over a heat flux range of 7.8 < q < 21.5 kW/m2. Due to the lower boiling point 

of HFE-7000 (Tsat = 34 °C) at atmospheric conditions and lower FOM, the range of heat 

fluxes tested was limited by the onset of dryout earlier than the other working fluids 

tested. Pool boiling and film evaporation were present in the evaporator section at low 

heat flux. The unconfined behaviour of HFE-7000 meant that the bubbles did not grow to 

the size of the tube and thus do not force plugs of liquid into the condenser. Minimal 

oscillatory behaviour is observed and the thermosyphon operates in a more predictable, 

steady manner. Similar to the case of water, the vapour production increased with 

increasing heat flux and the flow became more churn-like with increased entrainment of 

the liquid film 

The flow regime of HFE-7000 at lower pressure and heat flux is shown in Figure 4.20. 

Due to the much lower confinement of the vapour bubbles, HFE-7000 presented the 

closest behaviour to that of pool-type boiling in the evaporator section. At low heat flux 

levels, the flow was bubbly in nature, as indicated by the position in Figure 4.20. 

 

Figure 4.20 - HFE-7000 at low pressure and low heat flux 

The temperature and pressure time trace plots are shown in Figure 4.21 for q = 7.8 kW/m2. 

The corresponding steady two-phase flow behaviour is evident in the high-speed images, 

shown in Figure 4.22. It is clear in this image that, for the case of HFE-7000, the size of the 

bubbles produced is much smaller than that of the bubbles for the water case, and also 

small relative to the size of the thermosyphon diameter. Due to the smaller bubble size, 
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and thus low confinement, the vapour is free to be released to the condenser section, with 

a small amount of liquid entrainment in the adiabatic section.  

Liquid entrainment due to the upflow of vapour is evident in Figure 4.22 (3 – 4) which 

propels liquid to the top of the adiabatic section. Entrainment is a prominent behaviour 

with HFE-7000, a result of the lower surface tension of this fluid compared to water. 

Despite this behaviour, there is still sufficient liquid draining back to the evaporator 

section in this case so that dryout does not occur. For these HFE-7000 cases, due to lower 

confinement and high vapour production rates, the heat transfer mechanisms are more 

conventional and heat is transported from the evaporator to the condenser by latent heat, 

resulting in steadier thermal measurements, shown in Figure 4.21. 

 

 

Figure 4.21 - Temperature and pressure trace, HFE-7000, Pr = 0.06, q = 7.8 kW/m2 
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Figure 4.22 - HFE-7000, Pr = 0.06, q = 7.8 kW/m2, Δt = 0.06 s 
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4.4.1.6. HFE-7000 at low pressure and high heat flux 

Further increase of the heat flux in the HFE-7000 fluid test changes the flow regime to 

that of film evaporation including nucleation events in the evaporator at q = 21 kW/m2. 

The position of this regime is shown in Figure 4.23. Higher rates of vapour generation 

increase the liquid entrainment such that only a thin film returns to cover the wall of the 

evaporator. This leads to an annular-type flow in the evaporator, where higher heat 

fluxes result in nucleate boiling occurring in this thin film.  

 

Figure 4.23 - HFE-7000 at low pressure and high heat flux 

This regime is depicted in Figure 4.24. The majority of the working fluid is held in the 

condenser in this instance. The liquid hold-up is indicated by the increase in pressure 

fluctuations at this higher level of heat flux, shown in Figure 4.24. Interestingly, however, 

there is still enough condensate returning to the evaporator to wet the surface of this 

section, unlike the behaviour of water during tests involving large amounts of 

entrainment. This continuous film in the evaporator section results in a steadier 

behaviour of HFE-7000, even close to the point of failure which can be seen in the 

temperature time trace plot in Figure 4.24. As will be seen in Section 4.5.2, the heat 

transfer coefficient increases slightly at higher levels of heat flux tested, due to the 

thinning of the liquid film in the evaporator. This regime is thus characterised as an 

annular-type regime where only a thin liquid film is maintained on the evaporator walls. 
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Figure 4.24 - Temperature and pressure trace, and high-speed image showing film evaporation 

with nucleation, HFE-7000, Pr = 0.02, q = 21 kW/m2 

The failure of the thermosyphon for the case of HFE-7000 is due to further increasing the 

heat flux, generating higher rates of vapour production, such that the liquid film on the 

evaporator wall can no longer be sustained. Dryout of the evaporator wall occurs to an 

extent that rewetting is no longer possible and large temperature excursions occur. 

The churn and bubbly flow regimes, typical of unconfined liquid with relatively high 

levels of vapour production, demonstrate that this thermosyphon set-up is capable of 

behaving closer to that traditionally described in the literature, with pool boiling and film 

evaporation occurring in the evaporator at higher pressures. 

4.4.1.7. HFE-7000 at high pressure 

In a similar manner to the tests carried out for the case of water, the HFE-7000 was tested 

at a higher pressure, Pr = 0.04. The higher pressure resulted in reduced vapour 
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production rates, due to an increase in the vapour density (~ 50 %). Figure 4.25 shows the 

position of these test cases in terms of the flow regimes described previously. 

 

Figure 4.25 - HFE-7000 at high pressure, low heat flux (left) and high heat flux (right) 

Due to the fact that the flow regimes of HFE-7000 were unconfined and steady at low 

pressure conditions, at this higher pressure, there is very little change in the flow regimes 

observed. The main difference being that these test conditions exist mainly in the bubbly 

flow regime, due to the lower vapour generation rates.  

4.4.1.8. Ethanol at low pressure and low heat flux 

To provide a contrast in behaviour between the HFE-7000 and water, ethanol was chosen 

as a third working fluid. Ethanol was chosen as it has Co = 0.2, between that of water and 

HFE-7000. The tests using ethanol as the working fluid were carried out in the same 

manner as the other fluids described and over a heat flux range of 7 < q < 46.5 kW/m2. The 

thermosyphon was tested at both half and full fluid loading, however, very little 

difference was observed between the tests. For the following discussion, only the full 

evaporator case will be considered.  

The pressure was reduced to Pr = 0.001 for the initial, low pressure study and the heat 

flux initiated at q = 7 kW/m2. According to the flow regime map shown in Figure 4.26, 

ethanol at low pressure and low heat flux are close to the edge of the confined regime, 

Co = 0.2, but with similar vapour production rates to that of water. The lower 

confinement level of ethanol results in flow regimes different to that of water. 
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Figure 4.26 - Ethanol at low pressure and low heat flux 

Figure 4.27 shows a high-speed image sequence of ethanol at q = 7 kW/m2 and Figure 4.28 

illustrates the associated temperature and pressure measurements for this event. This is 

an example of a typical boiling event for ethanol. The boiling behaviour at this 

experimental condition appears to be confined, in the sense that the bubble nucleates, 

grows quickly to the size of the tube and forces liquid into the condenser region, similar 

to the geysering behaviour described for water, Figure 4.27 (1). However, a noticeable 

difference here is that the liquid plug is not able to hold together in a column structure 

due to the combined effects of high vapour production rates and lower confinement of 

ethanol, compared to water, at this level of heat flux. Under these conditions the high 

superficial vapour velocity overcomes the lower surface tension forces of ethanol, and 

thus lower confinement, and shatters the liquid plugs, as shown in Figure 4.27 (2). 

Droplets from the plug are carried to the condenser region in a churn-type mass, Figure 

4.27 (3). Once the liquid and vapour reach the condenser, the flow is cooled and slowed. 

The liquid droplets are deposited on the wall and begin to flow back toward the 

evaporator. There can be a period of time between the rise and fall of the liquid at this 

point as the liquid droplets collect in the condenser (note the high-speed images in Figure 

4.27 (5 – 6) are separated by Δt = 200 ms). A quiet phase follows where the liquid is able 

to return to the evaporator in a continuous thick, wavy film refilling the evaporator 

section, as shown in Figure 4.27 (6 – 8). Once enough liquid has returned and the 

required superheat has been reached, another boiling event takes place.  
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Figure 4.27 - Ethanol, Pr = 0.001, q = 7 kW/m2  
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Figure 4.28 - Temperature and pressure trace, ethanol Pr = 0.001, q = 7 kW/m2 

Looking at the temperature and pressure plot in Figure 4.28 it is most obvious that there 

is a significant spike in the pressure reading with each boiling event. In the same way as 

with water, the peak of the pressure spike coincides with the liquid and vapour mass 

reaching the top of the condenser due to high vapour production rates and a relatively 

high level of confinement. In the case of ethanol, the increase in the pressure 

measurement has a much steeper gradient than that of water. The total increase in 

pressure is 0.04 bar during the boiling event, which represents a 60 % increase from the 

quiet phase pressure measurement. The temperature readings shown in Figure 4.28 are 

for T10 and T8 in the upper and lower evaporator section, respectively. Here it is evident 

that there is no major variation in the temperature of T8 in the lower evaporator during 

the boiling event. There is still a large amount of the liquid pool that remains in the 

evaporator section, so T8 is not cooled by the event and remains around 10 °C hotter than 

the upper evaporator section during the test. The upper section thermocouple, T10, 

shows a 2 °C change in temperature from the start to finish of the bubble nucleation 

event. There is an increase in the superheat in the upper evaporator from t = 0 – 2 s in 

Figure 4.28, as the upper liquid pool reaches the superheat necessary for bubble 
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nucleation. Once evaporation has taken place in the upper evaporator the temperature 

measurement of T10 decreases. 

The boiling events using ethanol occur with very regular frequency, as opposed to water 

which was more erratic, shown in the temperature traces of Table 4.5. Each boiling event 

for ethanol was separated by a quiet phase where the liquid was able to refill the 

evaporator section and the superheat increased to initiate another boiling event. Figure 

4.29 shows the “steady” state for ethanol at low heat flux, q = 7 kW/m2 and high heat flux, 

q = 27 kW/m2. The lower graph in Figure 4.29 shows the frequency of pressure oscillation 

for each heat flux level, calculated using a Fast Fourier Transform (FFT).  

 

Figure 4.29 - Upper: Temperature and pressure measurements, q = 7 kW/m2 and 27 kW/m2; 

Lower: FFT derived frequency of pressure measurement, ethanol, Pr = 0.001 

Considering first the temperature and pressure trace of q = 7 kW/m2 in Figure 4.29, this 

graph shows the temperature and pressure time traces for the tests shown in Figure 4.27. 

Interestingly, shown in this graph is the temperature measurement of the internal 

condenser section, Tcv. This thermocouple shows a high degree of oscillation, due to the 

entrained liquid splashing the thermocouple in this region. The temperature of the upper 
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evaporator (T10) oscillates by 2 °C, while the pressure fluctuates by 0.01 bar. This regular 

oscillatory behaviour was particular to ethanol as the working fluid up to a heat flux 

level of q = 27 kW/m2.  

As the heat flux was increased, the oscillations followed the same physical behaviour 

pattern, but the events increased in frequency and decreased in amplitude for higher 

imposed heat flux. This is illustrated in the lower graph of Figure 4.29. The period of 

oscillation increased to a maximum of f = 0.46 Hz, at q = 19 kW/m2. This should be 

expected since an increase in the heat flux results in higher the vapour production but the 

level of confinement is unchanged. For ethanol the boiling events were distinguishable 

from one another with defined waiting periods. The oscillatory behaviour of ethanol 

could be sustained over very long periods of time, without the period of oscillation 

wavering for a given level of heat flux. The drop in frequency of the temperature beyond 

q = 19 kW/m2, shown in the FFT plot of Figure 4.29, is a result of the boiling events of 

ethanol becoming so frequent that they occur continuously and in fast succession, with 

no distinguishable waiting time.  

The measured temperature in the evaporator section for ethanol at high heat flux levels is 

shown in Figure 4.30, where the change in temperature behaviour between 

q = 19 kW/m2 and q = 27 kW/m2 is observed. The FFT analysis could not differentiate the 

individual boiling events as the heat flux increased beyond q = 27 kW/m2, resulting in 

lower frequencies in Figure 4.29 for higher levels of heat flux. This behaviour is also 

shown in Figure 4.30 where the temperature of q = 27 kW/m2 appears lower and less 

oscillatory than q = 19 kW/m2. It is proposed that this loss of periodicity of the boiling 

events for ethanol signifies a change in boiling dynamics where the flow regime becomes 

more churn-like for q > 27 kW/m2. The oscillations are continuous and the churn enhances 

the mixing of the two-phase flow, resulting in a steadier temperature measurement in the 

evaporator section. With a further increase in the heat flux, the boiling regime becomes 

more rigorous and thus high temperature oscillations are observed in Figure 4.30, for 

q = 39 kW/m2. 
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Figure 4.30 - Temperature traces for ethanol at high heat flux, Pr = 0.001 

An example of the typical flow behaviour observed for ethanol over 19 < q < 46.5 kW/m2 

is shown in Figure 4.31. From this figure it is clear that the liquid pool becomes 

progressively more depleted with increasing input heat. For a heat flux of q = 39 kW/m2, 

there is sufficient superheat in the evaporator section for bubble nucleation to occur in 

the thin film present in this section. The temperature trace of Figure 4.30 for q = 39 kW/m2 

shows a high degree of oscillation and indicates the approach of thermosyphon failure. 

Once the heat flux is increased to q = 46.5 kW/m2 the falling liquid film is no longer able 

to rewet the growing dry patches in the evaporator. This results in failure of the 

thermosyphon at this heat flux, where the evaporator temperatures rise sharply.  
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Figure 4.31 - Ethanol, Pr = 0.001, 19 < q < 46.5 kW/m2 
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4.4.1.9. Ethanol at low pressure and high heat flux 

For ethanol at high heat flux and low pressure, the flow regime is churn and the location 

is given on the flow map of Figure 4.32. As the heat flux of the ethanol is increased to 

q = 27 kW/m2, there is no change in the level of confinement for Pr = 0.001. The vapour 

production rate increases with increasing heat input and the behaviour moves further 

along the border of geyser and churn-type flow. 

 

Figure 4.32 - Ethanol at low pressure and high heat flux 

This confined, churn-type behaviour is evident for q = 27 kW/m2 in high-speed images 

shown in Figure 4.33 and the corresponding temperature and pressure trace in Figure 

4.34. It is clear from Figure 4.33 (1) that the liquid pool is smaller for the higher heat flux 

q = 27 kW/m2. The higher input heat results in higher vapour production rates and thus 

more liquid transported away from the evaporator section. In Figure 4.33 (2) the effects of 

entrainment in the adiabatic section are evident. With higher vapour generation rates, 

more liquid is entrained and forced into the condenser section leaving a smaller liquid 

pool in the evaporator. As the liquid becomes subcooled on the wall of the condenser, a 

wavy film is formed. 

 It can be seen in Figure 4.33 (6) (this image is advanced 200 ms from the preceding 

image) that there are some dry spots formed on the surface of the evaporator wall. This is 

due to the high heat flux and continuous evaporation of the liquid film in this region. 

These dry spots are not detrimental to the thermosyphon performance, however, as the 

condensate film falls quickly to rewet the surface of the evaporator. 
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Figure 4.33 - Ethanol, Pr = 0.001, q = 27 kW/m2,  
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Figure 4.34 - Ethanol temperature and pressure trace, Pr = 0.001, q = 27 kW/m2  

Figure 4.33 (6 – 8) shows the return of the wavy condensate film to the evaporator. The 

temperature and pressure plot in Figure 4.34, and previously Figure 4.30, show that the 

evaporator temperature is reasonably steady during this process, as the rapid boiling 

events maintain the wall temperature. However, large oscillations are observed in the 

pressure measurement, again attributed to the fast rising vapour and entrained liquid to 

the condenser region with each boiling event.  

These results suggest that although geyser-type boiling and confinement are common 

when using water as the working fluid (Table 2.1), they are not exclusive to this working 

fluid. With a particular level of reduced pressure, heat flux, and high vapour production 

rates, geyser-type oscillatory behaviour can be achieved for confinement levels of 

Co = 0.2. This again highlights the importance of confinement and vapour production 

rates in the design of reflux thermosyphons. 
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4.4.1.10. Ethanol at high pressure and low heat flux 

Similar to the previous two working fluid cases, the effect of changing pressure on 

ethanol was investigated. The pressure was increased for ethanol to Pr = 0.02. The higher 

pressure lowers the vapour production rate of ethanol, again due to a sharp increase in 

the vapour density. The regime of ethanol at high pressure and low heat flux is indicated 

in Figure 4.35. There is a significant flow pattern change for ethanol at this pressure 

condition where the flow regime transitions to slug/plug flow, as indicated in Figure 4.35. 

 

Figure 4.35 - Ethanol at high pressure and low heat flux 

For the ethanol case at high pressure and low heat flux, Figure 4.36 presents an example 

of the flow regimes, with the corresponding temperature and pressure time traces shown 

in Figure 4.37. In Figure 4.36 it is seen that there is a continuous production of small 

vapour bubbles in the evaporator region. As these bubbles are further heated in the 

liquid pool they grow and coalesce, as shown in Figure 4.36 (1 – 2), due to the relatively 

high degree of confinement and low vapour production rates. Thin liquid bridges are 

sometimes trapped between the growing bubbles. The expanding bubbles are much less 

explosive than those of ethanol at lower pressures and so these liquid bridges are 

maintained for longer periods of time, again due to the low vapour production at the low 

level of heat flux. It is also evident from the temperature and pressure measurements 

shown in Figure 4.37 that these experimental conditions are conducive to steady, less 

oscillatory behaviour.  
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Figure 4.36 - Ethanol, Pr = 0.02, q = 5.6 kW/m2, Δt = 0.06 s 
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Figure 4.37 - Ethanol temperature and pressure trace, Pr = 0.02, q = 5.6 kW/m2 

 

4.4.1.11. Ethanol at high pressure and high heat flux 

Increasing the heat flux further for this pressure condition, q = 17 kW/m2 at Pr = 0.02, has 

the effect of increasing the rate of vapour production without changing the level of 

confinement. The flow pattern in this case becomes much more churn-like with more 

small bubbles in the evaporator section as a result of the higher vapour generation rate, 

as shown in Figure 4.38. 

 

Figure 4.38 - Ethanol at high pressure and high heat flux 
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An example of the flow structure encountered for this test condition is shown in Figure 

4.39, with associated temperature and pressure measurements. The higher heat flux 

generates more vapour in the evaporator, in turn causing more churning at the 

liquid-vapour interface, relative to the high pressure/low heat flux case discussed above.  

 

Figure 4.39 - Temperature and pressure trace and high-speed image, ethanol, 

Pr = 0.02, q = 17 kW/m2 
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heat transfer. The large fluctuation in the pressure measurement of Figure 4.39 is due to 

the compression of gas in the condenser section as the vapour rises from the evaporator. 

The fluctuations are exaggerated here as a result of the high vapour velocities at this high 

heat flux condition, while the temperature remains relatively steady. 
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4.4.2. Flow maps 

The high-speed imaging in this investigation made it possible to create flow pattern maps 

using the flow regimes observed in the thermosyphon for each of the working fluids over 

the range of pressures tested. The maps presented in this section are similar to that of 

Figure 4.4. However, these maps use the liquid and vapour momentum flux, p, as the 

coordinate system, similar to flow regime maps developed in previous studies [60]. This 

coordinate system was chosen as it will be more convenient in the context of the heat 

transfer analysis of Section 4.5.2. Figure 4.40 shows the flow patterns observed in the 

evaporator section. Figure 4.41 illustrates how the evaporator flow regimes impact that in 

the condenser. It should be noted that the transition lines in these maps are for 

demonstration purposes and should be taken purely as a guide.   

 

Figure 4.40 - Flow pattern map for evaporator section, momentum flux coordinates 
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Figure 4.41 - Flow pattern map condenser section, momentum flux coordinates 
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may also start to become apparent in the churn regime. Further increases in the liquid 

momentum flux result in annular-type flow where only a thin film remains in the 

evaporator. This regime was only observed for the case of HFE-7000 at high levels of heat 

flux, as shown in Section 4.4.1.5. Most of the working fluid from the evaporator was held 

up by the high liquid and vapour momentum. An increase in heat flux from this regime 

resulted in dryout of the evaporator section.  

4.4.3. Summary 

It is clear from these working fluid studies that the fluid properties can have an impact 

on the two-phase flow and associated heat transfer of the thermosyphon. This is mostly 

due to the interactions between the channel and the fluid at small dimensions and rate of 

vapour production. From an applications standpoint, avoidance of geyser-like 

oscillations that were observed both in Chapter 3 and for the case of water and ethanol at 

low pressures in this chapter would be most beneficial to ensure safe, reliable and 

consistent operation of the cooling device. The tests have shown that working fluid and 

channel dimension must be carefully considered for individual thermosyphon design 

and operating conditions, in order to avoid these oscillations.  
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4.5. Results and discussion – Heat transfer analysis 

The analysis of the heat transfer performance of the thermosyphon is presented in terms 

of the measured heat transfer coefficient for each section. The heat transferred between 

the evaporator and condenser sections will vary for each of the fluids tested and at 

different imposed heat fluxes due to the nature of the flow and experimental conditions. 

As seen in Section 4.4, the flow regimes vary significantly between each of the liquids 

with heat flux, and this has a significant effect on the mechanisms of the heat transfer 

within the thermosyphon.  

4.5.1. Temperature distribution 

Figure 4.42 shows the average temperatures for each of the thermocouples along the 

length of the thermosyphon for the lowest level of pressure tested for each fluid. The 

spatial uniformity of the average temperature in the evaporator in the case of the 

HFE-7000 is noticeable from this figure, indicating a high degree of phase change and 

induced mixing in the evaporator and condenser section. As outlined in Section 4.4, this 

type of heat transfer is more prominent in cases where confinement is not significant. The 

following discussion will first focus on the low pressure experimental conditions, where 

confined, geyser-type boiling was dominant for both water and ethanol. 

For the case of water and ethanol there is less uniformity in the temperature of the 

evaporator section. This is due to the transient behaviour, where the evaporator is subject 

to oscillations and possibly temporary dryout conditions, which is typical of confined 

boiling behaviour. It can also be noted from this graph that there is a difference in the 

average temperature between the upper (T10 & T11) and lower (T8 & T9) evaporator 

sections for water and ethanol test cases. This is a result of the continual presence of a 

liquid pool in the lower evaporator section, whereas the upper thermocouples were 

subject to change based on the height of the remaining liquid pool in the evaporator 

section. 
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Figure 4.42 - Temperature per section along thermosyphon length, low pressure condition 

In tests where the liquid pool height was sufficient to cover the lower thermocouples, a 

lower temperature was recorded in these regions. For cases where the liquid pool was 

depleted to below these thermocouples, an increase in temperature was recorded. 

Therefore, this temperature difference will change as the heat flux is increased due to the 

higher levels of vapour production leading to liquid hold-up and reduction of the liquid 

pool height.  

There is a temperature increase across the left and right sides of the tube, shown in Figure 

4.42. Thermocouples T8 and T10 tended to record higher temperatures than T9 and T11. 

It was observed there was an increase liquid tendency to flow down one side of the 

evaporator in rivulets, resulting in a lower temperature recorded in that side of the 

evaporator. The surface effect causing this behaviour is yet unknown, but it is possibly 

caused by surface roughness inhomogeneity between each side of the thermosyphon.  

The results outlined are consistent with the oscillatory and confined flow behaviour 

visually observed in the evaporator section for the water and ethanol test cases. Further 

confirmation of this behaviour is evident in analysing the temperature fluctuations 

0

10

20

30

40

50

60

T
ew

[°
C

]

Water, 10 kW/m²

Water, 19 kW/m²

Water, 39 kW/m²

Water, 59 kW/m²

Ethanol, 10 kW/m²

Ethanol, 19 kW/m²

Ethanol, 39 kW/m²

Ethanol, 46.5 kW/m²

HFE-7000, 12 kW/m²

HFE-7000, 19.5 kW/m²

CondenserAdiabaticEvaporator

T8 T0T9 T10 T11 T12 T13 T1 T2 T3 T4 T5 T6 T7



Chapter 4 Flow regimes and heat transfer study 

 

122 

within the evaporator by calculating the difference between the maximum and minimum 

temperatures recorded in one of the upper (T10) and lower (T8) evaporator 

thermocouples. Figure 4.43 presents the difference between the maximum and minimum 

temperatures recorded in the upper and lower sections of the evaporator, and gives an 

indication of the amplitude of the temperature fluctuations. HFE-7000 showed only small 

oscillations in temperature in both the upper and lower thermocouples (except at the 

highest levels of heat flux where failure occurred). Water and ethanol showed varying 

degrees of oscillation in the upper and lower sections, changing with heat flux. Notably, 

there is a change in the magnitude of oscillations at around q = 25 kW/m2. This is 

consistent with the FFT analysis of the temperatures for the case of ethanol, presented in 

Section 4.4.1.8, Figure 4.29. 

 

Figure 4.43 - Temperature flux for upper (T10) and lower (T8) thermocouple 
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duration of the quiet periods was shortened until it was no longer evident. This is noted 

by the steadying of the temperature difference in the upper thermocouple as the 

oscillations are so regular there is consistent rewetting in this section. The thermosyphon 

enters a transient regime, the temperature oscillations decrease in amplitude and increase 

in frequency above q = 25 kW/m2. 

The lower thermocouple, T8, shows differing behaviour for water and ethanol at low heat 

flux levels. However, both are significantly higher than the temperature difference of 

HFE-7000, which was consistent with the flow regimes observed for confined/unconfined 

flows. At low heat flux levels, for the case of water the temperature difference in the 

lower evaporator section is higher than that of ethanol. This result is due to a change in 

the location of bubble nucleation between the two fluids. As is evident in the water 

images presented in Section 4.4.1, it is generally the case that bubble nucleation in water 

took place deep in the liquid pool of the evaporator. This nucleation location resulted in 

less fluid in the region of the lower thermocouple and it experienced a higher superheat 

between boiling events. For ethanol, the temperature difference in the lower evaporator 

temperature is slightly lower than water due to the presence of a continuous liquid pool 

in this region. Bubble nucleation in the ethanol case was located higher in the evaporator 

pool.  

For both water and ethanol, as the heat flux is increased to q = 25 kW/m2, the temperature 

difference in the lower evaporator increased. This was due to the reducing size of the 

liquid pool. With increasing heat flux, more liquid hold-up was evident in the condenser 

section due to an increase in the rate of vapour production. This resulted in periodic 

drying of the lower evaporator thermocouple as the liquid was drained and refilled. 

Interestingly, for the lower evaporator temperature difference in Figure 4.43, there is a 

change in behaviour of ethanol at q = 27 kW/m2. Here, a sharp increase in the temperature 

difference is apparent for the lower section thermocouple. As noted in the flow maps of 

Section 4.4.1.8, there was a change in the behaviour of ethanol from geyser to churn 

boiling as the heat flux was increased. The quiet periods between boiling events were no 

longer distinguishable and the boiling became more rigorous.  
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The analysis of the evaporator temperatures in this way confirms that the flow behaviour 

observed in the preceding section influences the heat transfer of the thermosyphon. 

Oscillatory behaviour is present using water and ethanol as the working fluid due to 

confined flow and high vapour production rates. The change in flow behaviour of 

ethanol at higher heat fluxes is also confirmed by a change in temperature measurements 

of ethanol. The steady boiling behaviour of HFE-7000 is noted in the temperature 

measurements and temperature differences between the thermocouples in the 

evaporator. 

4.5.2. Heat transfer analysis 

The heat transfer coefficient is used to quantify the effectiveness of the thermal transport 

within the thermosyphon. Here, it represents the ratio of the heat flux and the 

temperature difference between the thermosyphon wall surface (source) and working 

fluid (sink).  

First, the heat transfer coefficient in the evaporator section for each fluid was compared 

to the pool boiling correlation proposed by Imura [31], Eqn. (4.13). The Imura correlation, 

as mentioned in Chapter 2, was developed for pool boiling in thermosyphons. This 

correlation has been well documented in previous literature to perform accurately and 

for this reason it will be used as the reference correlation in the following discussion. 

Figure 4.44 shows a comparison of the experimental heat transfer coefficients in the 

evaporator section over the range of experimental conditions, for each fluid. 

Since it has clearly been established that the flow regimes and heat transfer coefficients 

are significantly linked in the performance of a thermosyphon, the flow regimes and heat 

transfer coefficients should be considered in conjunction with one another. With this in 

mind, the heat transfer trends of Figure 4.44 will be considered in conjunction with the 

flow maps of Section 4.4.2.  
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Figure 4.44 - Evaporator heat transfer coefficient for each liquid compared to 

Imura correlation [31] 

For the case of water, Figure 4.44 shows that the Imura correlation over-predicts the 

measured heat transfer coefficient of the evaporator section. This is due to the dominant 

geyser boiling mechanism occurring, as highlighted in Figure 4.45. As observed in 

Section 4.4.1, the geyser boiling regime differs from nucleate pool boiling as heat is 

transferred as a mixture of latent and sensible heat. The heat transfer coefficient 

associated with geyser boiling is lower than that of nucleate pool boiling, as seen here in 

Figure 4.44. It is evident from Figure 4.45 that as the vapour momentum flux is increased 

the heat transfer coefficient of the evaporator improves due to the higher rates of vapour 

production.  
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The heat transfer coefficients for the other observed regimes are also presented in Figure 

4.45 for water. The slug/churn regime observed for the case of water at high pressure and 

high heat flux presented the more favourable condition in terms of the heat transfer 

coefficient compared to flow regimes at lower momentum flux levels, such as slug flow. 

The increased mixing of this regime, combined with the steadier behaviour, resulted in 

an increase in latent heat transfer, and the heat transfer coefficients move closer to that of 

the pool boiling prediction. At high pressures and low heat flux, during the slug regime, 

the heat transfer is poor due to the low vapour production rate, low mass transfer rates 

and less aggressive mixing of the phases in the evaporator. 

 

Figure 4.45 - Water evaporator flow map and measured heat transfer coefficient 

For the case of ethanol, a number of different flow regimes were observed and discussed 
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to water, the geyser regime is present for the case of ethanol at low pressure and low heat 

flux levels. Again, it is clear from Figure 4.46 that this regime deteriorates the heat 

transfer coefficient.  

There is a transition in the flow regimes from geyser to churn at high levels of heat flux, 

as discussed in Section 4.4.1. This change in behaviour is also evident in Figure 4.43, 

Section 4.5.1, where the oscillations of the evaporator wall temperature reduce. The 

change in behaviour is noted in the flow regime transition and corresponding increase in 

the slope of the heat transfer coefficient for ethanol, shown in Figure 4.46. 

During this churn regime, there is increased mixing due to higher vapour production 

rates and relatively high confinement levels. The boiling regime is not the same as that of 

nucleate pool boiling, and this explains the under-prediction of the Imura correlation of 

the upper data set highlighted in Figure 4.44. 

 

 

Figure 4.46 - Ethanol evaporator flow map and measured heat transfer coefficient 
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HFE-7000 shows the best agreement with the Imura pool boiling correlation in Figure 

4.44. This is consistent with the observation that the HFE-7000 showed nucleate pool 

boiling behaviour, as discussed in Section 4.4.1. At higher levels of heat flux, HFE-7000 

presented an annular-type regime with a thin film falling down the evaporator wall.  

The heat transfer coefficients related to these flow regimes are shown in Figure 4.47. Here 

a change in the slope of the heat transfer coefficient curve is evident as the flow regime 

transitions from bubbly to a more annular flow regime. Higher heat transfer coefficients 

are expected in this regime as higher vapour production rates promote mixing and the 

thin liquid film in the evaporator section results in enhanced heat transfer. Within this 

regime, the heat transfer is better than that predicted by the Imura correlation, as shown 

in Figure 4.44. 

 

Figure 4.47 - HFE-7000 evaporator flow map and measured heat transfer coefficient 
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For the case of water, the heat transfer coefficient in the condenser was significantly over-

predicted by the Nusselt equation (up to tenfold). Nusselt’s equation correlated better 

with the HFE-7000 and ethanol data (± 40 %); the measured values being under-predicted 

in both of these fluid cases. The discrepancies in the measured and predicted values are 

due to the flow regimes observed for each of the working fluids. 

In the case of water, the heat transfer coefficient in the condenser measured during the 

tests is much lower than that predicted, as there was no thin film condensation observed 

in this section during these test conditions. A large amount of liquid in the condenser will 

result in stunted heat transfer in this section. As a result, the heat transfer coefficients are 

lower than those predicted using the Nusselt correlation. Despite the thermosyphon-

specific modifications made to the condensation heat transfer coefficient by [23], this 

correlation showed no better agreement with the experimental data compared to the 

Nusselt equation. 

 

Figure 4.48 - Condenser heat transfer coefficient and Nusselt correlation 
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ℎ𝑁𝑢𝑠𝑠𝑒𝑙𝑡 = 0.943{

𝜌𝑙(𝜌𝑙 − 𝜌𝑣)𝑔𝑘𝑙
3[ℎ𝑓𝑔 + 0.68𝐶𝑝𝑙(𝑇𝑣 − 𝑇𝑐)]

𝜇𝑙(𝑇𝑣 − 𝑇𝑐)𝐿𝑐
}

0.25

 
Eqn. (4.14) 
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For the ethanol and HFE-7000 working fluids, the experimental data is under-predicted 

to the same extent, but within the same order of magnitude as the predictions. For these 

test cases there is evidence of a liquid falling film in the condenser section. For the case of 

ethanol, the bulk fluid motion caused by the geysering behaviour is interrupted in the 

condenser section, and the liquid plugs are broken, resulting is a smooth film flow of 

liquid returning to the evaporator in the condenser section. As observed in 

Section 4.4.1.5, images of the HFE-7000 operated thermosyphon show a continuous liquid 

film in the condenser section.  

In terms of the flow regimes in the condenser region, the heat transfer coefficient of water 

and ethanol are presented with the flow regime map in Figure 4.49. Again this graph 

shows low values of heat transfer coefficient during slug flow regimes.  

 

Figure 4.49 - Condenser flow map and heat transfer coefficients of ethanol and water 
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due to the difference in liquid plugs between the water and ethanol geyser boiling 

regimes. The surface tension forces of water are high enough to maintain the liquid in a 

complete column suspended by the vapour in the condenser section, reducing the heat 

transfer in this region. Conversely, ethanol has lower surface tension forces which can be 

overcome by the expanding vapour during confined boiling. The liquid plugs cannot be 

sustained and a thick liquid film is formed in the condenser section, resulting in an 

increase in the heat transfer coefficient. 

This study highlights the connection between the flow regimes observed and the 

measured heat transfer coefficients and their combined impact on the thermal 

performance of the thermosyphon. The changes observed in the flow regimes for each of 

the fluids provide an insight into the changes in measured heat transfer coefficient 

trends.   
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4.6. Conclusion 

The aims of this investigation were to observe and characterise the flow regimes and 

associated heat transfer occurring within a thermosyphon of relatively small dimension. 

The investigation focussed on flow regimes particular to small dimension channels which 

were found to deviate from the conventional nucleate pool boiling behaviour expected in 

thermosyphon operation. The main results of this study are itemised as follows: 

 The boiling mechanisms in the thermosyphon of this study are dominated by 

gravitational forces, as opposed to surface tension and inertia forces. 

 Within the gravity-dominated thermosyphon, the two-phase flow regime is 

influenced by confinement and the rate of vapour production. 

 The flow regimes can be classified in terms of the degree of confinement of the 

fluid and rate of the vapour superficial velocity. The resulting flow regimes 

dictate heat transfer performance of the thermosyphon.  

 For high levels of confinement and low rates of vapour production, the flow is 

characterised as slug/plug flow. With relatively high confinement combined with 

high vapour production rates, a geyser boiling regime is encountered.  

 For unconfined flows, a nucleate pool boiling regime is present in the evaporator 

at low vapour production rates. This regime becomes progressively more 

churn-like with increasing rates of vapour production.  

 With very high rates of vapour production and unconfined flows, an annular flow 

regime can be encountered where most of the liquid is held above the evaporator 

and a thin film falls down the evaporator wall. 

 HFE-7000 shows the most stable flow behaviour for all pressure and heat input 

levels under investigation, due to the fact that it is unconfined, even with 

relatively high rates of vapour production. Due to the steadiness of operation, and 
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favourable boiling regimes, HFE-7000 showed relatively high heat transfer 

coefficients at low pressures. 

 The churn regimes observed for both HFE-7000 and ethanol presented the most 

favourable conditions in terms of effective heat transfer. The oscillatory geyser 

boiling regime showed a reduction in the heat transfer coefficient at low input 

heat flux, but this gradually improved with increasing heat flux as the rate of 

vapour production, and thus the frequency of oscillation, increased. 

 Failure of the thermosyphon was, in most cases, due to the increasing rate of 

vapour production at high input heat flux. This led to increased liquid hold-up in 

the adiabatic and condenser regions and subsequent dryout of the evaporator 

section. 

 Geyser boiling is a prominent behaviour for water and ethanol, especially at low 

operating pressures. This is mainly due to high surface tension and high vapour 

specific volume which led to high levels of confinement and high superficial 

vapour velocities. 

For steady and predictable heat transfer performance, the geyser boiling regime should 

be avoided as the large pressure fluctuations could pose a threat to the thermosyphon 

equipment. However, this regime did not present a significant deficit in terms of the heat 

transfer capability of the thermosyphon. Maintaining the operation of the thermosyphon 

within the churn or bubbly regime will result in a more reliable performance. This result 

is beneficial in terms of electronic cooling applications. Further to this, the augmentation 

of the flow regimes using external forces could enable smart control of the thermal 

output of the thermosyphon, which will be investigated in the following chapter. 
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5. Flow augmentation using 

Electrohydrodynamics 

5.1. Introduction 

From the previous chapters of this thesis it is clear that there are strong links between the 

flow regimes and the mechanisms of heat transfer within the thermosyphon system. 

Identifying the most effective regimes of both heat and fluid transport are therefore vital 

in designing an optimal system. Opportunities to augment the flow within the 

thermosyphon could be utilised to enhance the transfer of heat between the source and 

the sink.  

Electrohydrodynamics (EHD) involves the application of electric fields to fluids. EHD 

forces have been studied in two-phase systems, including convective flow boiling 

enhancement [63 – 65]. Charging the system with an electric field can dramatically 

augment the flow, and thus the heat transfer. This augmentation is due to the imposed 

body forces on the fluid in the presence of an electric field, shown in Eqn. (5.1). These 

electric body forces act to alter the bulk fluid behaviour and also the interaction of phases 

at the liquid-vapour interface.  

The three components of this expression are the electrophoretic, dielectrophoretic and 

electrostrictive forces. Each of these components contributes to the flow augmentation in 

different ways.  

 
𝑓𝑒 = 𝜌𝑒𝑖𝐸̅ −

1

2
𝐸2∇𝜀 +

1

2
∇ [𝜌𝐸2 (

𝛿𝜀

𝛿𝜌
)
𝑇

] 
Eqn. (5.1) 



Chapter 5 Flow augmentation using Electrohydrodynamics 

 

136 

The electrophoretic force, ρeĒ, acts on the net free charge within the fluid promoting bulk 

mixing within the liquid and vapour phases. The second term, the dielectrophoretic 

force, can be most significant in two-phase flows. This force is due to the difference in 

permittivity between the liquid and vapour phases. At the liquid-vapour interface, this 

permittivity gradient can have significant effects on the heat transfer as a result of phase 

redistribution. Generally, the liquid phase has a higher permittivity than that of the 

vapour, and is pulled toward regions of high electric field strength. This behaviour is 

referred to as liquid extraction, while the vapour phase is repelled. In two-phase flow 

scenarios this can result in liquid being pulled from the channel wall, enhancing mixing 

of the phases, and consequently increasing the rate of heat transfer. The final term in the 

expression, the electrostrictive force, accounts for variation of the permittivity with 

changing density and temperature. Of these three terms it is thought that the second is 

the most dominant for two-phase flow conditions [66], though there exists some debate 

on this matter. 

EHD has been shown to enhance convective boiling in a number of ways. The electric 

forces increase the number of nucleation sites, the frequency of bubble departure, and the 

bubble size [67]. In this way, EHD forces result in an improvement of the heat transfer by 

inducing a more vigorous nucleate boiling regime. As mentioned above, the 

redistribution of the flow due to liquid extraction augments the bulk fluid motion. The 

liquid is attracted to locations of high electric field, and vapour is repelled. This is 

particularly important for horizontal flow cases where liquid flow is agitated enough to 

wet both the top and bottom of the channel, increasing the heat transfer in these regions. 

It has also been found that the level of heat transfer enhancement is proportional to the 

applied high voltage, but inversely proportional to the working fluid flow rate and 

applied heat flux [66 – 68].  

  



Chapter 5 Flow augmentation using Electrohydrodynamics 

 

137 

5.2. Literature review 

5.2.1. Electrohydrodynamic augmentation of flow boiling 

Two-phase flow augmentation due to EHD has been studied over a wide range of 

applications. Comprehensive review studies of EHD in two-phase applications has been 

compiled by Allen and Karayiannis [69] and more recently by Laohalertdecha et al. [70]. 

Much of the analysis to date has been focussed on two-phase flow boiling augmentation 

using both A.C. and D.C. electric fields, generally in the horizontal orientation. Varying 

levels of enhancement of the average heat transfer coefficient have been reported in the 

existing literature.  

Cotton et al. [66] investigated the influence of applied D.C. electric fields in flow boiling 

using HFC-134a as the working fluid. A flow pattern map was developed for the regimes 

induced by an applied high voltage of 0 – 8 kV. A dimensionless analysis was also 

carried out using dimensionless numbers specific to EHD [71]. This study investigated 

the Masuda number, Md, which characterises the body forces associated with EHD, (Eqn. 

(5.2)). It should be noted that the characteristic length, L, is the spacing gap between the 

concentric electrodes. 

It was found that the EHD body forces strongly influence the flow when they are large 

enough to overcome the inertial forces within the system. It was proposed that when 

Md ~ Rel2 the EHD forces interfered significantly with the liquid phase, thus redistributing 

the flow. This phase redistribution affected both the observed flow regimes and rate of 

heat transfer. In addition to this, Cotton et al. [66] proposed a dimensionless number 

range over which the flow of liquid will be influenced by EHD forces, as 0.1 ≤ Md/Rel2 ≤ 1. 

A recent study by McGranaghan and Robinson [65] investigated the effects of EHD on 

horizontal flow boiling with full visualisation of the test section. HFE-7000 was used as 

the working fluid and EHD effects were investigated for an applied 60 Hz A.C. sine 

 
𝑀𝑑 =

𝜀0𝐸0
2𝐿2

𝜌𝑙𝜈𝑙
2  

Eqn. (5.2) 
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waveform, up to of amplitude up to 8 kV. The results compared the heat transfer 

enhancement observed on the top and bottom surfaces of the channel. A maximum of 

7-fold increase was observed in the top section due to improved mixing and disturbance 

of the liquid flow at low qualities due to EHD. It was also reported that the effects of 

applied voltage were small below 4 kV. This result corroborates with the dimensionless 

correlation found by Cotton et al. [66]. At voltages above this threshold, the EHD forces 

were of the same magnitude as the inertial forces and the effects of EHD on the fluid flow 

became more prominent, i.e. when Md/Rel2 ~ 1.  

In a separate study, McGranaghan and Robinson [72] investigated the control of heat 

transfer output in an EHD flow boiling system. This was achieved by implementing a 

PID controller in addition to a high voltage amplifier. A specified rate of heat transfer 

could be reached by varying the electric field strength using the PID controller. The 

results demonstrated accurate control of the heat transfer to a particular level within a 

short time (t ~ 120 s) with small overshoot of the high voltage level. 

The use of EHD for smart control of convective flow boiling was investigated recently by 

Nangle-Smith and Cotton [73]. The results of this study show that EHD can provide a fast 

response control mechanism for the steady state load condition. A controller was 

developed which was capable of maintaining the output load within ± 25 % of the 

desired conditions. 

5.2.2. Electrohydrodynamics in heat pipe applications 

A summary of EHD in heat pipe applications has been described by Reay and Kew [3], 

though sources of this study are very limited. Jones [74] studied EHD in a heat pipe using 

a ribbon electrode positioned eccentrically, similar in position to a wick structure in a 

conventional heat pipe. It was found that EHD forces could improve the performance of 

a heat pipe, mainly due to the phenomenon of phase redistribution. Loehrke and Sebtis 

[75] extended the investigation of EHD in heat pipes to flat plate designs. Viewing ports 

were placed in the evaporator, adiabatic and condenser sections to determine the fluid 

behaviour. An investigation of the influence of the electrode-plate spacing on the rate of 
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heat transfer was carried out. It was found that heat transfer enhancement was observed 

for the lower values of spacing, however as the distance between the electrode and plate 

was increased, dryout failure was encountered. Loehrke and Day [76] furthered this 

work by presenting several EHD heat pipe designs with smooth and grooved inner walls. 

It was found that heat transfer enhancement was achieved for both cases, and that the 

inner wall structure did not have a significant effect on this enhancement. Similarly to 

Loehrke and Sebtis, Kikuchi et al. [77] studied the effects of EHD on a flat plate heat pipe. 

Some flow visualisation was carried out via observation windows along the length of the 

heat pipe and steady state nucleate boiling was observed in the evaporator.  

5.2.3.  Summary 

From assessing the existing literature, it appears that full visualisation of the influence of 

EHD forces on the internal fluid dynamics within a thermosyphon has yet to be 

performed.  

The aim of the current work is to carry out a preliminary investigation on the effects of 

EHD on a fully transparent, closed, two-phase thermosyphon of small dimension in the 

vertical orientation, with a concentric annular electrode. The focus will be to investigate a 

range of imposed heat fluxes in the evaporator, fluid fill volume, applied high voltage 

and frequency. Importantly, the study aims to corroborate the claims made in a recent 

patent application [78] where EHD is proposed as an innovative solution to control the 

effective thermal resistance of reflux-type thermosyphons.  
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5.3. Methodology 

5.3.1. Experimental design 

The experimental set-up outlined in Chapter 4 was modified to enable testing with the 

addition of a high voltage electric field. This allowed the investigation of the effect of 

Electrohydrodynamic (EHD) forces on thermosyphon operation with synchronized 

visual observation and thermal measurement. The experimental set-up for the EHD 

study is shown in Figure 5.1. HFE-7000 was chosen as the working fluid for these tests as 

it is an electrical insulator (dielectric strength ~ 40 kV) and has a high dielectric 

permittivity (εr = 7.4).  

 

Figure 5.1 - Experimental set-up schematic, transparent thermosyphon showing representation 

of the high voltage connection 
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electrode was held taut and in place. In order to shield the exposed ends of the electrode, 

polycarbonate caps were manufactured which could be grounded for safety in order to 

prevent voltage arcing to other parts of the rig or equipment. Earth connections were also 

made to several points on the experimental set-up to prevent any charge build up. The 

ITO coating on the outer surface of the sapphire thermosyphon served as the other EHD 

electrode. The high voltage was connected to the apparatus that the electric field was 

through the entire length of the thermosyphon, as shown from the schematic in Figure 

5.1. The high voltage connection to the electrode was made secure by copper fastenings 

manufactured specially to provide a secure connection between high voltage leads and 

the electrode.  

5.3.2. Instrumentation 

All thermocouples and pressure transducers used in the experimental apparatus detailed 

in Chapter 4 were left in place for this phase of testing. Additional equipment was used 

in order to generate and amplify the voltage supplied to the electrode in order to produce 

sufficient voltage to augment the liquid flow. 

The EHD signals to the electrodes were applied using a TTi TG 1006 function generator 

which was used to generate sine waves between V = 1 – 8 V at f = 20 – 100 Hz. This signal 

was verified on an Iso-Tech IDS 8064 oscilloscope. This input signal was passed to a 

Matsusada AMT-10B10 high voltage amplifier, which outputs voltage signals at 

1000 times amplification. An attenuator probe, Testec TT-HVP 40 (1000:1 signal 

attenuation) and multimeter was also used to verify the voltage transferred to the 

electrode at the output of the high voltage supply.  

The output voltage from the high voltage amplifier (attenuated by 1000:1) was recorded 

in LabView along with the temperature and pressure of the system. High-speed imaging 

of the evaporator and condenser sections was carried out using two synchronised 

high-speed cameras, similar to the tests described in the previous chapter. The 

high-speed cameras recorded at a frame rate of 1000 frames per second and were 

triggered using LabView. 
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5.3.3. Testing methodology  

Table 5.1 outlines the tests that were undertaken in this phase of investigation. HFE-7000 

was used as the working fluid for all tests. For each case, the high voltage was applied 

across the entire length of the thermosyphon tube, and tests were carried out in 1 kV 

increments. All high voltage levels referred to in this study are peak-to-peak values. 

Heat flux  

[kW/m2] 

Waveform 

(Current) 

Frequency  

[Hz] 

Fill Volume  

[%] 

Pr Voltage  

[kV] 

8  Sine (AC) 20 60 100 50 100 0.5 0 – 8 

15 Sine (AC) 20 60 100 50 100 0.5 0 – 8 

Table 5.1 - Test parameter matrix for transparent thermosyphon with EHD 
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5.4. Results and discussion 

This section will highlight the effects of EHD on thermosyphon performance in terms of 

the heat transfer coefficient in the evaporator section, evaporator superheats, and visual 

observations of the two-phase flow behaviour.  

The presence of the concentric electrode within the thermosyphon will inevitably have an 

effect on the flow regimes and heat transfer observed. Appendix C. includes a 

comparison of the electrode and no-electrode case for HFE-7000. 

As discussed in Chapter 4, the most dominant force acting on the thermosyphon is 

gravity. In order for the electric field to influence the flow behaviour within the 

thermosyphon it must first overcome this gravitational force. The electrogravitational 

number, Nlg (Eqn. (5.3)), expresses the ratio of electric forces and the gravitational forces 

[71]. As this number approaches unity, the electric forces will begin to augment the 

two-phase flow behaviour.  

Table 5.2 lists the important dimensionless numbers for this investigation, along with the 

electric field strength, E. Here, it is evident that as the magnitude of the electric field is 

increased, the effect of EHD will become stronger as Nlg increases. The calculation of the 

electrogravitational force suggests that EHD forces will become significant at a voltage 

level greater than 4 kV, corresponding to Nlg ≥ 0.1, and within the dimensionless number 

range described by Cotton et al. [66].  

 

Voltage [kV] 0  2  4  6  8  

Electric field strength [kV/m] 0 571.4 1142.9 1714.3 2285.5 

Masuda Number, Md 0 2.6 x 105 1 x 106 2.3 x 106 4.2 x 106 

Electrogravitational number, Nlg 0 0.06 0.24 0.54 0.95 

Table 5.2 - Dimensionless relationships for increasing applied high voltage 

 
𝑁𝑙𝑔 =

𝜀0𝐸0
2

𝜌𝑙𝑔𝐿
 Eqn. (5.3) 
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Figure 5.2 shows the superheat observed in the evaporator section for (a) low and 

(b) high heat flux levels. It is evident that different behaviour was occurring for each heat 

flux level. The rate of heat transfer was enhanced for low heat flux, q = 8 kW/m2 for all 

levels of high voltage. At a heat flux of q = 15 kW/m2 the heat transfer coefficient 

deteriorated with EHD. The presented results describe the heat transfer augmentation 

due to EHD forces on the thermosyphon in relation to both visual observation and heat 

transfer analysis. 

 

Figure 5.2 - Evaporator superheat with and without EHD (a) q = 8 kW/m2 and (b) q = 15 kW/m2 

The difference in behaviour observed was related to the initial free-field flow regime 

occurring in the evaporator section. At the lower level of heat flux and V = 0 kV, there is a 

reduction in the rate of vapour production in the evaporator. Entrainment effects are 

evident, caused by the presence of the electrode in the vapour core. However, due to the 

relatively low vapour inertia the liquid does not reach the condenser section, as shown in 

Figure 5.3. 

At higher levels of heat flux, and V = 0 kV, the vapour production rate has increased so 

that more of the liquid phase is held out of the evaporator section, as shown in Figure 5.4. 

A thin liquid film is present on the evaporator wall, and film evaporation is dominant in 

this region with nucleation events occurring in the liquid film. 
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Figure 5.3 - Thermosyphon operation with no EHD forces, q = 8 kW/m2 

 

Figure 5.4 - Thermosyphon operation with no EHD forces, q = 15 kW/m2 

Figure 5.5 shows the measured heat transfer coefficient in the evaporator section for both 

the 50 % fill volume ((a) & (c)) and 100 % fill volume ((b) & (d)). It is evident that the 

frequency of the high voltage sine wave was not a significant influence on the heat 

transfer coefficient over the investigated range (20 Hz < f < 100 Hz).  

Figure 5.5 (a) and (b) show the heat transfer coefficient changes with input electric field 

strength for an imposed heat flux in the evaporator section of q = 8 kW/m2. It is clear that 

at a lower level of heat flux there is an increase in the heat transfer coefficient most 

notably at voltages above the threshold of 4 kV. The highest heat transfer coefficient 

enhancement of 40 % was seen for the 50 % fluid loading at V = 8 kV. For V ≥ 4 kV, the 

EHD forces act to redistribute the phases within the evaporator section. Phase mixing is 

enhanced as the high voltage through the electrode attracts the liquid phase and repels 

the vapour phase.  

There is a large volume of liquid in the evaporator section which appears to pulse when 

acted upon by the applied EHD voltage. This behaviour is similar to that described in 

previous EHD studies for flow boiling at low qualities [65]. For an applied A.C. 

waveform, the redistribution of the phases occurs at a frequency double that of the 

applied voltage signal. This is due EHD forces responding to the switching charge of the 

A.C. signal, and the polarisation forces which are proportional to the square of the 

electric field strength.  
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Figure 5.5 - Heat transfer coefficient trends for: (a) 50 % fill, low heat flux; (b) 100 % fill, low 

heat flux; (c) 50 % fill, high heat flux; (d) 100 % fill, high heat flux 

Conversely, for a higher imposed heat flux of q = 15 kW/m2, shown in the bottom half of 

Figure 5.5 (b) and (c), the heat transfer coefficient rapidly deteriorated when the applied 

high voltage was above the EHD threshold of 4 kV. Once the applied voltage reaches the 

threshold for dominant EHD forces, liquid extraction rapidly pulls this film from the 

evaporator wall. There is no longer any liquid reaching the evaporator wall and the 

temperatures in this region rise sharply as dryout occurs. As a result, a reduction of up to 

70 % is observed in the evaporator heat transfer coefficient. 
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This behaviour is further highlighted by the time trace results of the evaporator wall 

superheat, as shown in Figure 5.6. This figure illustrates evaporator superheat 

[ΔTSH = Tew – Tsat] over time with increasing applied high voltage to the electrode. The first 

seconds (t < 10 s) of these plots are without any applied voltage and the consequent 

changes in superheat are due to the influence of EHD. It can be seen from Figure 5.6 that 

there is a stark difference in behaviour from low to high input heat flux in relation to the 

measured evaporator temperatures. Again, it is clear that EHD forces do not influence 

the heat transfer in a significant way below a threshold of V ~ 4 kV.  

 

Figure 5.6 - Evaporator superheat temperature time traces for low (left) and high (right) heat 

flux at f = 100 Hz 

The changes in heat transfer coefficient are a result of the changes in the liquid-vapour 

interaction in the presence of an electric field. The change in flow behaviour with applied 

EHD forces is evident from observing the high-speed images. Figure 5.7 shows an 

example of the changing flow regime from 0 kV to 8 kV for the lower heat flux, 

q = 8 kW/m2, 50 % fill volume. At an applied EHD voltage of 8 kV (bottom image) the 

liquid extraction is evident in the evaporator section by cones of liquid clinging to the 

electrode as it is attracted to the EHD force. Vapour bubbles are also seen to move toward 

the evaporator wall as they are repelled by the high voltage through the electrode. This 

0

2

4

6

8

10

0 50 100

E
v

ap
o

ra
to

r 
Δ

T
S

H
[ 

C
]

Time [s]

No EHD 1kV 2kV 3kV 4kV 5kV 6kV 7kV 8kV

0

5

10

15

20

25

30

0 50 100

E
v

ap
o

ra
to

r 
Δ

T
S

H
[ 

C
]

Time [s]

50 % Fill
f = 100 Hz
q = 8 kW/m2

50 % Fill
f = 100 Hz
q = 15 kW/m2

V

V



Chapter 5 Flow augmentation using Electrohydrodynamics 

 

148 

phase redistribution clearly enhances the mixing within the evaporator as liquid is seen 

to cover a larger surface area of this region, thus enhancing the heat transfer coefficient. 

 

Figure 5.7 - EHD influence on flow. Top: V = 0 kV, q = 8 kW/m2; Bottom: V = 8 kV, q = 8 kW/m2 

Figure 5.8 compares the thermosyphon performance at the higher heat flux, 

q = 15 kW/m2. At this higher heat flux, nucleate boiling in the film is evident in the upper 

evaporator section in the case where no high voltage is applied (top image).  

 

Figure 5.8 - EHD influence on flow. Top: V = 0 kV, q = 15 kW/m2; Bottom: V = 8 kV, q = 15 kW/m2 

In Figure 5.8 (bottom image), at an applied high voltage of 8 kV, the lower evaporator 

section has completely dried out, giving rise to the large superheat temperatures shown 

in Figure 5.6. Liquid hold-up is evident in the adiabatic section as the vapour generation 

rates are higher for this increased heat flux. Liquid extraction from the wall is evident in 
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the adiabatic section in Figure 5.8. Spikes are seen to bridge the gap between electrode 

and wall in the upper adiabatic section.  

This analysis indicates that substantial flow and heat transfer improvements (up to 40 %) 

can be achieved in thermosyphon performance with EHD. However, care must be taken 

to avoid the deterioration of the heat transfer coefficient and excursion of the wall 

temperature evident in the case of the higher heat flux, q = 15 kW/m2. The influence of the 

applied EHD forces on the flow is significant, though the effects are reversible once the 

high voltage is removed.  

Figure 5.9 shows a time trace of the lower evaporator temperature (T8), pressure and 

condenser temperature for q = 15 kW/m2. This graph highlights the reaction of the system 

to EHD forces. During this test, the high voltage supply was switched from V = 0 kV 

to 7.5 kV at a frequency f = 20 Hz. The test begins with no applied voltage, V = 0 kV, and 

the dashed green line indicates the point at which the high voltage is switched on, 

V = 7.5 kV. At the red dashed line, the high voltage is removed. 

 

Figure 5.9 - Time trace for temperature and pressure with application and removal of EHD 

voltage (q = 15 kW/m2, V = 7.5 kV, 100 % fill volume) 
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Once the EHD forces act on the thermosyphon, the temperature in the evaporator is 

increased as the last of the liquid film in this section is evaporated. With the removal of 

EHD forces, the system rapidly restores to the original state as the liquid quickly refills 

the evaporator section and cools the wall. Very little change is evident in the condenser 

section with the application of EHD on the system.  

Figure 5.9 confirms that the system will restore even if the heat transfer coefficient is 

deteriorated. The same system restoration is also true for heat transfer enhancement at 

the lower heat flux tested. This result is important as it indicates that it would be possible 

to have a high level of control over the heat transfer (increase/decrease) within a 

thermosyphon using EHD forces.   

It should also be noted that for the same equipment arrangement, McGranaghan and 

Robinson [72], calculated the electrical penalty associated with the generation of the 

electric field for EHD. This was found to be a maximum of 4.5 W for a high voltage of 

V = 10 kV. 

Further testing is necessary in order to develop this technology into a reliable flow and 

heat transfer control system. The focus of further study should be to widen the 

experimental parameter set and pinpoint the combination of heat flux and applied 

voltage and frequencies that result in maximum heat transfer enhancement. Also of 

practical importance is the identification of the point at which the heat transfer coefficient 

is deteriorated with applied EHD forces.  
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5.5. Conclusion 

The results of this chapter determined that the performance of a thermosyphon in the 

presence of an electric field is sensitive to the electric field strength and the heat load 

applied to the evaporator. As evidenced by the flow regime maps in Section 4.4, the rate 

of heat transfer to the evaporator will determine the boiling regime. It was found that 

during the nucleate pool boiling regime, EHD forces act to enhance the heat transfer 

coefficient. However, during annular flow regimes at high heat fluxes, EHD deteriorated 

the heat transfer performance of the thermosyphon. The main conclusions from this 

chapter are listed as follows: 

 Different flow regimes and associated heat transfer performance was observed for 

the thermosyphon with and without the influence of electric fields. 

  Increasing the electric field strength increased the effects of the electric field on 

the thermosyphon heat transfer and flow regimes. 

 The effects of EHD on the flow regimes, and consequently the heat transfer, 

became apparent as the electrogravitational force approaches unity. For the 

current investigation, this threshold corresponds to V ~ 4 kV. 

 Flow regime augmentation in the thermosyphon with applied electric field is due 

to the phase redistribution as liquid is attracted to the electrode, while vapour is 

repelled toward the walls. 

 Heat transfer enhancement in the evaporator of up to 40 % is observed for lower 

heat fluxes (q = 8 kW/m2). The enhancement is due to increased mixing of the 

liquid and vapour phases as a result of the forced motion due to the applied 

electric field. 

 As the heat flux in the evaporator is increased to a level of q = 15 kW/m2, the EHD 

forces deteriorate the heat transfer by causing dryout of the evaporator wall.  

These preliminary results suggest that smart control of thermosyphon performance is 

possible using electric fields. Development of this technology could lead to advanced 

thermal management solutions.   
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6. Conclusion 

The objectives of this research stemmed from an investigation of implementing a 

thermosyphon as a cooling solution for RFPAs in telecommunications hardware. Further 

to this, the two-phase flow and heat transfer in small diameter thermosyphons was 

characterised and an understanding of the fundamental forces influencing the 

performance was gained.  

The proposed application for this cooling solution imposed limits on the thermosyphon 

design in terms of size and weight, but also reliability concerns dictated that natural 

convection cooling must be employed for the air-side heat sink. Due to the size and 

orientation of the telecommunications hardware, the proposed thermosyphon design 

incorporated bend angles and small channel dimension into the geometry to help 

integrate the cooling solution into the application. It was found that the small dimension 

of the thermosyphon resulted in some unfavourable oscillatory behaviour due to the 

restrictions imposed by confinement on the two-phase counter-current flow. The 

addition of bends in the adiabatic section of the thermosyphon mitigated these flow 

oscillations and resulted in a steadier operation, while also allowing for more complex 

geometries to be employed in the context of the cooling application. Ultimately, the 

thermosyphon was shown to be a feasible technology for telecommunications cooling, 

however, the issue of unsteady boiling behaviour in small dimensions was highlighted. 

In order to further understand the mechanisms behind the observed flow oscillations, a 

transparent thermosyphon test section was designed and constructed that allowed for 

complete visualisation of the mechanisms influencing the two-phase behaviour. It was 

determined that for these small dimensions, Earth-based thermosyphons are dominated 

by gravitational forces while surface tension and inertial forces are comparatively 

insignificant. Within the gravity dominated system, the confinement level of the small 

channel diameter and rate of vapour production determine the two-phase flow regimes 
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within the thermosyphon. The heat transfer performance of the thermosyphon was 

strongly linked to the observed flow regimes, whereby the particular flow regimes 

defined the effective heat transfer for a given experimental condition. This led to the 

recognition of the most favourable operating conditions in terms of both stable 

thermosyphon performance and high rates of heat transfer. 

Based on the level of confinement and rate of vapour production the observed flow 

regimes were categorised in a flow regime map. It is proposed that this map could aid in 

the design and manufacture of small dimension thermosyphons for a particular 

two-phase flow behaviour. Importantly, this map points to unfavourable transient 

operating conditions encountered at high levels of confinement and high vapour 

production rates. For the current study, the bubbly and churn flow regimes resulted in 

the best performance, representing relatively high heat transfer coefficients and steady 

two-phase flow behaviour. 

Additionally, the smart control of the non-oscillatory flow regimes was investigated by 

imposing electric fields on the two-phase flow within the thermosyphon. 

Electrohydrodynamic (EHD) forces acted to attract the liquid phase and repel the vapour 

phase within the evaporator section, therefore disturbing the two-phase flow by 

redistributing the phases. Differing and encouraging behaviour was observed across the 

range of parameters tested, depending on the initial flow regime observed within the 

evaporator section. For bubbly-type flow regimes, at low levels of heat flux, the heat 

transfer was enhanced by the application of an electric field. This is due to enhanced 

mixing of the liquid and vapour phases in the region of the heated surface. For 

annular-type flow regimes at higher heat fluxes, the heat transfer was deteriorated with 

imposed EHD voltage due to liquid extraction from the heated walls leading to dryout. 

The response of the thermosyphon behaviour to the applied electric field occurred 

quickly. It was also noted that that the system returned rapidly to the initial free-field 

operation with removal of the electric field. It is hoped that these results will contribute 

towards areas of further study, ultimately allowing for the development of novel and 

smart EHD-controlled thermosyphons for advanced thermal management and 

temperature control. 
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Considering the above, the most significant contributions to knowledge of this research 

are as follows: 

 A prototype thermosyphon was developed with a natural convection heat sink for 

RRH cooling. The thermosyphon showed substantially lower thermal resistance 

compared to the existing air cooled heat sink and high failure power, presenting it 

as a viable cooling solution for the telecommunications hardware requirements. 

 A novel design with bends in the adiabatic section was investigated, which has 

not previously been studied in simple reflux thermosyphons. The results were 

promising for future thermosyphon designs, with performance enhancement 

evident over a range of bend angles tested. 

 The current work considered two-phase flow patterns and rates of heat transfer 

concurrently. While this approach is commonplace in convective two-phase flow 

analysis, to the best of the author’s knowledge there is no existing application to 

reflux thermosyphons.  

 New flow regime maps were developed which define the thermosyphon 

behaviour in terms of the degree of confinement and rate of vapour production. 

The results highlight the importance of fluid selection and geometry in the design 

of thermosyphons of this scale.  

 Using synchronised flow visualisation and thermal measurements, the 

relationship between the observed flow regimes and associated rates of heat 

transfer in two-phase closed thermosyphons was determined, which, to the 

author’s knowledge, has not been studied previously.  

 The investigation of EHD on the two-phase thermosyphon behaviour confirms 

that the flow regimes and associated heat transfer of the thermosyphon can be 

controlled using electric fields.  
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7. Further Work 

There are a number of future opportunities stemming from the investigations of this 

work. The experimental equipment can be further modified and parameter ranges 

expanded. The main suggested developments for this project are listed as follows: 

 To fully understand the flow regime behaviour of thermosyphons operating with 

bend angles and flow restrictions encountered in Chapter 3, a wider range of 

angles and evaporator lengths could be investigated. In this way, the threshold 

for heat transfer enhancement could be recognised and applied to future 

thermosyphon design.  

 In relation to the stainless steel thermosyphon detailed in Chapter 3, more 

complex structures could be employed to improve the two-phase flow behaviour. 

In particular, coils or vanes in the adiabatic section to increase the amount of 

liquid return to the evaporator may prolong the device operation at higher 

powers. 

 Further study of the transparent test section should broaden the parameter range 

investigated. Variation of system pressures, input heat fluxes and additional fluid 

fill volumes could provide further insight into the two-phase flow regimes in 

small diameter thermosyphons. 

 Further investigation of the flow regimes in two-phase reflux thermosyphons is 

necessary to fully map the flow regimes, and pinpoint the transitions between the 

observed flow patterns. This study would involve modification of the existing 

transparent test section to study a range of tube diameters, and evaporator and 

condenser lengths, with various working fluids.  
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 The effects of inclination on the transparent thermosyphon test section could 

pinpoint the mechanisms leading to heat transfer enhancement or deterioration as 

the flow regimes change with tilt angle. 

 The results of the EHD flow augmentation study provided proof-of-concept for 

control and thermal management of the thermosyphon output. Further testing 

should aim to refine the results of this study and further understand the 

mechanisms involved. 

 For the case of the EHD in thermosyphons, the range of parameters can be 

expanded in a number of ways. This would involve a wider range of frequencies, 

waveforms, input heat flux levels and electrode size and orientation for both AC 

and DC voltage. The EHD voltage could also be isolated to certain sections of the 

thermosyphon, for an analysis of the effects of EHD on specific thermosyphon 

regions. 

The opportunities for further work in this area of research are substantial and not limited 

to the above list. Further applications of the test apparatus may also become apparent in 

the future with further advances of the state of the art.  
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Appendix A.  Biot number analysis 

In Chapter 3, the heat flux in the thermosyphon evaporator section was quantified by 

using the inner surface area of the evaporator. Since the heaters were placed only on one 

side of the evaporator, a Biot number analysis was carried out to validate the assumption 

of uniform heat flux distribution across the copper block evaporator. For a Biot number, 

Bi << 1, the assumption of a uniform temperature distribution across a solid body is 

valid [79]. 

The Biot number, Eqn. (A.1), corresponding to the lowest heat flux case was calculated, 

which shows the worst-case heat flux distribution in the evaporator. For this power level 

case, Q = 40 W, the experimental parameters used in the Biot number calculation are 

shown in Table A.1.  

Calculation of the Biot number for these experimental conditions resulted in Bi = 0.03, 

which validates the assumption of uniform heat flux distribution across the copper block 

evaporator. 

 

 Q 

[W] 

A 

[m2] 

q 

[W/m2] 

ΔT 

[K] 

he 

[W/m2K] 

L 

[m] 

k 

[W/mK] 

Copper 40 3.7 x 10-3 11 x 103 2 5.4 x 103 2.3 x 10-3 385 

Table A.1 - Experimental parameters used in Biot number analysis 

 
𝐵𝑖 = ⁡

ℎ𝑒𝐿

𝑘
 

Eqn. (A.1) 

Where 
ℎ𝑒 =⁡

𝑄

𝐴𝑖∆𝑇
 

Eqn. (A.2) 

and 
𝐿 = ⁡

𝐶𝑜𝑝𝑝𝑒𝑟⁡𝑏𝑙𝑜𝑐𝑘⁡𝑣𝑜𝑙𝑢𝑚𝑒

𝐶𝑜𝑝𝑝𝑒𝑟⁡𝑏𝑙𝑜𝑐𝑘⁡𝑠𝑢𝑟𝑓𝑎𝑐𝑒⁡𝑎𝑟𝑒𝑎
 

Eqn. (A.3) 
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Appendix B.  Heat loss analysis 

For the stainless steel thermosyphon investigated in Chapter 3, the heat losses from the 

evaporator section were evaluated using the thermal resistance network shown in Figure 

B.1.  

 

Figure B.1 - Thermal resistance network, evaporator to atmosphere 

The total thermal resistance, Rtot, was calculated using Eqn. (B.1), which corresponds to 

the sum of thermal resistance across the high temperature insulation, Rinsulation, and 

convective resistance to the atmosphere, Rconvection. The highest power level tested, 

Q = 300 W, represents the worst case scenario for ambient heat losses. The experimental 

parameters used for this condition are detailed below in Table B.1.  

The power losses, Qlosses, associated with this case are given by Eqn. (B.2), and calculated 

as Qlosses = 3.2 W. This represents a loss of 1 % of the total power input and heat loss from 

the evaporator is therefore assumed negligible. 

 

Q 

[W] 

Tew 

[°C] 

Tatm 

[°C] 

hconv 

[W/m2K] 

k 

[W/mK] 

L 

[m] 

A 

[m2] 

300 140 20 5 0.05 0.015 13.6 x 10-3 

Table B.1 - Experimental parameters for thermal resistance calculation 

Rinsulation Rconvection

TatmTew

𝐿
𝑘𝐴 1

ℎ𝑐𝑜𝑛𝑣𝐴
 

 
𝑅𝑡𝑜𝑡 =⁡

𝐿

𝑘𝐴
+

1

ℎ𝑐𝑜𝑛𝑣𝐴
 

Eqn. (B.1) 

 
𝑄𝑙𝑜𝑠𝑠𝑒𝑠 =⁡

𝑇𝑒𝑤 − 𝑇𝑎𝑡𝑚
𝑅𝑡𝑜𝑡

 
Eqn. (B.2) 
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Appendix C.  Influence of electrode 

on confinement 

The HFE-7000 filled thermosyphon was tested over a heat flux range of 

7.8 < q < 21.5 kW/m2 for the case where there was no electrode, as described in Chapter 4. 

These tests were performed in order to gain an understanding of the baseline two-phase 

flow dynamics to which other scenarios can be compared. In this section, these tests will 

be compared to tests performed with the electrode inserted in the thermosyphon though 

without the application of the electric field.  

Figure C.1 compares the heat transfer coefficient, with and without the electrode for both 

the 50 % and 100 % fill volume case. Using this comparison, the presence of the electrode 

has a fairly minor influence on the heat transfer when there is no voltage applied.  

 

 

Figure C.1 - Evaporator heat transfer coefficients for low and high heat flux, 100 % and 50 % 

loading both with and without electrode 
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Figure C.2 shows an example of the boiling in the evaporator for both the 100 % and 50 % 

fluid loading for both the high and low heat flux cases. Also presented are images at the 

same operating conditions with the electrode inserted, but without the application of an 

electric field, V = 0 kV. Again, the electrode does not present a major disturbance to the 

boiling dynamics within the thermosyphon. This is likely due to the low Confinement 

number associated with HFE-7000. 

 

Figure C.2 - Representative images of the evaporator section for low and high heat flux, 50 % 

and 100 % loading both with and without electrode 
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