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1. EXECUTIVE SUMMARY 
 

The GeoHex project aims to develop coatings to enhance boiling heat transfer performance. The 

current document reviews the critical factors affecting boiling heat transfer, including surface 

morphology and roughness, microstructure, chemistry and thermal conductivity, among others, 

and identifies the state-of-the-art (SOA) to enhance heat transfer coefficient (HTC) and critical 

heat flux (CHF). 

 

Section 4 of the review focuses on SOA research and practice on enhancement of HTC and CHF, 

while Section 5 is a more detailed review of enhancement techniques that will be used in GeoHex. 

Section 6 discusses correlations between HTC and CHF and thermocouple data as well as bubble 

dynamics parameters, determined through image acquisition systems and modelling. Section 7 

discusses the rationale behind imaging aspects, and is common to both boiling and condensation, 

covered in D1.4, experiments. 

 

2. OBJECTIVES MET 

The deliverable helps meet the following work package objectives: 

 To characterise the ideal boiling surface for low surface tension fluid 

 

3. SEARCH METHODOLOGIES 
 

Literature searches were mainly undertaken using Scopus, and the search terms are listed in 

Table 1. These searches were supplemented with relevant papers provided by the research 

partners. It is noted that broad searches, for example Index 1 in Table 1, resulted in too many hits 

for assessment using manual techniques, and therefore the search terms were narrowed so that a 

more manageable number of hits was obtained. Inevitably, this might have resulted in papers of 

potential relevance not being reviewed in this report. 

 

Table 1 List of search terms 

Index Search String Hits 

1 TITLE-ABS-KEY ( boiling  AND coat*) 3,068 

2 TITLE-ABS-KEY ( boiling  AND coat*  AND geothermal ) 7 

3 TITLE-ABS-KEY ( boiling  AND  coat*  AND  ( geofluid*  OR  "geo fluid*" ) ) 0 

4 TITLE-ABS-KEY ( boiling  AND coat*  AND geo*  AND NOT  geomet* ) 25 

5 TITLE-ABS-KEY ( boiling  AND  coat*  AND  ( "organic rankine"  OR  orc ) ) 3 

6 
TITLE-ABS-KEY ( ( cuo  OR  "copper oxide*" )  AND  ( ( thermal  W/2  spray* )  OR  ( suspension  
W/2  spray* )  OR  ( flame  W/2  spray* )  OR  ( plasma  W/2  spray* )  OR  ( hvof )  OR  ( "high 
velocity oxy*" )  OR  ( spray  W/2  pyrolysis ) ) ) 

420 

7 
TITLE-ABS-KEY ( ( cuo  OR  "copper oxide*" )  AND  boiling  AND  ( ( thermal  W/2  spray* )  OR  ( 
suspension  W/2  spray* )  OR  ( flame  W/2  spray* )  OR  ( plasma  W/2  spray* )  OR  ( hvof )  
OR  ( "high velocity oxy*" )  OR  ( spray  W/2  pyrolysis ) ) ) 

1 

8 
TITLE-ABS-KEY ( ( cuo  OR  "copper oxide*" )  AND  ( nanoporous  OR  *porous )  AND  ( ( thermal  
W/2  spray* )  OR  ( suspension  W/2  spray* )  OR  ( flame  W/2  spray* )  OR  ( plasma  W/2  
spray* )  OR  ( hvof )  OR  ( "high velocity oxy*" )  OR  ( spray  W/2  pyrolysis ) ) ) 

28 

9 TITLE-ABS-KEY ( ( "carbon nano*" )  boiling ) 308 

10 TITLE-ABS-KEY ( "carbon nano*"  AND  boiling  AND  ( "chemical vapour"  OR  "chemical vapor"  OR  
cvd ) ) 

30 

11 TITLE-ABS-KEY ( ( fe  OR  iron )  AND  dop*  AND boiling ) 52 

12 TITLE-ABS-KEY ( ( fe  OR  iron )  AND  dop*  AND coating ) 1756 

13 TITLE-ABS-KEY ( ( amorphous  OR  glass )  AND  metal*  AND  corrosion ) 5685 

14 
TITLE-ABS-KEY ( ( amorphous  OR  glass )  AND  metal*  AND  corrosion  AND  ( tantalum  OR  ta )  
AND  ( "physical vapo*"  OR  pvd ) ) 1 

 
( TITLE-ABS ( ( amorphous  OR  glass )  AND  metal*  AND  corrosion  AND  ( tantalum  OR  ta )  
AND  ( silicon  OR  si )  AND  ( "physical vapo*"  OR  pvd  OR  ( magnetron  W/1  sputt* ) ) ) ) 

0 
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Index Search String Hits 

15 
TITLE-ABS-KEY ( ( amorphous OR glass ) AND metal* AND corrosion AND ( "physical vapo*" OR pvd 
) ) 55 

16 TITLE-ABS-KEY ( ( amorphous  OR  ( metal*  W/2  glass ) )  AND  corrosion  AND  ( "physical vapo*"  
OR  pvd  OR  ( magnetron  W/1  sputter* ) ) ) 

464 

17 
TITLE-ABS-KEY ( ( amorphous  OR  glass )  AND  metal*  AND  corrosion  AND  ( "physical vapo*"  
OR  pvd )  AND  ( boiling  OR  condensation ) ) 0 

18 TITLE-ABS-KEY ( ( "Ni-P"  OR  nickel  W/2  phosphorus )  corrosion ) 456 

19 TITLE-ABS-KEY ( ( "Ni-P"  OR  nickel  W/2  phosphorus )  ( ptfe  OR  polytetrafluoroethylene )  
corrosion ) 

7 

20 
TITLE-ABS-KEY ( ( fe3o4  OR  "iron oxide*" )  AND  ( nanoporous  OR  *porous )  AND  ( ( thermal  
W/2  spray* )  OR  ( suspension  W/2  spray* )  OR  ( flame  W/2  spray* )  OR  ( plasma  W/2  
spray* )  OR  ( hvof )  OR  ( "high velocity oxy*" )  OR  ( spray  W/2  pyrolysis ) ) ) 

24 

21 
TITLE-ABS-KEY ( ( nanoporous  OR  *porous )  AND  ( ( thermal  W/2  spray* )  OR  ( suspension  
W/2  spray* )  OR  ( flame  W/2  spray* )  OR  ( plasma  W/2  spray* )  OR  ( hvof )  OR  ( "high 
velocity oxy*" )  OR  ( spray  W/2  pyrolysis ) ) ) 

2418 

22 
TITLE-ABS-KEY ( ( tio2  OR  titania  OR  titanium  W/3  oxide* )  AND  ( nanoporous  OR  *porous )  
AND  ( ( thermal  W/2  spray* )  OR  ( suspension  W/2  spray* )  OR  ( flame  W/2  spray* )  OR  ( 
plasma  W/2  spray* )  OR  ( hvof )  OR  ( "high velocity oxy*" )  OR  ( spray  W/2  pyrolysis  

64 

 

4. BOILING HEAT TRANSFER 

4.1 Background 

Boiling is a type of phase change heat transfer that occurs in the evaporator of a geothermal 

organic Rankine cycle (ORC) heat exchanger. Phase change can dramatically enhance heat 

transfer, compared with single phase, as latent heat is much larger than sensible heat, while the 

associated large changes in specific volume can also enhance convective heat transfer (Attinger, 

2014). Boiling can be classified into pool or flow boiling; flow boiling, where the fluid is forced to 

move over the heated surface, is most relevant to heat exchangers (Bejan, 2003). Different forms 

of boiling are encountered with different levels of subcooling, ΔT, which is the difference between 

the temperature of the heated surface and the saturation temperature. 

 

 
Figure 1 Boiling heat transfer curve, with heat flux on the y-axis and subcooling on the x-axis 

(Khan, 2018). 
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The highest heat flux, critical heat flux (CHF), is achieved at the temperature, Tc, in the nucleate 

boiling regime, where vapour bubbles form at the heat transfer surface and are carried into the 

fluid stream. If the level of subcooling is increased, above the level for CHF, local vapour layers 

are formed that provide insulation and reduce heat transfer. A dramatic rise in temperature at the 

heat transfer surface, known as the ‘boiling crisis’, can then occur as the heat flux remains, while 

the heat transfer coefficient has deteriorated. This temperature rise can have a detrimental impact 

on the heat transfer surface, leading to burnout, and therefore only the region of the curve to the 

left of the CHF, Figure 1, is of engineering importance. In order to enhance heat transfer 

performance it is therefore required to increase CHF as well as Tc. 

 

4.2 Methods to increase heat transfer performance 

4.2.1 Overview 

Heat transfer enhancement techniques can be classified as active, passive or compound. Active 

techniques require external power to increase fluid mixing and include methods such as surface 

and/or fluid vibration (stirring, sonication), application of electrostatic fields to dielectric fluids, or 

application of magnetic fields (Thulukkanam, 2013). The requirement for external power limits use 

of these techniques in many cases (Sheikholeslami, 2015), while their application is also costly. 

Passive techniques include surface modifications, e.g. coatings or texturing, as well as devices 

inserted into the flow stream to produce secondary flows, which support high heat transfer 

coefficients. Sheikholeslami (2015) provides a review of heat transfer enhancement using inserted 

devices and macro-scale changes in geometry. The main focus of this review, and the focus of the 

GeoHex project, will be related to micro/nano-scale surface modification for enhancement of heat 

transfer. These techniques can increase heat transfer and delay CHF for pool as well as flow boiling. 

For flow boiling, high flow velocities can also be used to delay CHF as vapour bubbles can be swept 

away from the surface instead of forming insulating vapour layers. 

 

4.2.2 Surface roughening 

Surface roughness enhances heat transfer by increasing surface area, which tends to increase the 

number of nucleation sites thereby generating a greater number of bubbles (Attinger, 2014). 

Surface roughening can be achieved by mechanical methods, such as machining, sandpapering 

etc, and/or heat treatment and chemical etching processes, which can produce more complex 

features. In general, the features produced using mechanical and chemical processes are random. 

Data from different researchers on the effect of surface roughness on CHF were compiled by 

Vlachou (2015) and there was a general trend of increasing CHF with roughness. However, the 

roughening method also appeared to play a role in the CHF, and this was likely because the 

microgeometry of the roughness features was also important and was not captured by typical 

roughness measurements, for example root mean square (rms). It has been noted that large 

cavities filled with liquid are poor bubble generation centres and do not enhance CHF, even if they 

do increase roughness (Pioro, 2004). Therefore microgeometry elements are required that do not 

fill with liquid after bubble departure, such as steep walled or re-entrant cavities. 

 

4.2.3 Macro-finned surfaces 

Macro-finned surfaces, with fin widths in the range of ~1-3mm, and heights <5mm, are thought 

to be effective in enhancing heat transfer, and a 200% enhancement in CHF was reported (Zhong, 

2015) for milled copper surfaces in deionised water, relative to a flat surface. The design of 

structures, for optimal performance, is dependent on a number of aspects, including working fluid, 

fin height and spacing, surface orientation and pressure. Systematic studies are therefore required 

to provide design guidelines for optimum structures (Liang, 2019). 

 

4.2.4 Foams and meshes 

Various porous media have been used to enhance heat transfer, and an increase in CHF was 

reported for honeycomb porous ceramic layers (Mori, 2017a). The enhancement was attributed to 

capillary wicking, which is reported to be crucial in maintaining a wetted surface at high vapour 

production rates, as well as rewetting dry patches (Rahman, 2014). In addition to wicking, the 
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increased surface area of porous structures also contributed to the enhanced performance. Porous 

foams have also been reported to improve heat transfer performance, (Yang, 2010), with 

improvements of 2 to 3 times, compared with plain surfaces. 

 

Metal foams have also been used to enhance heat transfer and it was demonstrated, (Yang, 2010), 

that copper foams, welded onto copper substrates, can enhance heat transfer coefficients by 2 to 

3 times, compared with a plain surface. An optimum value of pores per inch (ppi), of 60, was 

determined, and at small ppi values there was a decrease in the heat flux that could be dissipated 

at a wall superheat, while with large ppi values, bubble nucleation sites increase, but there was a 

large resistance to vapour release. The thickness also had an impact on performance, with an 

optimal value determined, that was dependent on ppi. 

 

4.2.5 Micro-fins and channels 

Heat transfer can also be enhanced by the separation of liquid and vapour flow paths, as the 

blocking of liquid replenishment by escaping vapour can degrade heat transfer performance. On a 

global scale this can be achieved by using a pumpless loop (Mukherjee, 2003), while on a more 

micro-scale bi-conductive coatings have been produced, with rows of low conductivity epoxy and 

high conductivity copper, exposed on the heat transfer surface. The superheat at the copper layers 

is much higher than at the epoxy layers, resulting in vapour flow from the copper layers, with 

replenished cooler liquid from above the epoxy layers (Rahman, 2015). 

 

Re-entrant geometries have also proved useful for heat transfer enhancement, and three modes 

of heat transfer were identified with these surfaces: 

 

 ‘Dried up mode’: where cavities were filled with vapour and boiling took place outside the 

cavities. 

 ‘Suction-evaporation mode’: where vapour release causes suction of liquid into inactive 

cavities, from a network of non-isolated cavities. This mode provided the best heat transfer 

performance. 

 ‘Flooded mode’: where cavities are flooded with liquid with few active nucleation sites. 

 

The cavity state, for re-entrant cavities is thought to be related to the superheat, the radius of the 

neck and the inverted radius of the cavity (Attinger, 2014). 

 

4.2.6 Nano-structures 

A number of researchers have studied the influence of carbon nano-tubes (CNTs) and wires 

deposited onto heat transfer surfaces. The deposition technique was normally chemical vapour 

deposition (CVD), and heat transfer enhancement has been mainly attributed to capillary wicking 

(Liang, 2019), as well as increased surface area. The nano-topographies are thought to be 

susceptible to blockages, causing decay in heat transfer performance with time (Liang, 2019). 

 

4.2.7 Wettability 

Hydrophilic surfaces, with static contact angles (CA) of < 90°, as well as superhydrophobic 

surfaces, with CA of >150°, can increase heat transfer. This is because there are competing 

influences, related to increased bubble nucleation density with hydrophobic surfaces, but also lack 

of wicking and rewetting. The initial wetting state of hydrophobic surfaces is also thought to 

influence the heat transfer performance. It was found that film boiling was achieved when boiling 

was initiated from a Cassie-Baxter state, where air is trapped in the asperities/geometry of a 

featured surface, while nucleate boiling was achieved when boiling was initiated from the Wenzel 

state, where the surface was completely wetted (Allred, 2018). 
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4.3 Quantification of heat transfer enhancements  

A number of reviews of surface modification for the enhancement of boiling heat transfer have 

been completed recently (Khan, 2018; Mori, 2017b; Liang, 2019), and some of these have included 

summaries of the heat transfer enhancements reported in the reviewed papers. These summary 

tables are reproduced in Tables 2a 2b and 2c. 

 

Table 2a Nanoparticle coatings for boiling heat transfer enhancement (Khan, 2018) 

 



Document:  D1.3 Ideal flow boiling surface for ORC                 

Version: 1.0      

Date:    28 February 2020 

  9  

Table 2b Porous coatings for boiling heat transfer enhancement (Khan, 2018) 
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Table 2c Hydrophilic and hydrophobic coatings for boiling heat transfer enhancement (Khan, 

2018) 

 
 

As can be seen from the above tables, most of the studies mentioned in the summaries are related 

to water as the working fluid, or other media not typically used as ORC working fluids (Calise, 

2018). It is noted that the use of water as the working fluid can result in heat fluxes an order of 

magnitude higher than for other refrigerants, related to its high boiling point and latent heat of 

vaporisation (Vlachou, 2015). In relation to boiling studies with relevant refrigerants, wire meshes 

have been demonstrated to improve heat transfer performance, in R141b, with the commencement 

of boiling at lower superheats and increases of CHF by 40% (Franco, 2006), relative to a smooth 

surface. Critcal heat flux enhancement of 20% was reported for a copper vacuum plasma sprayed 

coating in HCFC123 (Asano, 2009). 

 

5. ENHANCEMENT METHODS SPECIFIC TO GEOHEX 

5.1 Iron doped Al2O3 and/or TiO2 coatings 

Iron doped TiO2 coatings are of interest for a number of applications, including gas sensors (Effendi, 

2012) and photocatalysis (Lin, 2012). The doping of TiO2 and/or Al2O3 with iron, can be used to 

produced hydrophilic coatings (Weng, 2005). Therefore, such coatings might also be of interest in 

heat transfer applications. Only a few papers have studied the impact of doping on hydrophilicity, 

and the resulting heat transfer performance, and it was found that the CHF can be increased by 

up to 30% for Al2O3-TiO2 composite coatings doped with iron, with demineralised water as the 

working fluid, (Kumar, 2015). Similarly, heat transfer performance was improved by 35%, for 

ZnO-Al2O3 coatings doped with a surfactant (Kumar, 2016). It is thought that the doping of oxides 

with metal ions, has the effect of increasing porosity and decreasing band gap energy resulting in 

the hydrophilicity and improved heat transfer performance (Kumar, 2015). It is noted that studies 

on the hydrophilicity of copper and vanadium doped TiO2, as well as aluminium doped ZnO have 

also been conducted (Kumar, 2016), although the studies did not specifically focus on heat transfer 

performance. 

 

Metal doped metal oxides have been produced using spin coating (Effendi, 2012; Lin, 2012), but 

the TiO2-Al2O3 composite coatings, which will be developed for GeoHex, have been produced 

previously using spray pyrolysis (Kumar, 2015). For spray pyrolysis, a precursor solution is injected 
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into a carrier gas and, the precursor as well as carrier gas, are ejected through a spray nozzle into 

a hot jet stream (e.g. plasma) to coat a substrate.  

 

The same procedure, as described in (Kumar, 2015), will be used as a starting point for this project, 

as follows.  Fe doped TiO2 precursor solution will be prepared using, butyl titanate (Ti (OC4H9)4) 

and ferric nitrate (Fe (NO3)3), with acetyl acetone (CH3COCH2COCH3) as the stabilizer and 

ethanol (C2H5OH) as the solvent. Butyl titanate, ferric nitrate and acetyl acetone (Butyl titanate-

acetyl acetone molar ratio of 2-1) will be dissolved in ethanol. The Fe concentrations will be varied 

at four levels within, approximately, 0-7.2 at%.  

 

For preparing the alumina precursor solution, two grams of aluminium isopropoxide will be mixed 

with 1 litre of demineralised water, which will be placed on a magnetic stirrer for 2 hours at room 

temperature, to form a uniform solution. The pH of the prepared solution will be kept at ∼4, by 

adding controlled amounts of nitric acid solution. Then the solution will be stirred at 80°C until it 

becomes clear. Finally, Al2O3 and iron doped TiO2 precursor solutions will be mixed to obtain a final 

molar ratio of 9:5. Prior to the deposition of Fe doped Al2O3–TiO2 composites, the carbon steel 

substrate will be grit blasted to remove contaminants and enhance roughness, and will then be 

degreased with acetone.  

 

 

5.2 Multi-walled carbon nanotube coatings 

CNTs have high thermal conductivities and this, together with their nano-finned surfaces, has a 

beneficial effect on boiling heat transfer performance (Kumar, 2014). There are three widely used 

processes for the production of single-walled and multi-walled CNTs (SWCNTs and MWCNTs, 

respectively), namely arc-discharge, laser ablation and chemical vapour decomposition (CVD). 

SWCNTs consist of a single graphene sheet rolled into a tube structure, while MWCNTs consist of 

a number of graphene sheets stacked and rolled into a tube structure. 

 

The electric arc discharge method involves establishing a DC discharge between graphite 

electrodes. Although the rate of synthesis for this technique is high, the process results in uneven 

consumption of the anode and material build up at the cathode, in only a few minutes, resulting in 

instability of the arc. This means that it is difficult to scale up the process. Laser ablation involves 

the vaporisation of a graphite target in a heated furnace through which an inert gas flows. Laser 

ablation has proved more successful, compared with arc discharge, for the production of high purity 

nanotubes, but the process has limited scalability as powerful lasers are required, along with a 

high temperature environment (Kingston, 2003).  

 

CVD involves the pyrolysis of carbon-rich particles, in the gas phase, in the presence of a catalyst.  

The process is mature and industrially realised for the production of MWCNTs, although the 

production cost for single walled CNTs is still quite high. This is because the formation energies of 

SWCNTs are higher than MWCNTs meaning that MWCNTs can be generated at lower temperatures 

compared with MWCNTs (Wang 2019). 
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Table 3 Process parameters for the production of CNTs (Manawi, 2018) 

 
 

The process variables for CVD production of CNTs are catalyst type, catalyst particle size, carbon 

source and reaction temperature. A number of catalyst materials have been used successfully while 

catalyst particle diameters >3nm are considered necessary for the production of MWCNTs. The 

transition elements, iron, cobalt and nickel, are the most widely used catalysts because of their 

high carbon solubility and carbon diffusion coefficients (Wang, 2019). The most common carbon 

sources include carbon monoxide, ethane, ethylene, acetylene, benzene and xylene. MWCNTs are 

favoured by temperatures between 600 and 900°C, while SWCNTs are favoured between 900 and 

1200°C. As can be seen from Table 3, CNTs have been produced with a wide variety of process 

conditions (Manawi, 2018), but more work is required to optimise process parameters for 

optimisation of yield and properties. 

 

Carbon nanotubes, for heat transfer enhancement, have been studied by a number of researchers, 

and under flow boiling in water, it was found that enhancement levels, as well as the robustness 

of the enhancement (i.e. performance with time) were higher at lower flow rates (Kumar, 2014; 

Singh, 2010). The impact of height of aligned MWCNTs on heat transfer performance was studied 

by Ahn (2009) and it was found that both heights studied gave similar performance in the nucleate 

boiling regime. The three references discussed in this paragraph utilised CVD for synthesis of 

MWCNTs, but coatings have also been produced using cold spray (Pialago, 2013) and sintering 

(Zheng, 2015). Hydrophobic-hydrophilic MWCNTs have also been produced by partially oxidising 

pristine MWCNTs, with an enhancement in heat transfer performance reported. As with the field 

more generally, systematic studies of parameter-performance relationships have not been 

completed and therefore it is difficult to use the prior literature to inform coating development in 

GeoHex. 

 

5.3 CuO suspension spray coatings       

Suspension thermal spraying (STS) is a thermal spray process, which makes use of liquid feedstock 

that consists of submicrometer or nano-particles suspended in solvents. The solvent is normally 

water, alcohol or water-alcohol mixtures (Toma, 2010). Conventional thermal spray utilises powder 

feedstock with typically 10-100μm diameter. The development of STS has its origins in the need 

to develop nano-structured coatings, a task for which conventional thermal spray is ill-suited, as 
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particles <5μm diameter have poor followability, leading to the clogging of equipment (Aghasibeig, 

2019). Nano-structured but micro-scale powders might also be utilised, although there is a 

tendency for the sintering of the nano-features when the powder/coating is exposed to the high 

temperatures associated with thermal spraying, leading to much larger features in the coating 

(Pawlowski, 2008). STS consists of liquid precursors, with typically 5-50wt% solid, being injected 

into a flame or jet created by a spray torch. The equipment for STS, is broadly similar to that which 

is used for thermal spray, with the major difference being the equipment used to deliver a liquid 

feedstock. Therefore, as with thermal spray, different techniques are used to produce the flame or 

plasma, needed to melt the precursor materials, as discussed below (Sulzer Metco, 2013): 

 

 Flame spray: Where the liquid precursor is injected into a oxygen-fuel flame. The fuel gas 

can be either acetylene, propane or hydrogen.  

 Plasma spray: A high frequency arc is struck between an anode and cathode, which ionises 

the gas flowing between anode and cathode (typically Ar, or Ar+H2 mixtures). The liquid 

precursor is delivered from outside the resultant plasma plume.  

 High velocity oxy-fuel (HVOF): Relies on the combustion of an oxygen-fuel mixture in a 

combustion chamber, and the expansion of this jet at the exit of the spray gun. The 

expansion of the exhaust gasses results in a supersonic jet. 

The small particle sizes in STS leads to their low inertia or momentum, and this, combined with 

distinct particle temperatures and velocities, which are dependent on the particular technique used, 

can result in microstructures different to those of conventional thermal spray. Porous 

microstructures, which are of interest in this project, are produced when particles display low 

inertia so that they follow thermal flow lines close to the coating or substrate surface. This results 

in particles impacting the substrate at shallow angles, and subsequently acting as nucleation sites 

to build up the microstructure. An excess of nucleation sites results in the lack of a columnar 

microstructure, but typically high porosity, >20% (Aghasibeig, 2019). 

 

Only a few papers were found on the production of CuO coatings using thermal spray processes, 

and only a subset of these studied the use of thermal spray to produce intentionally porous 

coatings. Asadi (2017) studied the influence of porous CuO structures on optical properties, but no 

information was presented in relation to the impact of processing parameters on porosity, and in 

fact the level of porosity was not quantified. CuO films, produced by spray pyrolysis, on porous 

silicon substrates have also been studied (Khashan, 2016; Chetoui, 2019). 

 

TiO2 thermal sprayed coatings have been studied more extensively and it was found that porosity 

was mainly influenced by the solution spray distance. A fragile porous structure was formed at 

long distances, 125mm, and denser structures produced at shorter distances (Vaßen, 2009).The 

phases produced after solution spraying were also influenced by temperature, with rutile favoured, 

over anatase under hotter conditions (Vaßen, 2009; Chen 2008). Gkomoza (2019) studied the 

influence of different powder processing routes and spray processes on porosity. It was found that 

flame spray, with plasma-atomised powders, produced the most porous structures (34% porous). 

The other combinations were plasma spray with plasma-atomised powders and plasma spray with 

hydride-dehydride powders.   

 

A review of the boiling performance of thermal sprayed porous metallic coatings was conducted by 

Cieslinski (2011), who concluded that porous aluminium structures, on stainless steel tubes, 

showed superior performance relative to other materials (copper, brass, molybdenum, stainless 

steel), although all of the coated materials displayed superior performance, compared with a 

smooth tube. The performance advantage of coated small tube bundles, over smooth tube bundles, 

was independent of test liquid, pitch to diameter ratio, and pressure. 
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5.4 Ni-P/Ni-P-PTFE Coatings 

Electroless nickel coatings are formed by dipping a substrate into a plating bath, which consists of 

a nickel salt and a reducing agent. Oxidation of the reducing agent occurs, which allows donation 

of electrons to the metal ions, in solution, and further allows deposition of the metal on the 

substrate. The process does not require an external current (Sudagar, 2017), and is auto-catalytic, 

so the deposition of the first layer of nickel acts as a catalyst for the rest of the process. Electroless 

nickel coatings are produced in baths mainly composed of nickel sulphate and sodium 

hypophosphate, which results in a deposited coating that is typically between 3-14% phosphorous. 

The phosphorous content can be controlled by variation of temperature, pH and bath composition. 

Lower pH, higher hypophosphate concentration in the solution and lower temperatures favour a 

higher phosphorous content. The density of the coating is also inversely proportional to the 

phosphorous content (Sudagar, 2013). 

 

Electroless nickel is often utilised because of its excellent corrosion resistance good mechanical 

properties and reasonable cost. The composition of the coating, as well as the particular 

environment, can have a significant effect on corrosion resistance. High phosphorous coatings are 

favoured in environments containing phosphoric acid, i.e. acidic environments, while low 

phosphorous coatings are favoured in sodium hydroxide, i.e. alkaline, environments (Parkinson, 

1997). Corrosion tests were undertaken on CS samples coated with Ni-P, with phosphorous content 

of 10.5%, at 25°C. Tests were undertaken for 250 hours with no noticeable material loss, or 

corrosive attack observed (Mainier, 2013). 

 

There has been recent interest in the incorporation of particles into the Ni-P matrix, with hard 

particles co-deposited to improve wear performance (Sudagar, 2013). Ni-P-PTFE composite 

coatings have also been considered, and were found to have improved corrosion resistance as a 

result of sealing nano-pores (Wang, 2011). The presence of pinholes in Ni-P coatings has been 

noted as a concern for corrosion resistance in the oil and gas industry (Sudagar, 2013). 

 

5.5 Amorphous metal coatings 

Amorphous alloys, or metallic glasses, are metallic materials that lack long range crystallographic 

order, and are of significant interest as they can possess high strength, resistance to wear and 

corrosion performance. Generally glasses are formed by quenching, where the quench rate is so 

high that the nucleation of crystalline phases is inhibited. With such a high cooling rate the liquid 

enters a metastable supercooled state, below the melting temperature, and with further reductions 

in temperature the viscosity increases until it becomes a rigid glass, at the glass transition 

temperature (Jafary-Zadeh, 2018). The glass-forming ability (GFA) of an alloy is the minimum 

cooling rate for the production of a glass, and casting provides a fast enough cooling rate to allow 

the production of metallic glasses for alloys with good GFA. Physical vapour deposition (PVD) 

involves the condensation of gaseous particles onto a substrate with cooling rates of up to 1012K/s, 

which allows deposition of amorphous alloys with lower GFA (Li, 2019). 

 

Several possible factors that might be responsible for the good corrosion performance of 

amorphous alloys have been identified. These include the lack of grain boundaries and second 

phase particles, which are often sites for corrosion associated with denuded zones or galvanic 

effects (Scully, 2007). Alternatively, the metastable state of the alloy means that the alloy is highly 

chemically reactive. Therefore if the alloy has a high concentration of highly stable oxidising 

elements, that are able to impart a protective passive film, e.g. chromium, the passive film forms 

rapidly and is highly concentrated in the solute atoms (Hashimoto, 2011). Binary single-phase, 

chromium-containing, alloys have been studied, and it was determined that the corrosion 

resistance, in 12M HCl, of the binary amorphous alloys was generally better than for the pure 

metals. Cr-Ta amorphous alloys performed best, relative to alloys containing titnaium, zirconium 

and niobium (Hashimoto, 2011). There has been limited study of amorphous alloys including 

tantalum and silicon, although some promising results have been obtained (Lai, 2018). The 

addition of silicon to Fe-Cr amorphous alloys is thought to improve corrosion resistance as SiO2 

passive films are formed (Souza, 2016). The corrosion rates of amorphous Fe-Cr-Ni-Ta and Cr-Ta 

alloys, in 12M HCl, were investigated and it was determined that the corrosion rates of both 
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amorphous alloys were lower than 304 stainless steel or bulk chromium. For both alloys there was 

a reduction of corrosion rate with increases in tantalum, but the Fe-Cr-Ni-Ta alloy appeared to 

show poorer corrosion performance relative to Cr-Ta (Li, 1999). 

 

6. CORRELATIONS FOR POOL AND FLOW BOILING 
 

A number of models have been proposed for correlation of critical heat flux with experimental data, 

These models are predominantly based on five different mechanisms, reviewed by Liang (2018) 

and Fang (2017): 

 Bubble interference: Premised on the assumption that at high superheats the high bubble 

number and departure frequency causes bubbles to coalesce, separating liquid from heated 

surface. The key CHF equation related to this model is: 

𝑞𝐶𝐻𝐹 = 0.012𝜌𝑔ℎ𝑙𝑔 (
𝜌𝑓 − 𝜌𝑔

𝜌𝑔
)

0.6

 

 
Where 𝜌𝑓 and 𝜌𝑔 are liquid and vapour density, respectively, and ℎ𝑙𝑔 the latent heat of 

vaporisation. 

 Macrolayer dryout: assumes a macrolayer of liquid underneath large mushroom shaped 

bubbles. CHF is triggered when the liquid macrolayer dries out, before bubble departure, 

leaving a dry heated surface. This model is expressed as: 

𝑞𝐶𝐻𝐹 = 𝜌𝑓ℎ𝑙𝑔𝛿 (1 −
𝐴𝑔

𝐴𝑤
) 𝑓 

Where 𝛿, 𝐴𝑔 and 𝐴𝑤 are macrolayer thickness, area occupied by vapour jets and total 

surface area, respectively. 

 Hydrodynamic instability: Considers CHF when the velocity of the vapour phases reaches a 

critical value: 

𝑞𝐶𝐻𝐹 = 𝜌𝑔ℎ𝑙𝑔𝑢𝑔 (
𝐴𝑔

𝐴𝑤
) 

Where 𝑢𝑔  is vapour velocity. The hydrodynamic instability model is also commonly 

expressed as a dimensionless constant, K, which is usually assumed to be 0.131, as follows: 
𝑞𝐶𝐻𝐹

𝜌𝑔ℎ𝑙𝑔[𝜎𝑔(𝜌𝑓 − 𝜌𝑔)/𝜌𝑔2]
1/4

= 𝐾 = 0.131 

Where 𝜎 and 𝑔 are surface tension and acceleration due to gravity. This model has been 

modified to include the influence of surface roughness, pressure, liquid viscosity, surface 

roughness, wettability, i.e. contact angle, amongst other factors (Liang, 2018). 

 Hot spot models: assumes small dry spots cover the heater surface during nucleate boiling 

and CHF occurs when liquid cannot be replenished at these growing dry spots. 

 Interfacial lift-off: This model is based on flow boiling data and suggests a series of events 

before CHF is reached. Slightly below CHF, a vapour layer propagates along the surface and 

instability only permits liquid contact, with the heater surface, at distinct wave fronts. CHF 

occurs when the wetting wave fronts are lifted from the surface by the vapour beneath 

them (Galloway, 1993). 

 

An extensive pool boiling database of CHF data, from smooth surfaces, was examined by Fang 

(2017) and it was determined that modified hydrodynamic instability models best matched the 

data, although even the best models had a deviation of ~27%. It was noted that the surface 

orientation was one of the most critical factors for CHF, and CHF decreased rapidly at between 90° 

and 180°, but was fairly insensitive to orientation between 0°, i.e. upward facing, and 90°. 

 

A correlation for CHF of porous surfaces has been suggested, as follows: 

𝑞𝐶𝐻𝐹 = 0.52휀2.28ℎ𝑙𝑔√𝜎𝜌𝑓𝜌𝑔/(𝜌𝑓 + 𝜌𝑔)𝑅𝑏𝑟 
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Where 휀 is porosity and 𝑅𝑏𝑟 the radius of vapour jets (Mori, 2017b). Cieslinski (2011) analysed 

flow boiling across porous surfaces to suggest another relationship: 

𝛼 = 𝐶𝑞𝑛 
 

Where 𝛼 is the heat transfer coefficient and the 𝑞 heat flux. C and n are constants which are 

dependent on the refrigerant. This relationship is possibly the most appropriate for the GeoHex 

program, but its validity will be tested using the data generated in the program. 

   

  

7. IMAGING METHODS FOR SIMULATION VALIDATION 
 

In the GeoHex project simulation methods will be used to gain a better understanding of the bubble 

and droplet behaviour, as well as, to allow the prediction of the phenomena that are being studied 

under a wider range of flow speeds, temperatures and other factors. The developed tools will 

therefore allow simulation of coating performance, under various conditions, for which there might 

not be experimental data. As with most simulation techniques, validating the models with 

experimental data is a key concept. In the GeoHex program high-speed video (HSV) of the 

experiments will be recorded, processed and analysed, to validate the developed models. The 

footage will be used to compare the simulated bubble/droplet dynamics with actual behaviour 

during the experiments of condensation and boiling. 

 

In order to develop accurate models of boiling and condensation heat transfer, the nucleation site 

density and the cycle of nucleation and growth must be accurately captured, and the temperature 

of the surfaces being tested must be accurately measured (Gerardi, 2010). Imaging of bubble 

dynamics is therefore very important for the development and validation of simulation tools. There 

are several ways to capture images of condensation and boiling. One way is to use high-speed 

conventional wavelength camera sensors, directly pointed at the surface being tested. These 

camera systems are usually tuned to allow shooting at high speeds, often in the order of magnitude 

of thousands of frames per second (FPS), without excessive sensitivity to surface lighting. This is 

important as the heat from surfaces can cause lighting and image distortions in heat transfer 

experiments. It should be noted that careful calibration of the imaging setup is important since the 

size of the droplets/bubbles in the footage will be measured based on pixel size and position. In 

other words, pixel size is converted into distance units and this introduces an uncertainty (Gerardi, 

2010). 

 

Infra-red (IR) cameras can be used to capture temperature measurements of the surface, without 

the need for thermocouples. Thermocouples tend to have slow response times and can only 

measure discreet points on the surface. These points might not, of course, coincide with 

bubble/condensate nucleation points. 

 

In order to generate data on nucleation site density, bubble departure diameter and frequency, 

high speed video (HSV) footage of the condensation and boiling experiments will be taken, and 

the video will then be split into individual frames. The footage will then be analysed by computer 

vision (CV) tools, such as OpenCV library. This library includes methods for identifying the 

droplet/bubble nucleation sites, size, movement and other characteristics. This data will then be 

used to validate the simulations but will also be valuable in observing other characteristics of the 

coatings.  
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8. CONCLUSIONS 
 

The characteristics of ideal boiling surfaces, for low surface tension fluids, were reviewed, as well 

as the specific processes that will be used in the GeoHex program and correlations between 

experimental data and heat transfer characteristics. The review identified that the main factors 

that enhance passive heat transfer performance, for ideal boiling surfaces, include: 

 

 Increased numbers of active nucleation sites using micro- or nano-sized roughness;  

 Wicking to allow rewetting of the structure and to allow fresh liquid to be delivered to the 

heated surface;  

 Separation of vapour and liquid flow streams so that rewetting is not prevented because of 

vapour release. This includes sucking-evaporation mode surfaces, where evaporation 

causes sucking of liquid from networked inactive cavities. 

Although there is consensus on these factors, knowledge on the engineering design of structures 

to achieve the above is lacking, and it is particularly unclear how engineered surfaces would behave 

with different fluid types, temperature and pressure, orientation, and when scaled to full size. Data 

on the longevity of performance, in representative environments, are also in question, particularly 

for micro- and nano-scale features that might be prone to clogging, as a result of corrosion or 

fouling, as well as erosion from abrasive media in fluids. It is therefore difficult to use the reviewed 

data for the design of structures and to inform design parameters. Design parameters will therefore 

be optimised with data obtained in the GeoHex program. 

 

The review identified that there is a particular lack of data discussing the effect of process 

parameters on heat transfer and corrosion performance. There also appears to be a lack of long-

term test data to prove the longevity of any coatings, and most studies investigated heat transfer 

enhancement with water as the working fluid, rather than fluids more appropriate for heat 

exchangers. Despite these deficiencies, the reviewed data will be useful as a starting point for the 

coating development in the GeoHex program, and the data generated by GeoHex will be a valuable 

addition to the current published literature. 
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