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Abstract 

Pool boiling of nanofluids has been studied in the past decade and contradicting 

results have been found. Several parameters have been investigated, the most popular 

being the nanofluid concentration. The investigations in the literature have been carried 

out under different co nditions. The effects of method of nanofluid preparation, pH 

value and boiling duration on the Heat Transfer Coefficient (HTC) and nanoparticle 

deposition have not been thoroughly investigated. 

An experimental investigation has been carried out to investigate such effects 

and the effect of nanofluids concentration on the HTC and nanoparticle deposition . A 

flat copper surface with a mirror-finish (Ra = 50 - 150 nm) has bee n used as the 

boiling surface. Using a nanofluid prepared from a ready- made suspension showed to 

have a similar HTC to a nanofluid prepared from dry nanoparticles at a neutral pH 

value. Reducing the pH value of the nanofluids prepared from dry particles gave 

different responses in HTC at different concentrations. At 0.01 vol. % concentration 

the HTC decreased due to change in base fluid properties, at 0.1 vol. % the HTC 

increased due to enhanced electrostatic stabilisation, and no change took place at 0.5 

vo l. % due to a high intensity of nanoparticle depositio n. Increasing the concentrat ion 

of the nanofluids resulted in a reduction in HTC, higher nanoparticle deposition as well 

as a faster rate of deposition on the surface. 
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The effect of concentration on nanoparticle deposition has been studied by 

boiling water on nanoparticle deposited surfaces after boiling nanofluids. This 

approach has shown that nanoparticle deposition from boiling a higher concentration 

nanofluid gives a higher HTC, which is opposite to expectations. This approach has 

also shown that the surface condition depends on the intensity of the deposition as well 

as its uniformity. 

An analysis has been carried out using the Rohsenow correlation to quantify 

the effect of nanoparticle deposition on the heat transfer. Prediction of the boiling heat 

transfer of nanofluids may be used by adopting a transient surface factor in the 

Rohsenow correlation. 
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Chapter 1 

Introduction 

Boiling heat transfer is an impOltant process that takes place in many industrial 

applications such electronics cooling, metal processing and power generation. Boiling is a 

complex phenomenon and so it has been investigated for many decades in order to 

understand and utilise it in the best way possible. 

In the past, scientists attempted to use fluids with suspended particles to enhance 

their thermal properties . However, they experienced problems of erosion, sedimentation, 

fouling and pressure drop. The technology in the past permitted particles to be of milli-

and micro- meter size scale. However, with the recent development of nanotechnology, 

engineers and scientists have been able to use particles of nanometer size, referred to as 

nanoparticies. Problems arising from suspending particles in fluids have been greatly 

reduced with the use of nanoparticles. 

A nanofluid is dispersed nanoparticles in a base fluid . The term "Nanofluid" was 

used for the first time by U. S. Choi in 1995. The most commonly used nanofluids are 

made of water and alumina nanoparticles. While alcohol, ethyl glycol or oils have been 

used as other base fluids , copper oxide, copper, titania, zinc oxide and other materials 

have been also used as nanoparticles. 
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Most working fluids used in industry have thermal conductivities that are one or 

two orders of magnitude lower than metals used in heat exchange equipment. As such, 

working fluids are considered the bottleneck in heat exchange effectiveness. The key 

property that makes nanofluids attractive as heat transfer fluids is their enhanced thermal 

conductivity compared with their base fluids. Nanofluids have attracted significant 

attention during the last decade as the possible next generation of working heat transfer 

fluid s. Figure 1.1 shows the rate of increase in research in nanofluids over the past 

decade. 

Past research on pool boiling of nanofluids shows contradicting trends in the 

finding s regarding heat transfer coefficient (HTC), as will be discussed in Chapter 2. The 

main objective of this study is to better understand pool boiling of nanofluids, by 

investigating the effects of nanofluid preparation method, electrostatic stabilisation, 
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Figure 1.1: Number of publications containing keyword "nanofluid" on 
www.sciendirect.com as of March 2010 
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concentration and boiling duration on HTC of nanofluids and nanoparticle deposition. It 

is favourable to find the appropriate conditions under which an enhancement in HTC 

would be achieved, as industrial applications favour enhancing heat transfer mechanisms. 

Although most industrial applications involve flow boiling as the main heat 

transfer mechanism, it is recommended to carry out fundamental boiling research under 

pool boiling. The behaviour of nanofluids under flow boiling will be influenced by the 

boiling phenomenon, as well as the characteristics of the fluid flow. The scope of this 

research is to study the behaviour of nanofluids undergoing boiling only. 
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Chapter 2 

Literature Review 

This chapter presents the prevlOus works that have been carried out on pool 

boiling of nanofluids. The regimes of pool boiling and synthesis of nanofluids are 

explained briefly in sections 2. 1 and 2.2, respectively. Thermal conductivity of nanofluids 

is discussed in section 2.3. Section 2.4 explains the stability of nanofluids, and section 2.S 

discusses the parameters affecting pool boiling of nanofluids. Studies investigating pool 

boiling of nanofluids are then presented in detail in section 2 .6 followed by studies that 

focus on the deposition of nanoparticles on the boiling surface in section 2.7. Section 2.8 

presents a summary of the main findings in the literature. The research objectives and 

plan for the present research is discussed in section 2.9 and a description of the thesis 

structure will conclude this chapter in section 2.10. 

2.1 Pool Boiling 

Boiling of a stagnant liquid in direct co ntact with a heated surface is referred to as 

pool boiling. Pool boiling takes place in many industrial applications such as quenching 

of metals or electronics cooling, as well as in domestic uses, such as boiling water in a 

kettle. The regimes of pool boiling are identified by the classic pool boiling curve [I] 

shown in Figure 2. 1. 

4 
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Natura l 
Convection 

Nucleate 
Boiling 

B 

Transition 
Boiling 

Film 
Boiling 

Figure 2.1: The pool boiling curve 

The boiling curve shows the variation in the heat flux at different levels of surface 

superheat temperature, which is expressed as Ts - Tsat . At low surface superheat, the heat 

is transferred to the surface via natural convection. As the surface temperature increases 

beyond the temperature for the onset of nucleate boiling (Point A), bubbles start to form 

on the surface and grow and depart from the surface rapidly. This is called the nucleate 

boiling regime, identified in Figure 2. 1 as part AB of the curve. M uch higher heat fl uxes 

are delivered at this temperature range due to a much hig her heat transfer coefficient , h. 

q" 
h= --

Ts - Tsat 

5 
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The heat transfer coefficient (HTC) increases due to the rapid generation and 

release of vapour bubbles at the heater surface which cause a high disturbance of the 

liquid near the surface. This increased HTC is what makes nucleate boiling a favourable 

mechanism of heat transfer in industrial applications. The sites at which bubbles form are 

called nucleation sites. As the surface superheat is further increased, more nucleation sites 

are activated and more bubble generation takes place. The heat flux increases with surface 

temperature up to the point of the Critical Heat Flux (CHF), point B. At this point, the 

large amount of vapour generated covers portions of the surface and restricts liquid access 

to the surface. As the surface temperature is increased beyond the point of CHF, a severe 

reduction in heat transfer takes place due to more regions of the surface covered by 

vapour. This is portion BC of the boiling curve and is referred to as transition boiling. 

The surface eventually becomes totally covered by a vapour fi lm as the surface 

temperature is increased further beyond point C. The heat transfer increases with 

increasing the surface superheat. In this region, the heat is transferred to the bulk liquid 

mainly via radiation and conduction. This is called film boiling. 

Industrial applications mainly operate in the nucleate boiling regime. It is 

generally unfavourable to exceed the heat flux or surface superheat beyond CHF, as this 

would be associated with deteriorated heat transfer rates and much higher surface 

temperatures. This study is focused on pool boiling of nanofluids in the nucleate boiling 

6 
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2.2 Nanofluids 

Nanofluids are produced by dispersing nanoparticles in a base fluid. Nanoparticles 

are produced using various techniques making nanoparticles ranging from 10 to 250 nm 

in size. Techniques of producing nanoparticles include inert gas condensation, mechanical 

grinding, chemical vapour deposition, chemical precipitation, micro emulsions, thermal 

spray, and spray pyrolysis [2] . 

Nanophase Technologies, which is the most popular provider of nanoparticles and 

nanofluids used by many researchers, employ a Physical Vapour Synthesis method to 

manufacture their nanoparticles. In this method, arc energy is supplied to a metal at 

temperatures above the evaporating point causing the metal to evaporate. Exposing the 

vapour to a reactive gas produces a metal oxide, which is then cooled at a controlled rate 

producing the required nanoparticles. 

The success of dispersing the nanoparticles in the base fluid is key in producing 

nanofluids. Nanoparticles have a high tendency to agglomerate together due to a strong 

Van der Waals attraction force between the particles [3]. Particles might agglomerate to 

up to 10 micrometers in size [4]. There are several ways to break down these 

agglomerates. Common ways of breaking up the agglomerates are ultrasonic vibration 

and high speed homogenisers. 

Another issue that arises when preparing nanofluids is the time nanoparticles 

remain dispersed, which is a measure of the nanofluid stability. Two methods are usually 

7 
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used to enhance the stability of nanofluids; adding surfactants such as laureate salts [5-6] 

and changing the pH value of the nanofluid [3, 7-8]. 

2.3 Thermal Conductivity of Nanofluids 

Nanofluids have a higher thermal conductivity, k, than their base fluids. Xu an & 

Li [5] performed a study to measure thermal conductivity of nanofluids using a transient 

hot-wire method , where a wire with a very large length to diameter ratio is used to 

conduct heat to the liquid for a short period of time (5 seconds) before convection starts to 

take place. They used copper nanoparticles of 100 nm size. They used two base fluids: 

water and transformer oil. Laureate salt was used as a dispersing agent with water, and 

oleic acid with transformer oil. The water-based and oil-based nanofluids were stable for 

30 hours and one week, respectively. The concentrations of the nanoparticles were varied 

from 2.5 to 7.5 vol. %. They reported enhancement of k by 12 % to 43 % for the 

transformer oil-based nanofluid and by 24 % to 78 % for the water-based nanofluid when 

changing the concentrations from 2.5 to 7.5 vol. %. 

Das et al. [9] measured thermal conductivity of nanofluids at elevated 

temperatures and reported some interesting results. They used a temperature oscillation 

method for their thermal conductivity measurements where the temperature of the 

nanofluid container wall was oscillated by 1.5 °C using a Peltier element. The phase and 

amplitude of the fluid temperature was measured at specific locations within the fluid, 

\l /hi r- h \l / ':lC' •• co rl tr'\ O ""'l)""'lt o tho. t-1'1;,..t t-h ot" YY'\ ..... l rl;f+'l~ l"" ;";t-" Th " .... _ r.,... ~+: ,... 1-. "' 0. + ...... .... _ .......... : ... , ..... .... rI 
~'111\,,;1l nU0 \ .. '-) \,,;U \.V \ •. " ' U1UU. ... """ 1,.l1\".< llUlU Ulvl.lllUl UI1J..U ,') lVllY. ~IJ\ . ... .,:)1'\.,.;\ •. dl1\.,.. U\';'Ol \V0l',l\ .. .dl Y allU 
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density of the fluid were calculated and used to determine the value of the thermal 

conductivity. They used water as the base fluid of alumina (38.4 nm) and copper oxide 

(28.6 nm) nanofluids with concentrations varying from I to 4 vol. %. They did not use 

any stabilising agent. The nanofluids at 3 and 4 vol. % concentrations were found to 

sediment after 12 hours. They measured the nanofluids ' thermal conductivity at 

temperatures of 21 °C and 51 °C. They found that the enhancement in thermal 

conductivity increases with concentration and temperature. For example, they found 2 % 

enhancement for the 1 vol. % alumina nanofluid at room temperature and 10.8 % at 51 

0C. A higher enhancement of 36 % was found for the 4 vol. % copper oxide nanofluids at 

51 °C. These findings indicate that nanofluids are more attractive for high temperature 

applications. 

Das et al. compared their results with the Hamilton and Crosser (HC) model [2], 

which was developed to predict thermal conductivity of solid-liquid mixtures. The HC 

model under predicted the thermal conductivity of their nanofluids . The model was 

developed to predict thermal conductivity of slurries with larger particles. Das et al. 

concluded that , with smaller particles, thermal conductivity is enhanced through 

nanoparticles stochastic or Brownian motion in the fluid. They used this mechanism to 

explain how thermal conductivity is enhanced at elevated temperatures. They also 

indicated that for each particle s ize there is a threshold temperature at which the effective 

thermal conductivity of nanofluids starts deviating from that of usual s lurries and the 

e nhancement is primarily due to stochastic motion of particles. They explained the higher 

thermal conductivity of the copper oxide nanoparticles due to their smaller s ize which 

9 
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makes them more mobile in the fluid and their larger area to volume ratio compared to the 

alumina nanoparticles. 

Xie et al. [10] investigated the effect of particle size and base fluid on nanofluids 

effective thermal conductivity. They used 12 - 300 nm alumina nanoparticles dispersed in 

water, ethyl glycol and pump oil at concentrations of 1.8 - 5 vol. %. A hot-wire method 

was used to measure the thermal conductivity. They found 28 % to 38 % enhancement in 

k as particle size was decreased from 300 to 60 nm when using alumina nanoparticles and 

pump oil at a concentration of 5 vol. %. The thermal conductivity decreased with particle 

size below 60 nm. They explained such drop in k occurred due to the fact that 60 nm is 

close to the phonon mean free path of alumina, which is 35 nm. This closeness in size 

causes "scattering of the primary carriers of energy (photons) at the particle boundary". 

Xie at al. also found that the enhancement in thermal conductivity was more profound for 

the base fluid s with lower thermal conductivity; pump oil showed an enhancement of 38 

% while ethyl g lyco l showed 30 % and water showed 24 % at 5 vol. % concentrations and 

particle size of 60 nm. Pump oil has the lowest thermal conductivity followed by ethyl 

glycol, and water. More of their results are discussed in section 2.4. 

Jang & Choi [11] developed a mode l that predicts thermal conductivity of 

nanofluids. They did not assume that the particles are motionless as other tradit ional 

mode ls did . The following four modes of energy transport were included in their model: 

1. Collision between the base fluid molecules 

2. Thermal diffusion of nanoparticles in the fluid 

10 
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3. Collision between the nanoparticles due to Brownian motion 

4. Thermal interactions of dynamic nanoparticles with the base fluid 

molecules. 

The third mode is a very slow process; an order of magnitude slower than the 

other three and was therefore neglected. Their model showed good agreement with 

experimental results, taking into account the change in nanofluids temperature and the 

particle size. They concluded that as the particles become smaller, they become more 

mobile and convection-like effects due to Brownian motion become dominant, leading to 

a higher thermal conductivity enhancement. 

Other models have been developed by other scientists to predict the anomalously 

increased thermal conductivity of nanofluids. Mechanisms such as particle motion, 

surface action, electro kinetic effects, increased surface area of nanoparticles, particle-

particle collisions, dispersion of nanoparticles, Brownian motion and nanoparticles 

clustering have all been identified [2]. 

2.4 Stability of Nanofluids 

The stability of nanofluids has recently attracted attention from the nanofluid 

research community. Once particles are dispersed in the base fluid , an electric double 

layer is formed around each particle, which creates a charge that repels them from one 

another. It is this charge that keeps the particles stable in suspension, which is called 

II 
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Electrostatic Stabilisation. At a critical pH value, known as the Iso-Electric Point (IEP), 

these charges disappear and particles sediment very rapidly or crash-out of suspension. 

i.e. , become unstable. The further away the pH value is from the IEP, the stronger the 

charges and, the better the stability of the nanofluid. The IEP of alumina is at a pH of 9.1, 

[2-3, 7, 10]. 

Xie at al. [10] invest igated the effect of concentration and the pH value of 

nanofluids on their effective thermal conductivity. They varied the concentration from 1.8 

to 5 vol. % as well as the pH value from 2 to 11. Their results are shown in Figure 2.2 . It 

is clear that thermal conductivity is enhanced with increasing concentration and 

decreasing pH value. A maximum enhancement of 24 % above that of water was 

recorded at pH = 2 and 5 vol. % concentration. These results conftrm that the enhanced 

stability has a positive effect on thermal conductivity of nanofluids. 

25 • • 
20 • ....... -............................. • 

~ 15 • ........ .. .. 

" ::. • • .5 vo l. % ~ • ..:..:: 
00 

10 • .. .3.5 vo l. % 

• +1.8 vo l. % 

5 • 
0 

0 2 4 6 8 10 12 14 

pH 

Figure 2.2: Variation. of thermal conductivity enhancement with concentration and 
pH value of alumina-water nanofluids at a particle size of60.4 nm [lO} 
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2.5 Parameters Affecting Pool Boiling of Nanofluids 

There are several factors that affect pool boiling of any fluid . These factors are 

related to the boiling surface and the fluid. The surface-roughness of the boiling surface 

has a significant effect. Surface-roughness is most commonly expressed as the average 

surface-roughness, Ra, shown in Equation (2.2) [4]. 

1JL 
Ra = L 0 IZ(x )1 dx (2.2) 

Rougher surfaces have a higher number of cavities acting as nucleation sites and 

will, therefore, give higher heat fluxes for a given surface superheat. Also the size of the 

cavities affects the interaction with the particles that settle on the surface. Surface 

material is another factor that affects the wettability of the surface. Different surfaces 

have different wetting properties, different behaviour of bubbles and different deposition 

of nanoparticles on the surface. 

Surface geo metry also has an influence on pool boiling. The mechanism of bubble 

growth and departure taking place during boiling on a horizontal tube will also be 

associated with a bubble sliding mechanism due to buoyancy forces. The diameter of the 

tubes will influence the bubble sliding mechanism. However, bubble sliding is less likely 

to take place on a fl at surface. 

The orientation of the surface is another factor. With a vertical surface there will 

be a temperature gradient along surface height due to convection . Bubble sliding is more 

likely to take place for a vertical surface than for a horizontal surface. The difference in 
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physical mechanisms taking place on the surface has an effect on the boiling phenomenon 

taking place on the surface. 

As mentioned before, in addition to the surface conditions discussed above, pool 

boiling is also affected by parameters related to the fluid. In the case of nanofluids, 

concentration will affect propelties of the nanofluid such as thermal conductivity and 

surface tension. The degree of deposition of nanoparticles taking place on the surface 

during boiling will also be affected by the concentration. The pH value of the nanofluid 

will also affect the properties of the nanofluid by changing its stability and thermal 

conductivity. The acid used to change the pH value affects properties of the base fluid. 

The method of preparation of nanofluids is another factor that might have a 

significant effect on their properties and interaction with the boiling surface. All the 

researchers mentioned in this thesis have used nanofluids prepared from dry particles, 

with the exception of one [12] who prepared nanofluids from a ready-made suspension. 

The size of nanoparticles will also have an effect on their properties, mainly their thermal 

conductivity. It also affects the size and number of nucleation sites due to particles 

deposition on the surface during boiling. The size of the particles depends on the nominal 

particle size, the method used to break up the nanoparticle agglomerates, the method of 

preparation and the nanoparticles stability. 

The type of base fluid has a major effect on pool boiling performance of 

nanofluids. Different base fluids have different properties and surface wettability. The 

type of nanoparticles used is another factor to consider. Different materials have different 
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physical properties which will affect the stability and physical properties of the 

nanofluids. Nanoparticle materials of a higher density are more likely to crash out of 

suspension and are less stable. Materials of higher thermal conductivities result in 

nanoparticles and nanofluids of higher thermal conductivity. 

Finally, duration of the boiling experiments might have an effect on their boiling 

performance. The boiling of pure fluid s is known to change with experiment duration due 

to the flooding and deactivation of nucleation sites [I]. With nanofluids, the duration of 

the boiling experiment will also influence the level of deposition of nanoparticles on the 

surface. 

2.6 Investigations Carried out on Pool Boiling of Nanofluids 

The first study on pool boiling of nanofluids was carried out by Yang and Maa 

[13]. They used a horizontal stainless steel, 3.2 mm diameter tube as a heater surface. A 

magnetic stirrer was employed to prevent particles from sedimentation. Measuring the 

heater surface temperature was carried out by filling the heater tube with silicon carbide 

powder and inserting thermocouples at the centre of the heater. The temperature gradients 

in the axial and radial directions were neglected. They used dry alumina nanoparticles of 

50, 300 and 1000 nm in size di spersed in water at concentrations of 0.03 and 0.14 vol. %. 

The surface-roughness of their heater was not reported, neither was the pH value of the 

nanofluids. 
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Their results showed an enhancement in pool boiling heat transfer with the 

addition of nanoparticles, which increased at higher particle concentration. They also 

showed that the heat transfer is enhanced with decreasing particle size. A maximum 

enhancement of about 400 % in HTC was recorded at a concentration of 0.14 vol. % and 

50 nm particle size. Their work did not provide any explanation for such enhancements. 

However, they implied that the thermal boundary layer was altered due to the existence of 

the nanoparticles. Such boundary layer alteration is expected to change the boiling 

behaviour. They also noted that the existence of nanoparticles reduced heater surface 

temperature fluctuations during bubble growth and departure. 

Das et al. [4] carried out pool boiling experiments of nanofluids using two 

horizontal tubular stainless steel heaters both of 20 mm diameter, and Ra of O.4/Jm and 

1.15 /Jm. To measure the surface temperature, thermocouples were welded to the heater 

surface, and the power input to the heater was measured using a wattmeter. Nanofluids 

prepared from dry alumina nanoparticles dispersed in water were used with 

concentrations ranging from 0. 1 to 4 vol. %. They found that surfactants change surface 

tension of the base fluid and as such will alter their boiling characteristics. They therefore, 

did not use surfactants to stabilise their nanofluids. There was no mention of any method 

used to enhance the stability of their nanofluids neither did they mention their pH value. 

The nanofluids were degassed for 30 minutes prior to each experiment. They used 

ultrasonic vibration for 4 hours to break down the agglomerates. The particle s ize 

distribution of the nanofluids was examined using a Transmiss ion Electron Microscope 

(TEM). The particles size normal distribution is shown in Figure 2.3. A volume weighted 
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Figure 2.3: Nanoparticles size distribution reported in [4 J 

average of the particle size was calculated at 38 nm, which was identical to the size 

indicated by the nanoparticles supplier. Little sedimentation was observed at 3 and 4 vo l. 

% concentrations after 6 hours of preparation. Surface tension of the nanofluids was the 

same as that of pure water, regardless of concentration. The viscosity increased with the 

concentration, however, the nanofluids remained Newtonian. 

Their experiments revealed that the HTC was reduced to 40% to 80 % of pure 

water. A considerable deterioration of heat transfer was found with concentrations as low 

as 0. 1 vo l. %. The deterioration increased with increas ing concentration, but not 

proportionally. At a concentration of 4 vo l. %, the smoother surface (Ra = 0.4 /lm) 

showed a deterioration in HTC of 43 % that of water, while the rougher surface (Ra = 

1.15 /lm) showed aSS % deterioration at the same concentration. They found a layer of 

nanoparticles settled on the surface. Their measurements of surface-roughness revealed 
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that both surfaces became smoother due to nanoparticles deposition. The deterioration in 

heat transfer was attributed to the fact that their nanoparticles were an order or two orders 

of magnitude smaller than that of the average surface-roughness. They hypothesized that 

nanoparticles settle inside the surface voids and made the heater surface smoother. Initial 

expectations were that HTC would be enhanced due to the higher thermal conductivity 

and the impact of that on the rate of heat transfer due to transient conduction as bubble 

sliding takes place. However, the enhancement in k was overshadowed by the effect of 

particles settling on the surface, making it smoother and changing its boiling 

characteristics. 

The same authors carried out another study [14] where they used smaller diameter 

tubes as heater surfaces; 6 and 4.5 mm in diameter. The experimental setup and procedure 

was virtually identical to their previous study. The surface-roughness of the heaters was 

between 0.37 and 0.45 )Jm and the nanoparticles average size was 58 nm. The boiling 

phenomenon with the narrower tubes was qualitatively different. This is because the 

bubble sliding mechanism was less important with the smaller tubes due to the closeness 

of the size of the bubbles and the size of the tubes. Similar to the findings in their 

previous study, the heat transfer was deteriorated with the addition of nanoparticles, 

where the HTC was deteriorated to 10 % that of pure water at 4 vol. % concentration. 

Bang and Chang [15] investigated pool boiling of nanofluids using a horizontal 

and vertical flat heaters. Results of the vertical heaters were focu sed on CHF comparison 

and are not discussed below. They used a very smooth heater with Ra of 37 nm. Their 

surface Ra value was almost equal to the size of the nanoparticles they used, which was 
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47 nm, on average. They did not report the heater surface material. They used alumina 

nanoparticles and water to make nanofluids with concentrations of 0.5 - 4 vol. %. Their 

nanofluids were prepared from dry nanoparticles. Ultrasonic vibration was used for 8 

hours to break down the nanoparticles agglomerates. Their boiling facility has 

visualisation windows to allow visual observation of the boiling phenomenon taking 

place. However, due to the opaqueness of nanofluids this was only possible at low 

concentrations (0.5 vo l. %) and at high heat fluxes. A mechanical mixer was used to 

enhance the nanofluids stability, however, its use did not have any effect on their results. 

T here was no mention of the pH value of their nanofluids or the use of any additives to 

enhance their stability. 

The HTC deteriorated to 25 - 50 % that of pool boiling of pure water. The 

deterioration of the heat transfer increased with particle concentration. Also, the nucleate 

boiling regime started at about 5 °C wall superheat higher than that in the case of pure 

water. A compar iso n of their results with the Rohsenow correlation showed agreement 

with their pure water results and deviation with nanofluids results. Similar to the findings 

reported in [4], a layer of nanoparticles formed on the boiling surface during the 

experiments, which was easily, but not completely, washable by using a water jet. They 

argued that the settling of nanoparticles altered the surface characteristics which 

exp lained the deviation of their results from the Rohsenow correlation. Furthermore, they 

indicated that the results might match the correlat ion using an appropriate "modified 

liquid-surface combination" factor. They observed less bubbles generated with nanofluids 

than with water, indicat ing that the number of nucleation s ites was reduced. Experiments 
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were carried out to examine how the surface-roughness would change with a different 

initial surface-roughness. The surface with initial roughness smaller and larger than that 

of the particles size became rougher and smoother after the experiments, respectively. 

They also investigated the effect of nanoparticles on CHF. They found an increase in the 

CHF by 32%. They finally attributed the CHF enhancement to the reduction in the 

number of active nucleation sites as well as to the trapping of liquid near the surface due 

to the porous characteristics of the nanoparticles layer. This layer caused a reduction in 

the number of bubbles and, hence, reduced the chances for bubbles to coalesce and form a 

vapour blanket above the surface. 

A study focused on the CHF of nanofluids was carried out by Vassallo et al. [1 2]. 

They used a OAmm NiCr wire as a heater surface horizontally suspended in a 0.5 vol. % 

silica-water nanofluid placed in a Pyrex dish. The nanoparticles were 15, 50 and 3000 nm 

in size. Their nanofluids were prepared by diluting a more concentrated, ready-made, 

nanofluid with de ionised water. The pH of the nanofluids was not mentioned, nor was the 

surface-roughness of the wire. The heat flux was obtained from vo ltage and current 

measurements input to the wire. The temperature was obtained from the temperature-

electrical resistance characteristics of the wire. They found a minor enhancement in 

nucleate boiling heat transfer and a 0.05 - 0.25 mm thick layer formed on the wire . They 

reported CHF 60 % higher than that of pure water. 

Kim et al. [16] invest igated the CHF of pool boiling of nanofluids using an 

experimental procedure very similar to that used in [ 12]. Alumina and titania 

nanoparticles in water were used with logarithmic concentrations rang ing fro m 10-5 
- 10-1 
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vol. %. NiCr and titanium wires of diameters 0.2 and 0.25 nun, respectively, were used as 

heating surfaces. The wire was placed horizontally in the nanofluids. Again, they found 

an enhancement in the CHF as compared to pure water, which increased sharply with 

small concentrations and remained constant at concentrations above 10-2 vol. %. What 

was interesting to observe is the deposition pattern of nanoparticles on the wires after the 

experiments. Upon visual inspection of the wires under a microscope, the thickness of the 

deposited coating increased with increasing the concentration of the nanofluids. Also, 

more particles were deposited on the bottom of the wires than the top. The coating formed 

very quickly with time and did not break down when the wires were used in pure water 

experiments. This clearly explained that the deposition of nanoparticles phenomenon did 

not occur due to gravitational settling of nanoparticles, but due to the nucleation of 

bubbles on the heating surface which is more rapid at the bottom side of the wire than at 

the top, due to bubble sliding. 

Very similar results were also observed by You and Kim [17] who also studied 

boiling heat transfer of nanofluids, but at low pressures (about 0. 2 atm). They used 

alumina - water nanofluids at low concentrations of 2.8x I 0-5 
- l.4xlO-3 vol. %. The HTC 

was almost the same as water at all concentrations. It was poss ible to observe the boiling 

phenomenon at low concentrations using a high speed camera at 240 frames per seco nd. 

They observed lower bubble departure frequency and higher bubble diameter when using 

nanofluids. This reduction in the bubble departure frequency was attributed to change in 

surface tension due to addition of nanoparticles to water. They tried to predict the 

enhancement in CHF due to changes in the surface tension using the Zuber correlation 
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[1]. Zuber's correlation incorporates liquid properties to predict the CHF of fluids. Their 

attempt in predicting the CHF for nanofluids was not successful. 

Wen and Ding [3] were the first to carry out pool boiling experiments of 

nanofluids using the electrostatic stabilisation method. They used alSO mm diameter 

horizontal flat stainless steel disc as the heating surface. A ring heater was installed 

bellow the disc and thermocouples were embedded at the back of the disc to record its 

surface temperature. The heater surface had a roughness of micro-meter scale. They 

prepared alumina-water nanofluids from dry nanoparticles with concentrations of 0.09 -

0.35 vol. % and no stabilising agent. To prepare their nanofluids, they used shearing 

action using a homogeniser, followed by ultrasonic vibration for only 30 minutes. Their 

particle size distribution analysis revealed that little change took place to the particles' 

size after 30 minutes of ultrasonic vibration, and the average particle size was measured 

at 167 nm using Dynamic Light Scattering (DLS). They adjusted the pH value of the 

solutions to 7. They did not observe any deposition of nanoparticles on the heating 

surface and no sedimentation of the prepared solutions for several days. 

They reported an enhancement in the HTC of nanofluids which increased with 

increasing concentration, reaching a maximum of 40 % at 0.35 vol. %. They used the 

Rohsenow correlation to compare their experimental results and found an agreement for 

the pure water results , but their nanofluid results deviated from the correlation. The 

deviation increased with increasing concentration. They implied that deterioration in the 

rate of heat transfer reported by other researchers might have been due to poor 

stabilisation techniques which caused nanoparticles to deposit on the heating surface and 
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create an insulating layer. They did not comment on the fact that a pH of 7 is a neutral 

pH, which is likely to be the same as that used by several other researchers [4, 6, 12- 14, 

16-19] . 

Narayan et a!. [7] carried out an experimental investigation of pool boiling of 

nanofluids and proposed a new parameter to explain the contradicting results reported by 

previous researchers. They conducted experiments varying several parameters; nanofluid 

concentration from 0. 14 to 0.57 vol. %; heater Ra of 48, 54 and 524 nm and alumina 

nanoparticles of 47 and 150 nm in size were used. The nanofluids were prepared by 

dispersing dry nanoparticles in water. As used in [3] , electrostatic stabilisation was used 

to stabilise the nanofluids as well as ultrasonic vibration to break up the agglomerates. 

The pH value of the nanofluid was adjusted to 5.5 to enhance the stability. The 

nanoparticles remained in suspension for weeks. They used a vertical stainless steel tube 

as the heater surface to minimise the effect of sedimentation of nanoparticles on the 

surface. Thermocouples were brazed within the tube to record the surface temperature, 

and a cartridge heater was installed inside the tube to supply the heat. 

Their results showed a mix of enhancement and deterioration in heat transfer for 

different combinations of concentration, surface-ro ughness and particle size. At all 

concentrations considered in the study, when the particles and surface-roughness were of 

the same order, the heat transfer reached its minimum value. Therefore, they introduced a 

new parameter defined as the S~lIiace Interaction Parameter (S IP), in Equation (2.3). 

average surface roughness 
SIP = 

average particle size 
(2.3) 
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Figure 2.4 shows the ratio of their nanofluids HTC to that of pure water as a 

function of SIP. It can be seen that when SIP is unity the heat transfer coefficient is 

minimum. The HTC is higher when SIP is far from unity. They indicated that when 

particles are smaller than the average surface-roughness, particles reside within the 

surface voids causing an increase in the number of active nucleation sites . They 

confirmed this by taking an image of the surface before and after the experiments using 

an imaging processing technique and found that the number of peaks in the surface profile 

was increased. Further, they indicated that when SIP is near unity, the nanoparticles block 

the nucleation sites and deactivate them, which reduces boiling heat transfer. 

Regarding the effect of concentration, they found that the heat transfer was 

reduced with increasing concentration of the nanofluids. They explained that as the 
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concentration increases there will be more particles of similar size to the surface-

roughness, which increases the chance of blocking the nucleation sites with particles of 

the same size, resulting in a reduction in the rate of heat transfer. 

It should be noted at this point that the s ize of nucleation sites is independent of 

the value of the average surface-roughness. The size of the active nucleation sites are a 

function of the wall temperature and liquid properties only [1]. Therefore, relating the 

size of active nucleation sites to average surface-roughness is questionable. 

2.7 Deposition of Nanoparticies on the Heater Surface under Pool Boiling 
Conditions 

Liu and Liao [6] carried out an experimental investigation to study the deposition 

of nanoparticles on boiling surfaces that many researchers observed and reported. They 

described the deposition as sorption or agglutination. Sorption relates to the simultaneous 

absorption and desorption of nanoparticles, while agglutination relates to the clumping of 

nanoparticles together. They used 35 nm dry si lica and 50 nm copper oxide nanoparticles 

with concentrations varying from 0.057 to 0.57 vol. %. Water and alcohol were used as 

base fluids and sodium dodecyl benzene sulphate (SDBS) as a surfactant. When they 

added a surfactant they named the solution a nanofluid and a nanoparticle suspension 

when no surfactant was used. Their fluids were placed in an ultrasonic vibrator for 12 

hours prior to the experiments. The pH of the so lutio ns was not reported. When a 

surfactant was added, the nanoparticles remained in suspension for abo ut a month, 

whereas the suspension's stability was much poorer without the surfactant. Their heater 
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was a horizontal copper 20 mm diameter flat surface of average surface-roughness 194 

nm. Three thermocouples were installed below the surface to determine the heat flux and 

the surface temperature. 

Their experimental results revealed that for the water-based solutions the HTC 

was higher than pure water, when using copper oxide nanoparticles, and lower when 

using silica nanoparticles. The CHF increased in all cases. The more noticeable result is 

that steady state could not be reached above a surface temperature of 112 °C when using 

the nanofluids due to a high undulation in surface temperature. Upon examination of the 

heater surface after the nanoparticle suspensions experiments, they found a few ten 

micrometers thick sorption layer of nanoparticles on the surface. This layer was easily, 

but not totally washable with water. A much thicker agglutination layer of several 

hundred micrometers thickness was found after boiling the nanofluids which could not be 

washed with water. It was this thick layer which caused the instability in the surface 

temperature above 112 °C. They concluded that the SDBS broke down at temperatures 

above 112 °C and caused this thick layer of nanoparticles to adhere to the surface. The 

surface-roughness was measured before and after the experiments. The surface became 

smoother after the experiments. 

For the alcohol-based nanofluids no agglutination layer was formed on the surface 

because the surface temperature never reached a value above 112 °C. However, a sorption 

layer was formed on the surface. The HTC deteriorated for all alcohol nanofluids and 

nanoparticle suspensions while the CHF was enhanced. The use of SDBS had a minimal 

effect on the results when using alcohol-based solutions. 
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Jeong et al. [18] carried out a study to examine the wettability of surfaces under 

nanofluid boiling. Stainless steel 30 x 30 mm str ips were heated using an alcohol lamp to 

a temperature of 400°C, then quenched in the nanofluids or surfactant solutions and 

removed at 150 °C, while nucleate pool boiling was taking place on the surface. The 

excess fluid was removed from the surface, which was then left to cool down. Sessile 

drop tests were carried out using water and nanofluid droplets. The contact angles of 

water and nanofluids droplets on the quenched surfaces were measured . The contact angle 

was used as a measure of surface wettability. Nanofluids were prepared from dry alumina 

nanoparticles and water of concentrations 0.5 - 4 vol. %. No agent was used stabilise the 

nanofluids, and the pH value of the nanofluids was not repOlted. Trisodium phosphate 

was used as surfactant solutions. The following review of Jeong et al.'s study is focused 

towards the nanofluids quenched surfaces. 

The experiments showed that the contact angle of a water droplet decreased 

dramatically on the nanofluid-quenched strips. The contact angle decreased with higher 

nanofluid concentrations, ranging from 5 to 25 0 , which is much smaller than that of the 

water quenched surfaces, which was about 70°. These results indicated that the wettability 

of the strips was enhanced when quenched in nanofluids. Moreover, the co ntact angle was 

further reduced when using nanofluid droplets on the nanofluid-quenched strips, implying 

that surface wettability does not depend only on the surface condition, but also on the 

type of fluid. 

They also measured surface tension of alumina nanofluids by measunng the 

contact angle of the nanoflu ids at different concentrations on a Teflon FEP Strip. They 
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found that surface tension of nanofluids decreases with increasing nanofluids 

concentrations, contrary to previous findings reported in [4]. 

Kwark et al. [8] carried out pool boiling experiments of nanofluids. They used 

very low concentrations of 2.8x I 0-5 
- 2.8x 10-2 vol. % . Dry alumina nanoparticles, 139 nm 

in size, were used with water as the base fluid. The nanofluid was placed in an ultrasonic 

bath for 2 hours prior to the experiments. The pH of the nanofluids was measured and 

found to be 6.3, which indicated that the suspension is a stable colloid. A I cm2 horizontal 

copper block was used as the heater surface. The roughness of the boiling surface was not 

reported. A thermocouple was installed below the block for surface temperature 

measurement. A 20 n resistance was installed below the block to supply the heat, and the 

heat flux was measured through voltage and current measurements across the resistance. 

In all their experiments, the heat flux was ramped at regular intervals until CHF was 

reached. They validated their experimental setup by comparing their water boiling curve 

against the Rohsenow correlation, and good agreement was found . 

At concentrations below 7xl0-4 vol. %, the HTC was almost the same as water. A 

minor deterioration in the HTC was found at concentrations higher than 7x 10-4 vol. %. 

The CHF was enhanced for all concentrations. They repeated the boiling experiment at 

2.8xI0-2 vol. % concentration three times using the same heater and the same nanofluid. 

The deterioration was more significant when the experiment was repeated, which made 

them conclude that nanoparticle deposition was responsible for the deterioration in the 

HTC, and that the experiments had a transient characteristic due to continuous deposition 

of nanoparticles on the surface. 
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They also examined the effect of experiment duration by running some 

experiments for 2 hours at heat fluxes of 500, 1000 and 1500 kW/m2 with a nanofluid at 

7x 10-4 vol. % concentration. An increase in surface temperature was recorded during the 

prolonged boiling experiments, which increased at higher heat fluxes. A 2 °C and 8 °C 

rise in surface temperature were recorded at the lowest and highest heat flux, respectively. 

The boiling characteristic of nanoparticle-coated surfaces was investigated using 

water boiling experiments. Surfaces were first coated with nanoparticles during nanofluid 

boiling with experiments at low and high concentrations of 7x 10-4 (LC) and 2.7x 10.2 vol. 

%. (HC). The surfaces were immediately used in pure water boiling experiments. The 

HTC deteriorated in the case of the LC surface at heat fluxes above 500 kW/m2. A 

slightly higher deterioration was observed for the HC surface, for the entire range of heat 

fluxes. 

Kwark et al. used a Scanning Electron Microscope (SEM) to examine the surface. 

They exposed four different surfaces to nanofluids subjected to: (1) gravity (no heating), 

(2) natural convection (single phase heating) , (3) an electric field and (4) nanofluids 

boiling at different concentrations. The only noticeable deposition was found when the 

surface was exposed to boiling. Upon examining the surfaces after boiling experiments, 

they found the deposition was more profound at higher concentrations. To further 

examine nanoparticle deposition they carried out a boiling experiment where the applied 

heat was carefully increased until a single nucleation site was activated. A clear pattern of 

deposition was observed only at the nucleation site not at the rest of the heater surface. 
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They concluded that micro-layer evaporation during nucleate boiling of nanofluids is the 

main mechanism responsible for the deposition of nanoparticles on the surface. 

Taylor and Phelan [19] carried out simple nanofluid boiling experiments using a 

horizontal nickel-cobalt-copper wire placed in a 50 ml beaker. The wire was 0.255 mm in 

diameter and 5 cm long. The surface temperature was measured through the wire 

temperature-resistance relation and the heat flux was determined through voltage and 

current measurements. Dry alumina nanoparticles of 20 nm size were used with water as 

the base fluid. The concentrations used were 0.2, 0.5 and I vol. %. The nanofluid was 

placed in an ultrasonic vibrator for 45 minutes before each experiment. DLS experiments 

showed that particle agglomerates after the ultraso nic vibration were 150 - 160 nm in 

size. 

The HTC enhanced by 25 and 40 % for the 0.5 and I vol. % concentrations, 

respectively. The HTC did not change at the low concentration of 0.2 vol. %. They fitted 

their nanofluid boiling results using the Rohsenow correlation shown in Equation (2.4) . 

(J -1/2 [C 1 11/T 
q" = Jihlv [C _ )] Pr- S

/
T -h

P 
-C CTs - Tsat ) 

9 PI Pv Iv Sf 

(2.4) 

sand r are constants given by Rohsenow [1] and are discussed in section 3.9. Taylor and 

Phelan modified the surface factor, Cst, to fit the ir data where it was modified for each 

data point so that each curve had multiple values of Cst- The justification for such 

modification was that continuous deposition of nanopartic les occurred during the 
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experiment and the surface condition was therefore, changing continuously. They 

concluded that the Rohsenow correlation could be used to predict the boiling heat transfer 

of nanofluids through the modification of C sj-

They also investigated the effect of sub-cooled boiling and found deterioration in 

HTC below that of pure water. Less deposition took place during sub-cooled boiling 

experiments. The deterioration was attributed to the deposition of nanoparticles on the 

wire. They explained the less deposition during sub-coo led boiling experiments due to the 

thermo-phoretic action, as there is a larger temperature gradient between the wire and the 

nanofluid than in the case of saturated boiling. 

2.8 Summary 

Figure 2.5 shows a summary of the results of HTC of pool boiling of nanofluids 

reported in the different investigations discussed above. One can easily note the clear 

contradiction in the findings. Some investigations reported enhancements in the HTC 

with nanofluids [3 , 12- 13, 19], others found the deterioration [4, 8, 14-15] and two 

investigations reported both enhancement and deterioration [6, 20] . Another observation 

is that so me researchers found a positive effect of concentration on the HTC, such as in 

[3 , 13, 19] , while others found the opposite, such as in [4, 7-8, 14-1 5]. 
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Figure 2.5: Summary of variation of HTC ratio against concentration reported in the 
literature 

Some researchers explained the enhancement in the HTC due to the following 

mechanisms: 

• Particles settling in the voids and increasing the number of nucleation 

sites, 

• Enhanced thermal properties of the nanofluid due to the addition of 

nanoparticles, 

• Enhanced stabilisation method prevents excessive deposition of particles 

on the boiling surface. 
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However, the deterioration in the HTC was attributed to the following effects: 

• Particles settling in the voids and blocking the nucleation sites 

• Nanoparticles settling on the surface creating a thermal insulating layer. 

Very different experimental setups have been used among the researchers. 

Table 2.1 shows the conditions at which experiments were carried out and reported by 

different researchers. The geometry of the boiling surfaces used was a flat surface, a 

round tube or a wire. Different surface materials may have different boiling 

characteristics. Heater surfaces were made from copper, stainless steel or other alloys. 

Two studies used vertical heaters while all others used horizontal surfaces. The pH value 

of the nanofluids in most of these studies was not reported or investigated. Most 

nanofluids were prepared from dry nanoparticles while only one study used ready-made 

suspensions. These differences in the experimental conditions could explain or shed some 

light on the reason(s) of the contradicting finding s. 

Different nanofluids preparation techniques have been used. The use of a 

surfactant such as SDBS may be necessary for the nanoparticles to remain in suspension 

for long periods of time. However, its use caused a change in the properties of the base 

fluid [4] and severe nanoparticle deposition on the heater surface was reported in [6]. 

Electrostatic stabilisat ion using certain pH values resulted in less deposition [3, 7], 

however, there was no mention of the effect of the agent used to adjust the pH value on 
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Table 2.1 : Summary of conditions and HTC findings from previous pool boiling investigations of 
nanofluids. [NR = Not Reported] 

Surface-
Surface Surface Surface Nanoparticle Base Concentration Preparation Particle size 

Reference roughness pH 
[nm] Ra 

material geometry orientation type fluid [vol. %] method [nm] 

[13] Yang & 
NR 

Stainless 3.2mm 
Horizontal Alumi na Water 0.03 -0.014 NR Dry panicles 50 - 1000 

Maa steel tube 

[4] Das et al. 400- 1150 
Stainless 20mm 

Horizontal Alum ina Water 0.1 -4 NR Dry panicles 38 steel tube 

[14] Das et al. 400 
Stainless 4,6.5 mm 

Horizontal Alumina Water 1-4 NR Dry panicles 58 steel tube 

[17] You & 
NR Copper Flat Horizontal Al umina Water 

2.8x I0·5 -
NR NR NR 

Kim 1.4x I 0" 

[12] Vassall o et 
NR 

Nickel 0.4mm 
Horizontal Silica Water 0.5 NR 

Ready-made 
15 - 3000 

a l. Chromi um wire suspensions 

[15] Bang & 
37 NR Flat Horizontal Alumina Wate r 0.5 -4 NR Dry panicles 47 

Chang 

[3]Wen& 
NR 

Stainless 
Flat Horizontal Alumina Water 0.09 - 0.35 7 Dry panicles 167 

Ding steel 

[7] Narayan et 
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Tube Vertical Alumina Water 0.14-0.57 5.5 Dry panicles 47 - 150 

al. steel 

[6] Liu & Liao 194 Copper Flat Horizontal 
Silica, copper Water, 

0.057 - 0.57 NR Dry panicles 35 -50 
ox ide alcohol 

[191 Taylor et 
NR 

Nickel- 0.255 mm 
Horizontal Alumina Water 0.2 -I NR Dry panicles 150- 160 

al. cobalt- iron wire 

[8] K wark et al. NR Copper Flat Horizontal Alumina Water 
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6.3 Dry panicles 139 
2.8x 10.2 
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the boiling characteristics of the base fluid. Furthermore, the effect of the electrostatic 

stabilisation on the boiling performance has not been investigated . 

In most of the pervious investigations there was no mention of the effect of the 

duration of the experiments. Nanoparticle deposition takes place throughout the duration 

of the experiment, therefore , the experiment duration is an important factor to consider 

when studying pool boiling of nanofluids. 

2.9 Research Objectives and Research Plan 

The objective of this study is to investigate parameters which are suspected to 

explain the contrary findings in the literature, and gain a better understanding of pool 

boiling of nanofluids. The method of nanofluid preparation and electrostatic stabilisation 

are two factors which are suspected to change the boiling performance of nanofluids and 

have not been investigated before. Nanofluid concentration is a popular parameter 

investigated among the nanofluid community and is, therefore, studied as well. The 

deposition of nanoparticles has been recently found out to be a transient phenomenon [8] 

and wi ll be affected by the duration of the experiments. Nanoparticle deposition on the 

bo iling surface under prolonged boiling durat ions has been investigated to better 

understand the deposition phenomenon. 

The experiments were carried out in three stages: 
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• Stage 1: Investigate the effects of electrostatic stabilisation and nanofluid 

preparation method 

• Stage 2: Investigate the effects of electrostatic stabilisation and 

concentration 

• Stage 3: Investigate the nanoparticle deposition phenomenon on the 

boiling surface under prolonged durations of boiling 

Nanofluids prepared from alumina nanoparticles and water were used among 

most researchers, therefore, they are used in this study. All the investigations in this 

study were carried out experimentally. The boiling surface used in this investigation is a 

flat copper surface. Horizontal, flat surfaces are recommended to use when carrying out 

fundamental pool boiling experiments [I , 8]. This is to avoid bubble sliding that will 

occur when using tubes, wires or vertical surfaces. Also the characteristic length, or size, 

of the surface should be at least an order of magnitude larger than the bubbles being 

formed on the surface [1] . Therefore, the surface was 25.4 mm diameter, which is 

considerably larger than the bubbles. 

2.10 Thesis Structure 

Chapter 3 provides details of the experimental facility , methodology and 

validation of the experimental setup using the Rohsenow co rrelation. Chapter 4 presents 

all experimental results. Chapter 5 includes the summary and main conclusions. 

Recommendations for future work are presented in Chapter 6. 
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Chapter 3 

Experimental Setup and Methodology 

This chapter presents the experimental setup and methodology used for the 

experimental investigation. The details and specification of the hardware are provided in 

detail in section 3.1 . The instrumentation and measurement of surface temperature and 

surface heat flux are discussed in section 3.2 followed by a detailed section on uncertainty 

analysis in section 3.3. Section 3.4 presents the parameters investigated throughout the 

experiments. The procedure of preparing the nanofluid, the boiling surface and carrying 

out the experiments is then described in sections 3.5 to 3.8. The chapter is concluded with 

the details of the validation procedure of the experimental setup in section 3.9. 

3.1 Experimental Setup 

The boiling vessel used in this study is shown in Figure 3.1. The main body of the 

vessel is a 20 cm diameter stainless steel pipe (13). A stainless steel skirt is fixed (16) to 

support the liquid within the pipe. A 2.54 mm diameter and 71 mm length copper block 

(18) is installed at the centre of the skirt to serve as the boiling surface. Three 'A inch 

diameter and I Y2 inch length cartridge heaters are fixed inside the bottom of the copper 

block to provide the heat flux to the liquid, referred to as the Main Heaters (8). The 
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Figure 3.1,' The boiling vessel 
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maximum power of the main heaters is 750 W which is capable of providing a maximum 

heat flux of 1.48 kW/m2. 

Three 1.0 mm diameter type-E thermocouples (17) are installed in the copper 

block at different axial distances from the top of the block to determine the axial 

temperature profile of the copper block. One copper block was used for Stage 1 

experiments and another copper block for Stages 2 and 3. The locations of the 
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thermocouples in the copper blocks are shown in Figure 3.3. The copper block is wrapped 

in insulation (9) to reduce radial heat losses. 

Two heaters are installed around the outside of the vessel wall with a combined 

power of 3000 W to heat up the liquid to saturation temperature, referred to as Bulk Fluid 

Heaters (4). Two 3.2 mm diameter type-E thermocouples were immersed in the bulk fluid 

to record its temperature (12). 

Another heater is installed around the vessel wall below the skirt to heat the air 

surrounding the copper block, referred to as Air Heater (7). The air heater maintains the 

air around the copper block at a temperature close to that of the copper block to reduce 

radial heat losses from the copper block. Heating the air around the copper block also 

reduces the heat losses of the fluid through the skirt which prevents liquid subcooling. A 

support disc (10) is used to trap the air around the copper block to minimise mixing with 

the air in the room. A thermocouple (19) is installed to monitor the air temperature around 

the copper block. 

A condensing coil (2) is used to minimise the loss of fluid during the experiments. 

This important feature helped maintain a constant concentration throughout the 

experiment time when boiling nanofluids. The water flow rate through the condensing 

coil is regulated through a needle valve. The inlet condensing water is too cold during the 

winter season, and causes some liquid subcooling during the experiment because the 

condensed droplets are too cold. A heater is installed in the inlet condensing water pipe to 

heat up the inlet condensing water and prevent this subcooling from taking place. A 
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thermocouple is installed to monitor the temperature of the inlet condensing water, as 

well as a flow meter to measure its flow rate. A sub-cooling coil (15) is used to lower the 

liquid temperature before it was drained out of the vessel. 

Two opposing glass side windows (6) allow visual observation of the boiling 

phenomenon on the surface from the side. A top window (5) also allows visual 

observation of the boiling surface from above. The diameters of the side windows are 2.5 

cm and the top window is 4.5 cm. 

The whole vessel is wrapped with an aluminium cover to protect the user from 

contacting the heaters. Insulation (3) is attached between the cover and the vessel to 

reduce heat losses from the vessel and conserve power. 

3.1.1 Heaters Control 

The bulk fluid , air and main heaters are controlled separately. A simplified 

schematic diagram of the heater control circuit is shown in Figure 3.2. The heaters are all 

controlled through a series of ON/OFF solid-state relays. The relays are controlled using 

three Watlow PID Controllers. The PID controllers control the temperature by varying the 

power supplied to the heaters through the solid-state relays. A bulk fluid thermocouple 

and an air thermocouple are installed to feed the water and air temperatures back to the 

controllers. The controller would vary the ON/OFF switching intervals to match the 

temperature read by the thermocouple to a set temperature. 
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Figure 3.2: Heaters control circuit 

The main heaters have to supply a constant heat flux to the copper block in order 

for steady-state to be reached. This is established by sett ing the PID controller to control 

heat flux rather than temperature. A dead thermocouple had to be connected to the main 

heaters controller in order for it to operate, otherwise an error wo uld be displayed and the 

controller would not work. 

3.1 .2 Data Acquisit ion 

The thermocouples are connected to a Kiethley Data Acqu isition System Model 

2700. The data acquisition is connected to a personal computer. ExceLinx software is 

installed into Microsoft Excel on the computer to sample and record the temperatures 
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from the thermocouples . The temperatures were scanned once every 5 seconds. The 

readings of total nine thermocouples were scanned and recorded as follow s: 

• Three axial locations in the copper block 

• two bulk liquid locations 

• air around copper block 

• water heater 

• air heater 

• inlet condensing water 

3.1.3 Thermocouple Calibration 

The thermocouples were found to deviate by about 0.25 DC. The thermocouples 

were calibrated against a Resistance Temperature Detector (RTD) which is calibrated to 

0.0 I dc. The calibration was carried using a solid copper cylinder which was insulated 

from the surroundings. There copper cylinder had drilled holes to accommodate a RTD, 

four thermocouples and a cartridge heater. The copper cylinder's temperature was raised 

using the cartridge heater until the temperature of the RTD reached steady-state. It was 

assumed that the temperature was uniform in the copper block. The RTD and 

thermocouples temperatures were recorded using the same wires and data acquisition 

system used in the actual experiments to account for the dev iation in the readings from 

the wiring and connections. A linear best fit was used to cOlTelate the thermocouple 

readings to the RTD. To check that the fit was accurate, the R2 values were calcu lated and 
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were found to be 0 .999. This calibration ensured that all thermocouple readings were 

comparable and minimised their deviation. 

3. 1A High-Speed Imaging 

The boiling phenomenon was captured by means of a Fastec Imaging high-speed 

camera model TSHRMS. The images were recorded at a rate of 1000 frames per second , 

which is the maximum record rate of the camera. The reso lution used was optimised to 

640 x 480 pixels, which was found to be adequate to observe the bubbles clearly and save 

disk space. A Lower Pro light source was used to provide the illumination for the camera. 

The light source and camera were placed at the opposing side windows. 

Observation of the boiling phenomenon from the top window was not possible. The 

bubbles would rise and come into contact with the top window during boiling. The 

bubbles would then slide alo ng the window which would severely hinder sighting the 

boiling surface. 

3. 1.5 3D Profilin g of the Surface 

The boiling surface 3D profile was examined using a Zygo White Light 

Interfero meter. The surface was positioned under the interferometer to scan an area of 

1.09 x l AS mm. The resolution used was 640 x 480 pixels fo r the scanned area. The 

interfero meter was used with MetroPro 8.1 .5 software to capture the image on a persona l 
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computer. The software generated a 3D image of the surface, and determined the average 

surface-roughness of the scanned area. The software evaluated the average surface-

roughness of the scanned area in both the x and y directions. 

3.2 Determination of Heat Flux (q") and Surface Temperature (Ts) of the Copper 
Block 

The temperature profile in the copper block was established in order to determine 

the surface temperature and the heat flux through the surface. Three thermocouples were 

installed at the radial centre of the copper block and at different axial distances from the 

surface of the copper block. A linear best fit was carried out on the temperatures 

recorded, assuming that radial heat losses are negligible and the temperature profile is 

linear. The equations used to apply the linear best fit and obtain heat flux (q") and 

surface temperature (Ts) are shown in Equations (3.1) and (3.2), respectively. 

(3.1 ) 

N'Lx[ 'LTi - 'LXi 'LXiTi 
Ts = N'LCxf) - C'LXJ2 (3.2) 

h N b f d" ·th d' were: = num er 0 temperature rea mgs, l = I rea mg. 

One copper block was used for Stage 1 experiments, and another for Stages 2 and 

3 experiments. The locations of the thermoco uple holes in the copper blocks used in the 
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different stages are shown in Figure 3.3. The temperature profiles obtained from the 

linear best fit s for the full range of heat fluxes used during the different stages are shown 

in Figures 3.4 and 3.5. A different copper block was used after Stage 1 experiments to 

allow a thermocouple that is placed further away from the surface. The closest 

thermocouple to the surface In Stage 1 experiments was only 1 mm away from the 

surface. This distance was regarded as too close to the surface. As the copper block is 

polished over and over before every experiment, the surface may eventually wear down 

and expose the thermocouple to the liquid. Therefore, the top thermocouple was moved to 

a distance of 8 mm from the surface for Stages 2 and 3 experiments. Placing the 

thermocouple at this distance ensured the surface would never wear down to expose the 

thermocouple, and also made the assembly of the block much easier. 

Imm 

12mm 

(a) 

12mm 

Thermocouple 
holes 

Cartridge 
heaters 

8mm 

10ml11 

1 o 111m 

(b) 

Figure 3.3: Locations of thermocouples placed in the copper blocks for experiments in (a) 
Stage 1 and (b) Stages 2 & 3 
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The wear in the copper block due to polishing the surface was quantified by 

measuring the overall height of the copper block using a Vernier calliper every time the 

block was polished. The surface was found to wear down by a total of about 0.4 mm after 

all the experiments were carried out. The reduction in the height of the copper block was 

calculated for each experiment and subtracted from the distances of the thermocouples 

from the copper block surface. 

The uncertainty in the temperatures recorded was ±0.85 °C as provided by the 

thermocouples supplier. The thermocouples were 1.0 mm in diameter, and the holes 

drilled in the copper block were 1.1 mm diameter. This gives an uncertainty in the 

thermocouple location of ±0.05 mm. Errors bars are displayed in Figures 3.4 and 3.5 . The 

calculated temperature profiles fit within the experimental error bars. This gives 

confidence in the linearity of the temperature profile and a linear best fit is appropriate to 

use in order to obtain the temperature profile in the copper block. 

3.3 Uncertainty Analysis 

The uncertainty analysis was carried out according to Equation (3.3). 

where: u(oo.J = uncertainty in ( ), R = calculated result , and W/1 = nIh variable. 
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3.3.1 Uncertainty in Heat Flux (q' ') 

The uncertainty in the calculated heat flux is due to the uncertainty in the 

temperature gradient in the copper block. Calculating the uncertainty in q" using 

Equation (3.3) gives a maximum experimental uncertainty of ±19.8 kW/m2 for Stage I 

experiments, and ±23.7 kW/nl for Stages 2 & 3. The intermediate heat flux for Stage 1 

and Stages 2 and 3 were 500 and 400 kW/m2, respectively. Therefore, the uncertainty in 

the heat flux at intermediate heat flux values was 4 .0 % and 5.9 % for Stage 1 and Stages 

2 and 3, respectively. 

3.3.2 Uncertainty in Surface Temperature (TI2 

The uncertainty in surface temperature was calculated using Equation (3.3) , which 

yields an uncertainty in surface temperature of ±0.83 °C for Stage 1 experiments, and 

±1.17 °C for Stages 2 and 3. Using an intermediate surface temperature of 115 °C, the 

uncertainties in surface temperature are 0.8 % and 1.1 % for Stage I and Stages 2 and 3, 

respectively. 

3.3.3 Uncertainty in Bulk Fluid I Liquid Saturation Temperature (T<Qr2 

All liquids were boiled at saturation under atmospheric pressure. Due to changes 

in atmospheric pressure, the saturation temperature would change from one experiment to 

another. The saturation temperature was recorded by measuring the bulk fluid 
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temperature during boiling. The minimum recorded saturation temperature was 99.4 °C 

and the highest was 100.9 0c. 

The bulk fluid temperature was recorded using two thermocouples. The average 

of the two temperatures was calculated and used as the saturation temperature, as shown 

in Equation (3.4). 

(3.4) 

The error in each thermocouple was ±O.SS °C each, which yields a combined error 

of ±0.6 °C in the liquid saturation temperature. For an average liquid saturation 

temperature of 100 °C, the uncertainty in bulk fluid temperature is 0.6 %. 

The measurement of water saturation temperature was validated against the 

ambient pressure in the room. The pressure was measured using a barometer during one 

experiment and was 101.9 kPa, which gives a saturation temperature equal to 100.1 0c. 

The measured water temperature was 100.5 °C, which is within the uncertainty of the 

bulk fluid measurement. 

3.3.4 Uncertainty in Surface Superheat (T1 - TI"(I12 

The uncertainty in surface superheat is due to the uncertainty in surface 

temperature and liquid saturation temperature. Combining the two using Equation (3 .3) 

gives an uncertainty in surface superheat of ±1.02 °C for Stage I experiments, and ± 1.31 
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°C for Stage 2 & 3 experiments. Using an intermediate surface superheat of 15 °C gives 

an uncertainty in surface superheat of 6.8 % and 8.7 % for Stage 1 and Stages 2 and 3, 

respectively. 

3.4 Parameters Investigated and Conditions of Experiments 

3.4.1 Stage 1: Effect of Preparation Method and Stability 

It was suspected that the pH value (or stability) , and the method of preparation of 

the nanofluids will have an effect on pool boiling of nanofluids. The effects of pH value 

and preparation method were investigated in this stage of the research. The variable 

parameters were: 

• Preparation method: nanofluids prepared from dry particles and ready-made 

suspensions 

• pH value / stability: pH = 5, pH = 6.5 

The concentration was kept constant at 0 .1 vol. %, as this value was one of the 

most commonly used in the literature and permits comparison to other research. It is 

worth mentioning at this point that the boiling experiment time was 45 minutes; the 

boiling time was changed in Stage 3. The average surface-roughness used in this stage 

was measured before every experiment and was between 100 and 150 nm. The surface-

roughness was measured at five different spots on the boiling surface before and after 

each experiment to represent the average surface-roughness of the surface. The locations 

of the measurements of surface- roughness taken on the surface are shown in Figure 3.6. 
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o 
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Figure 3.6: Locations of surface-roughness measurements of the boiling surface taken in 
Stage 1 experiments 

3.4.2 Stage 2: Effect of Concentration and Stability 

Since concentration was investigated in almost all the past works, it was 

incorporated at this stage. The combined effects of concentration and pH value have not 

been investigated before, and are studied in this stage of experiments. These 

concentrations have been considered: 0.0 1, 0.1 and 0.5 vol. %, and the two pH values 

used in the previous stage: pH = 5, pH = 6.5. The concentrations were chosen to cover the 

range used by most previous researchers. 

A different surface preparation method was adopted in Stage 2. This method was 

better at keeping the surface flat and was also safer. As a result , the surface became 

smoother. This method is explained in section 3.6. The average surface-roughness for 

Stage 2 was about 50 nm. 
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3.4.3 Stage 3: Effect of Concentration and Prolonged Boiling Duration on Nanoparticle 

Deposition 

A deposition phenomenon of nanoparticles on the surface was observed during 

Stages I and 2. The effect of this deposition pattern is studied in Stage 3 at the three 

concentrations: 0.0 I , 0.1 and 0.5 vol. %. During the boiling experiment, each heat flux 

was kept constant for 15 minutes to allow the nanoparticle deposition to take place. The 

total boiling time was 105 minutes in Stage 3. 

After each nanofluid experiment, water boiling experiments were carried out on 

the nanoparticle-deposited surfaces. This approach is to study the effect of the changed 

surface condition using the same fluid. Water was chosen as the common fluid to boil on 

the nanoparticle-deposited surfaces to allow visual observation of the boiling surface. 

Nanofluids were found to be opaque and the surface could not be observed visually. 

High-speed images of the water boiling experiments were taken. 

The pH of the nanofluids was kept constant at a neutral pH of 6.5 during this 

stage. The number of measurements carried out to represent the average surface 

roughness was doubled. Therefore, ten measurements were taken instead of five . The 

locations of the surface-roughness measurements are shown in Figure 3.7. The initial 

average surface-roughness was also kept constant at 50 nm. A summary of the 

investigated parameters for the different stages is provided in Table 3.1. 
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D 
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Figure 3.7: Locations of surface-roughness measurements of the boiling surface taken in 
Stage 3 experiments 

Table 3.1: Parameters investigated in this study 

Stage 
Concentration pH Preparation Experiment Average Surface-

[vol. %] Value Method Duration Roughness Ra [nm] 

5 Dry particles 

6.5 Dry particles 
1 0.1 45 minutes 100-150 

5 Suspension 

6.5 Suspension 

0.01 

0.1 5 

0 .5 
2 Dry particles 45 minutes 50 

0 .01 

0.1 6.5 

0.5 

0.01 Dry particles 50 

Water - 0.0 I % deposition 

0 .1 6.5 Dry particles I hour and 45 50 
3 

minutes Water - 0.1 % deposition 

0.5 Dry particles 50 

Water - 0.5 % deposition 
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3.5 Nanofluid Preparation 

Alumina nanoparticles of 40 - 50 nm nominal particle size were acquired in dry 

form and ready-made suspensions a concentration of 9 vol. % from Nanophase 

Technologies Incorporation. Dry nanoparticles had to be measured by weight, therefore, 

the conversion from mass to volumetric concentrations was carried out using Equation 

(3.5) [15]. 

1 
Ov 

(
1- Om) Pp + 1 

Om PI 
(3.5) 

Dry nanoparticles or ready-made suspension amounts were carefully measured 

and added to deionised water to obtain the required concentration. Dry nanoparticles had 

to be handled in a fume hood as they easily suspend in the air and are harmful if breathed 

in. The nanofluids were then placed in an ultrasonic bath at 40 kHz for five hours prior to 

each experiment. The ultrasonic vibration was used to break down particle agglomerates 

as nanoparticles have a high tendency to agglomerate due to strong Van der Waals forces 

[3]. 

Two tests were carried out to check the nanoparticle size. The first test was 

carried out using Scanning Electron Microscope (SEM) imaging of the particles after the 

ultrasonic vibration. A drop of the nanofluid was left to dry overnight and the SEM was 

carried out the following morning. The image at 80,000 times magnification is shown in 

Figure 3.8. It can be seen that the particles size lie in the range of 10 - 100 nm. Therefore, 

the average size provided by the manufacturer was considered as an accurate estimate. 
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Figure 3.8: SEM image of the nanoparticles sample 

The second test was carried out using a Dynamic Light Scattering (DLS). This 

method measures the overall size of the particles in motion. The nanofluid was diluted 

until it became transparent. A laser beam was exposed directly through the suspensions, 

where the laser would scatter upon impact with the particles. As the particles mo ve under 

Brownian motion, the scattering of the laser would constantly change. The scattering of 

the laser is detected and fed to a correlation which gives the range of the particles size in 

suspension. 
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Nanofluid samples were taken at different times from the start of the ultrasonic 

vibration and the DLS tests was carried out afterwards. The results are shown in 

Figure 3.9. The particles size is reduced with time from about 300 nm to 200 nm after 5 

hours . The effective particle size is about 4 - 6 times larger than the nominal particle size 

given by the supplier. The particles agglomerate and are very hard to break up into their 

individual particle size under ultrasonic vibration. All the nanofluids were exposed to 

ultrasonic vibration for 5 hours before each experiment. 

To adjust the pH value of the nanofluids, hydrochloric acid was added. The 

nanofluids were considered stable at both an acidic and a neutral pH value, as the 

nanoparticles remained in suspension for days and no sedimentation was observed by the 
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Figure 3.9: Variation of particle size with ultrasonic vibration time using DLS 
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naked eye. However, the more acidic nanofluids are regarded more stable as their pH 

value is further away from the iso-electric point. 

3.6 Surface Preparation 

To carry out an experiment the boiling surface was polished before every 

experiment to ensure that no particles remained on the surface. As aged or oxidised 

surfaces give different boiling characteristics, the surface was polished before each 

experiment to a mirror-finish grade using a 1 micron rotating diamond cloth. During 

Stage 1, the copper block was held and pressed down on the diamond cloth as it rotates by 

hand. This procedure was difficult as the block would tend to rotate with the diamond 

cloth due to friction. The surface would be gently wiped using a cotton ball, soap and 

water after the polishing to clean it. Any excess water would be absorbed using a dry 

cotton ball. The average surface-roughness would then be measured to ensure consistency 

of the surface finish before each experiment. If the surface was found to be rougher than 

the required surface-roughness, it would be polished again and the surface-roughness 

would be measured again. 

During Stages 2 and 3, the polishing procedure was modified. A 2'12 inch diameter 

steel collet was used to hold down the copper block on the polishing cloth. This prevented 

the copper block from rotating during the polishing process, making the process safer and 

more consistent. It also helped keep the copper block surface perfectly horizontal on the 

polishing cloth, producing a perfectly flat surface. As a result , the surface was found to be 
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smoother as mentioned earlier in section 3.4.2. A sample of the 3D profiles of the clean 

surfaces is shown in Figure 3.10. The 3D images of the post-boiling surfaces are shown 

in Chapter 4. 

3.7 Test Procedure 

The boiling vessel was washed and wiped down from any residual nanoparticles 

remaining from the previous experiments. The boiling vessel was then assembled 

together. All heaters and thermocouples would be connected. The vessel was then filled 

with five litres of nanofluid or pure water. The bulk fluid and air heaters would be 

switched on. The bulk fluid heater controller was set to a temperature of 104 °C and the 

air heater controller to 110 °C. The controllers were set to a slightly higher temperature 

than the required because the final temperature of the liquid or air was found to be always 

a few degrees lower than the set temperature on the controller. Once the liquid 

temperature approaches 100 °C, the bulk fluid heater controller would be switched to 

manual control and set to 50 % of full power. The inlet condensing water valve would 

also be opened at a flow rate of about 900 cm3/min . The heater in the inlet co ndensing 

water pipe would also be switched on to raise the temperature of the condensing water. 

The inlet condensing water temperature was raised to about 35 °C. The fluid in the vessel 

would be left to boil vigorously for IS minutes under these settings to remove any non-

condensable gases as well as to bring the whole vessel to a temperature close to the 

saturation temperate of the fluid . 
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Stage 1: Ra = 131 nm 

Stages 2 & 3: Ra = 54 nm 

Figure 3.10: 3D profiles of the polished surface before Stage 1, 2 and 3 experiments 

After the 15 minutes, the bulk fluid heater controller would be switched back to 

the automatic temperature control setting and the inlet condensing water flow rate 

reduced to 300 cm3/min. The inlet condensing water temperature would be about 55 °C, 
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which prevented liquid subcooling during the experiments. The main heaters in the 

copper block would then be switched on using manual control settings. Once the 

temperatures of the copper block thermocouples reached steady state, these temperatures 

were recorded and marked as a steady-state point. Steady state was assumed to be 

achieved when the copper block temperature would remain within 0.1 °C for 30 seconds. 

It usually took 2 minutes for the copper block temperature to reach steady-state. After the 

temperatures were recorded, the input to the main heaters controller is incremented to 

attain a higher heat flux, and this procedure is repeated. 

3.8 Post-Experiment Procedure 

After an experiment was carried out, the nanofluid would be cooled down using 

the subcooling coils and then drained out of the boiling vessel when the nanofluid 

temperature was safe for removal. The copper block was taken out of the vessel and the 

surface-roughness would be measured to assess nanoparticle deposition that took place 

during the experiment. Any change in surface-roughness would be only due to 

nanoparticle deposition. It was confirmed that water boiling had no effect on the surface-

roughness. Surface-roughness measurements of pre- and post- pure water boiling 

experiments were almost identical ; average surface-roughness after water boiling during 

Stage 2 changed from 54 to 58 nm. 

As the nanofluids were drained, a small film of nanofluid would remain on the 

surface. This film was not allowed to air-dryas the nanoparticles suspended in that film 
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would settle on the surface and indicate deposition due to nanofluid film evaporation 

rather than deposition due to boiling. This film was washed away with a weak water jet 

and the surface was allowed to air-dry afterwards. 

3.8.1 Experiments to Assess Nanoparticle Deposition not due to Boiling 

Two experiments were carried out to assess the degree of deposition due to air-

drying of nanofluid on the surface. Nanofluids at 0.1 vol. % and a neutral pH were used. 

The surface was polished and assembled in the vessel. The nanofluids were brought to 

saturation temperature using the bulk fluid heaters. The main heaters were not used in 

these experiments and no boiling took place on the surface. After 15 minutes of the 

nanofluids being at saturation temperature, they were cooled down and drained out of the 

vessel. For the ftrst experiment the nanofluid was left to air-dry on the surface. In the 

second experiment, the nanofluid was washed off the surface with water before it air-

dried. The average surface-roughness increased from 75 nm to 173 nm when the 

nanofluid was left to air-dry, and from 62 nm to 69 nm when the nanofluid was washed 

away. These experiments confirmed that air-drying of nanofluid resulted in some 

nanoparticle deposition on the surface not due to boiling. 

Another experiment was carried out to assess the effect of gravity on nanoparticle 

deposition on the surface. A 0.1 vol. % nanofluid at a neutral pH was used. The nanofluid 

was left on a clean boiling surface for one hour at room temperature. After draining and 
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washing the surface, the surface-roughness was measured and did not change. This 

indicated that gravity does not cause the nanoparticle deposition on the surface. 

3.9 Validation of Water Boiling Curve 

To validate the experimental setup, a pure water boiling curve was obtained 

during Stage 1 and was compared against the Rohsenow correlation [1]. The constants 

used in this correlation were s = l , r = 0.33 and CSf = 0.01 28, which Rohsenow suggested 

for boiling water on an emery polished copper surface. The result of the validation 

experiment is shown in Figure 3.11. 

The Rohsenow correlation lies within the experimental error bars. The boiling 

curve deviated from the correlation at superheat temperatures above about 16 °C. This 

can be explained due to the heat flux approaching CHF, where slugs and columns [1] of 

vapour start to form due to the vigorousness of boiling. The heat flux is lower than that 

predicted by the correlation due to the limited liquid access to the surface due to vigorous 

vapour formation. 
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Figure 3.11: Rohsenow correlation validation 
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Chapter 4 

Results and Discussion 

The results of the experiments carried out in this study out are presented and 

discussed in this chapter. Each stage of experiments is discussed separately. Stage I 

focused on the effects of stability and preparation method on pool boiling of nanofluids. 

The effects of concentration and stability on pool boiling of nanofluids are examined 

during Stage 2. Finally, Stage 3 focused on the effects of prolonged boiling duration and 

concentration on nanoparticle deposition. 

4.1 Effects of Stability and Preparation Method (Stage 1) 

Four nanofluids have been investigated in experiments of Stage 1. The different 

nanofluids designations and the results are summarized in Table 4.1. The boiling 

performance of nanofluids is shown in Figure 4.1. The boiling curves indicate that the 

HTC of all the nanofluids is lower than that of water. This result is in agreement with 

those previously found in [7]; SIP in these experiments is close to unity which will cause 

the HTC to be minimum. The average surface-roughness before the experiments was 125 

nm. The DLS tests showed effective particle size between 150 and 215 nm for the 

different nanofluids . Therefore, SIP in the experiments is in the range of 0.83 - 0.58. 

64 



Osama Ahmed - M. A. Sc. Thesis 
McMaster University - Hamilton, ON, Canada 

Table 4. 1: Results of expe riments carried out during Stage 1 

Average post-
Effective 

Preparation 
HTC boiling 

particle 
Designation 

method 
pH value % of water surface-

size 
SIP 

@ 15°C roughness 
[nm] 

[nm] 

DN Dry particles Neutral (6.5) 55 6970 215 0.58 

DA Dry particles Acidic (5) 70 430 180 0.69 

SN Suspension Neutral (6.5) 51 3120 170 0.74 

SA Suspension Acidic (5) 54 360 150 0.83 

The nanofluids prepared from dry particles are referred to here as dry nanofluids 

and those prepared from ready-made suspensions are referred to as suspension nanofluids. 

The concentration was kept constant at 0.1 vo l. % in the four experiments shown in 

Table 4 .1 . 
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Figure 4.1: Boiling curves obtained during experiments of Stage 1 
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The curve from the water boiling experiment could be obtained up to a heat flux 

of about 800 kW/m2 only. CHF for water occurred at a higher heat flux. However, for the 

nanofluids CHF did not occur up to 1000 kW/m2. It can be seen from Figure 4.1 that the 

heat flux for nanofluids is increasing steadily as well as surface superheat, and there is no 

indication that the nanofluids curves are approaching CHF. This agrees with previous 

findings regarding CHF in the literature. 

4.1 .1 Effect of Stability 

In order to quantify the effect of the nanofluids stability on the HTC, the heat flux 

for the different fluids was evaluated at a superheat of 15 °C. The nucleate boiling regime 

was established at 15 °C and, for this reason, the enhancement or deterioration was 

evaluated at this value of surface superheat. The deterioration in HTC was about 50 % for 

the suspension nanofluids at both pH values, and the dry nanofluids at a pH of 6.5 (cases 

SN, SA and ON). The dry nanofluid at an acidic pH of 5 (case OA) showed a higher HTC 

than the other nanofluids; the HTC was deteriorated by 30 %. This shows that the HTC 

for the OA case was about 25 - 35 % higher than the other nanofluids. 

The effect of changing the pH value of pure water was investigated. Acidic water 

at pH = 5 was boiled in the same manner the nanofluids were. The HTC deteriorated by 

20 %. It is suspected that this deterioration is due to a change in surface tension and 

thermal conductivity. Hydrochloric acid has a surface tension higher and lower thermal 

66 



Osama Ahmed - M. A. Sc. Thesis 
McMaster University - Hamilton, ON, Canada 

conductivity than water. The change in those two parameters will reduce the HTC, 

according to the Rohsenow correlation. 

The pH value has a significant effect on the HTC of the dry nanofluids. Although 

the pH reduction is shown to reduce the HTC of the base fluid alone, it has an opposite 

effect on the DA nanofluid. This can be explained by an enhancement in the stability of 

the nanofluid which overshadows the surface tension change of the base fluid . Stronger 

charges between the nanoparticles make them suspend better and enhance the thermal 

conductivity of the nanofluid . It appears that the pH value has no significant effect on the 

HTC of the suspension nanofluid ; the SA and SN nanofluids curves are very close to one 

another. 

Visual inspection of the surface after the experiments showed a deposition layer 

of nanoparticles on the surface which was observed by the naked eye. The layer was not 

possible to wash away with a water jet. It could only be washed away with scrubbing 

action under a water jet. It is assumed that the layer of nanoparticles creates an insulation 

layer on the boiling surface which hinders the liquid from accessing the surface cavities 

and the nucleation sites. This deposition layer was found to be thicker for the neutral pH 

nanofluids (DN and SN) than the acidic pH nanofluids (DA and SA). As shown in 

Table 4.1 , the surface-roughness measurements for the neutral pH nanofluids are about an 

order of magnitude higher than the acidic pH nanofluids. This observation is also clear in 

3D profiles in Figure 4.2 which shows the 3D profiles of the surfaces after the nanofluids 

experiments in this stage; the surface profiles for the acidic pH nanofluids are more 

uneven. The more acidic, and therefore more stable, nanofluids have stronger charges 
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• Surface-roughness value of each image is shown below 
• Black areas in the 3D profiles indicate missing data points that could not be captured by the 

in terferometer 

Legend: S = Suspension 
D=Dry 

DN [7391 nm] 

SN [3175 nm] 

N = Neutral (pH = 6.5) 
A = Acidic (pH = 5) 

DA [409 nm] 

SA [288 nm] 

Figure 4.2: 3D images of surfaces after Stage 1 experiments 

which keep the particles in suspension and do no settle on the surface as easily as the 

neutral nanofluids. 

DLS measurements were carried out for all the nanofluids used in this stage of 

experiments. The effective particle size of the nanofluids from the DLS tests is also 

shown in Table 4.1. The particle size distribution curves of the nanofluids are shown in 

Figure 4.3. The acidic nanofluids (pH = 5) have a smaller effective particle size than the 
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Figure 4.3: Particle size distribution for nanofluids used in Stage I experiments 

nanofluids neutral (pH = 6.5). The smaller particle size can be attributed to the charges on 

the particles which reduce the chance for the particles to stick together and form larger 

agglomerates due to the Van der Waals forces [3]. 

4 .1.2 Effect of Preparation Method 

It appears from the measurements of the effective particle size and average 

surface-roughness that the suspension nanofluids are more stable than the dry nanofluids. 

The reduction in surface-roughness due to the reduction in pH is less significant for the 

suspension nanofluids than the dry nanofluids. The Ra was reduced from 6970 to 430 nm 

for the dry nanofluids, which is 6540 nm reduction as the pH is lowered from 6.5 to 5. 
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The Ra for the suspension nanofluids decreased from 3120 to 360 nm, which is only 2760 

nm for the same reduction in pH. 

It should be noted here that the post boiling surface-roughness measurement for 

the DN case was more than double the SN case, however, the HTC of these nanofluids 

were very similar. The results in Stage 3 experiments will show that surface-roughness 

measurements alone are insufficient to quantify the change in surface condition. The 

uniformity of the deposition is a significant factor that will affect the surface condition, 

which is assessed by visual observation of the overall surface. Assessing the uniformity of 

the deposition was carried out in Stage 3 experiments only. Therefore, it is speculated that 

the similarity in HTC between the DN and SN cases is due to similar uniformity in 

deposition. 

The change in particle size also shows that the suspension nanofluids appear to be 

more stable than the dry nanofluids; the suspension nanofluids had a smaller reduction in 

effective particle size than the dry nanofluids as the pH was lowered from 6.5 to 5. The 

effective particle size was reduced from 170 to 150 nm (20 nm reduction) for the 

suspension nanofluids, and from 2 15 to 180 nm (35 nm reduction) for the dry nanofluids 

as the pH was lowered from 6.5 to 5. This shows that the stability has a less significant 

effect on the particle size for the suspension nanofluids than the dry nanofluids. 

It was expected in this study that usmg nanofluids prepared from ready-made 

suspensions would enhance the heat transfer in accordance to results reported in [12]. The 

experiments showed that preparation method is not the critical parameter that affects the 
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enhancement or deterioration of HTC of nanofluids. Moreover, the enhancement in HTC 

found in [12] is in contradiction with the deterioration was found in this study due to the 

difference in the experimental conditions between the two studies. A 0.4 mm NiCr wire 

of unknown surface-roughness and silica nanoparticles were used in [12] whereas a flat 

copper surface of a mirror-finish grade and alumina nanoparticles were used in this study. 

4.2 Combined Effects of Concentration and Stability (Stage 2) 

As mentioned in section 3.4.2, three concentrations of nanofluids were 

investigated in this stage. Each concentration was studied at a neutral pH of 6.5 and a 

more acidic pH of 5. Some scientists who found the HTC of nanofluids to be enhanced 

have attributed this enhancement to the improved stability of their nanofluids. However, 

no previous work has been carried out with nanofluids of different pH values using the 

same experimental setup and conditions. This stage investigates the effect of the 

enhanced stability at different concentrations. Since stability was found to have a more 

significant effect on dry nanofluids, all the nanofluids in Stage 2 were prepared from dry 

particles. 

The boiling curves for the neutral pH nanofluids are shown in Figure 4.4 and the 

curves for the acidic pH nanofluids are shown in Figure 4.5. The surface-roughness 

measurements after each boiling experiment are shown in Figure 4.6. The surface-

roughness measurements of these experiments were more scattered than in Stage 1, 

therefore, the average surface-roughness in Figure 4.6 is expressed in terms of the 
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average value and the standard deviation. The 3D profiles of the post-boiling surfaces are 

shown in Figure 4.7. Table 4.2 shows the results of the experiments carried out during 

Stage 2. 

The results from Stage 2 experiments show a mix of results regarding the HTC. 

Enhancement, deterioration and no change in HTC took place for the nanofluids at 

different concentrations and pH values. CHF for water occurred at heat flux lower than 

for the nanofluids, therefore, the nanofluids curves could be obtained at higher heat 

fluxes. 
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Figure 4.4: Boiling curves for neutral nanofluids (pH = 6. 5) 
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Figure 4.5: Boiling curves for acidic nanofiuids (pH = 5) 
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Figure 4.6: Surface-roughness measurements for Stage 2 experiments 
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• Surface-roughness value of each image is shown below 
• Black areas in the 3D profiles indicate missing data points that could not be captured by the 

interferometer 

pH = 6.5, 0.01 vol. % [451 nm] pH = 5, 0.01 vol. % [387 nm] 

pH = 6.5, 0.1 vol. % [2605 nm] pH=5,0.1 vol. % [1716nm] 

pH = 6.5, 0.5 vol. % [1319 nm] pH = 6.5, 0.5 vol. % [648 nm] 

Figure 4.7: 3D images of surfaces after Stage 2 experiments 
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Table 4.2: Results of experiments carried out during Stage 2 

HTC Average post-boiling 
Concentration pH Value % of water @ surface-roughness 

15°C [run] 

0.01 Neutral (6.5) 141 426 

0.1 Neutral (6.5) 71 700 

0.5 Neutral (6.5) 63 1166 

0.01 Acidic (5) 98 420 

0.1 Acidic (5) 106 724 

0.5 Acidic (5) 59 656 

4.2.1 Effect of Concentration 

An enhancement in HTC occurred with 0.01 vol. % nanofluid at a neutral pH of 

6.5. About 40 % enhancement in HTC was recorded at 15 °C superheat. Deterioration in 

HTC occurred when increasing the concentration to 0.1 and 0 .5 vol. %. The deterioration 

for the 0.1 and 0.5 vol. % nanofluids was very similar and was about 30 - 40 % at 15 °C 

superheat. The enhancement at the low concentration of 0.01 vol. % can be attributed to 

the fact that less deposition took place on the surface compared to the higher 

concentrations. The Ra measurement was about 425 nm for the 0.0 I vol. % nanofluid, 

whereas a much larger deposition resulting in Ra of 700 and 1150 nm recorded for the 0.1 

and 0.5 vol. %, respectively. 

The results for the acidic nanofluids at pH = 5 show that the 0.0 I and 0.1 vol. % 

concentrations had a very similar HTC to that of pure water. The HTC of the 0.5 vol. % 

concentration deteriorated by about 40 % at 15 °C superheat. The results from the 

experiments carried out in this stage are discussed further in section 4.2.2. However, a 
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general statement can be made regarding the effect of concentration for the nanofluids at 

both pH values; increasing the concentration either decreased the HTC or had a little 

effect. This behaviour of HTC with concentration agrees with [4, 7-8, 14-15] , but 

disagrees with [3 , 13, 19]. 

4.2.2 Effect of Stability 

To isolate the effect of stability from the effect of concentration, results shown in 

Figures 4.4 and 4.5 have been reconstructed into Figures 4.8 - 4.10. Figure 4.8 shows that 

reducing the pH of the 0.01 vol. % nanofluid resulted in a decrease in the HTC. This 

effect opposes expectations where the stability is expected to increase the HTC of the 

nanofluid. This effect can be explained as reducing the pH was found to deteriorate the 

HTC of pure water due to surface tension change, as previously explained in the findings 

of Stage I. An acidic water experiment at a pH of 5 was carried out in this stage and the 

boiling curve is also shown in Figure 4 .8. The HTC for the acidic water experiment 

deteriorated by about 40 % at 15 °C superheat. At a low concentration, the effect of the 

pH on the base fluid properties is more dominant than the effect of the nanopartic1es. 

Both pH values of the 0.01 vol. % concentration resulted in very similar average surface-

roughness after the experiments; 425 and 420 nm. This shows that the stability of the 

nanofluid was not affected due to the pH change , and the change in HTC is due to the 

change in the base fluid properties. 
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Figure 4.8: Boiling curves for Stage 2 experiments at 0.01 vol. % concentration 
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Figure 4.9: Boiling curves for Stage 2 experiments at 0.1 vol. % concentration 
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Figure 4.10: Boiling curves for Stage 2 experiments at 0.5 vol. % concentration 

The results for the 0.1 vol. % nanofluid are similar to those found in Stage 1 

experiments. The HTC for the 0.1 vol. % nanofluid increased from a 30 % deterioration 

to being almost the same as water when the pH was reduced from 6.5 to 5. The pH 

reduction enhanced the stability of the nanofluid which has caused less deposition to take 

place on the surface. Although the average surface-roughness measurements are very 

similar, the standard deviation for the neutral nanofluid is higher, which indicates that the 

deposition was heavier at certain locations on the surface. This result shows that the effect 

of nanoparticles stability due to the pH reduction at 0.1 vol. % is more dominant than the 

effect of the acid on the base fluid properties. The increase in HTC at 0.1 vol. % with pH 

reduction is attributed to the less deposition of nanoparticles on the surface, as well as the 

enhanced thermal conductivity of the nanofluid at the lower pH. 
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The 0.5 vol. % nanofluid experienced almost no change in HTC with pH change. 

Both pH = 6.5 and pH = 5 nanofluids had an almost equal deterioration in HTC of about 

40 %. The pH = 5 nanofluid has better stability as reflected in the surface-roughness 

measurements. The pH = 6.5 nanofluid resulted in an average surface-roughness 

measurement of about 1150 nm, whereas the pH = 5 nanofluid resulted in about 650 nm. 

The enhanced stability of the nanofluid and the change in base fluid properties due to the 

pH change did not affect HTC at 0.5 vol. % concentration. The deposition of 

nanoparticles on the surface at 0.5 vol. % concentration was the dominant factor that 

governed the HTC. 

4.2.3 Nanoparticle Deposition Pattern 

The nanoparticle deposition pattern after the boiling experiment of the 0.0 I vol. % 

concentration at pH = 6.5 was examined closely with the naked eye. Unfortunately at this 

stage of the research photographs of the surface after the experiments were not taken. The 

observed pattern could be described as a white layer covering the entire surface with 

some heavier deposition spots than the rest of the surface. These spots were round and are 

estimated to be 1 - 2 mm in diameter. It is suspected that these spots are locations of 

active nucleation sites. One of these spots was scanned using the Zygo interferometer. 

The pattern is shown in Figure 4.11 in black and white. Printing the pattern in color does 

not show the precise details of the figure. 
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Figure 4.11: Nanoparticle deposition pattern at a heavy deposition spot on the 
surface after 0.01 vol. %, pH = 6.5 nanofluid (Ra = 1332 nm) 

Figure 4.11 shows a concentric deposition pattern of nanoparticles. This shows 

that the deposition of nanoparticles took place during bubble generation. The pattern 

indicates that the nanoparticles deposit as the vapour bubble grows from its nucleation 

site in a spherical manner. Microlayer evaporation during bubble growth and departure is 

the mechanism responsible for the deposition of nanoparticles on the surface. The 

nanoparticles come out of suspension as the microlayer evaporates, and adhere to the 

surface as they are in a temporarily dry atmosphere before the bubble departs. The 

average surface-roughness measurement of that spot was 1132 nm, which is much higher 

than the average 420 nm recorded for the surface after boiling the 0.01 vol. % nanofluid 

at a pH of 6.5. The pattern also shows that the deposition occurs at different diameters 
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from the centre of the nucleation site. This may be due to the bubble becoming smaller in 

diameter as the deposition of nanoparticles makes the nucleation site smaller. 

4.3 Effect of Concentration and Prolonged Boiling Duration on Nanoparticie 
Deposition (Stage 3) 

The past two stages of experiments revealed that nanoparticle deposition is an 

important phenomenon that occurs when boiling nanofluids. The extent of the deposition 

depends on the method of nanofluid preparation, concentration and stability. The boiling 

HTC of any fluid is dependent on the fluid property as well as the surface condition of the 

boiling surface. In past experiments, fluid properties were changed by changing the 

nanofluid concentration used , and the deposition changed subsequently. The experiments 

carried out in Stage 3 aims at isolating the effect of nanoparticle deposition from that of 

the fluid property. 

Three nanofluids of different concentrations 0.0 I, 0.1 and 0.5 vol. % were boiled. 

Pure water was boiled after the nanofluid boiling experiments. The objective was to keep 

fluid property known and constant while examining the effect of surface condition 

changes due to nanoparticle deposition. High speed videos were taken at this stage of 

experiments. The duration of the nanofluids boiling experiments was extended to study 

the effect of experiment duration on nanoparticle deposition and on the surface 

temperature. The duration of Stage 3 experiments was increased from 45 minutes in the 

case of Stage I and 2 to 105 minutes. The initial average surface-roughness for Stage 3 

remained the same as Stage 2 and was about 50 nm. The nanofluids used in Stage 3 were 
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prepared from dry particles and were at a neutral pH of 6.5. The nanofluid boiling curves 

obtained from Stage 3 experiments are shown in Figure 4.12. The results of the 

experiments carried out in Stage 3 are shown in Table 4.3. 

The general trend of the nanofluid boiling curves obtained in Stage 3 is similar to 

that found in Stage 2 experiments for the neutral pH nanofluids. The 0.01 vol. % 

nanofluid showed an enhancement in HTC of 35 % at 15 °C superheat. The 0.1 vol. % 

had a very similar HTC to water and the 0.5 vol. % had deteriorated HTC by 45 %. The 

decrease in HTC with increasing concentration is consistent with results of Stage 2 

experiments . 

700 .---------~------------------------------~----------. 

600 _ Water clean slliface 

~0.01 vo l. % clean surface 
500 -6-0. 1 vo l. % clean surface 

-e-- 0.5 vo l. % clean surface 

.................................................... 

200 

100 

o 5 10 15 
Ts - Tsu' laC] 

20 25 

Figure 4.12: Nanofluids boiling curves for a clean. surface in Stage 3 experiments 
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Table 4.3: Results of experiments carried out during Stage 3 

Fluid Surface Condition 
HTC HTC evaluated 

% of water at [DC] 

Nanofluid 0.01 vol. % Clean 135 15 

Nanofluid 0.1 vol. % Clean 95 15 

Nanofluid 0.5 vol. % Clean 55 15 

Water NPD 0.01 vol. % 19 18 

Water NPD 0.1 vol. % 18 18 

Water NPD 0.5 vol. % 20 18 

The water boiling curves on a nanoparticle-deposited (NPD) surface are shown in 

Figure 4.13. It can be seen from the figure that the HTC of boiling water has severely 

deteriorated due to nanoparticle deposition. There is also a significant shift in the 

temperature at which the onset of nucleate boiling (ONB) takes place. ONB took place at 

700 .-----------------------------------------~------_. 

_ Water clean surface 
600 

-+- Water after 0.0 I vol. % NPD surface 

500 .. ~ Water after 0.1 vol. % NPD surface 

-e- Water after 0.5 vol. % NPD surface 

200 

100 

a 5 10 15 

Ts - Tsa' [0C] 

20 25 30 

Figure 4.13: Water boiling curves for a nanoparticle-deposited (NPD) surface in 
Stage 3 experiments 

83 



Osama Ahmed - M. A. Sc. Thesis 
McMaster University - Hamilton, ON, Canada 

about 9 °C superheat for the clean surface and about 16 °C for the NPD surfaces . The 

HTC has deteriorated by about 80 % at 18 °C superheat. Figure 4.14 shows the boiling 

curve for the 0.5 vo l. % nanofluid on a clean surface, water on a 0.5 vol. % NPD surface 

as well as water on a clean surface. The drop in heat transfer of boiling water on the 0.5 

vol. % NPD surface from the 0.5 vol. % nanofluid on a clean surface is expected as water 

has a lower thermal conductivity and higher surface tension than the nanofluids, which 

will result in a lower HTC. 

Wettability has been reported to be enhanced for NPD surfaces using a water 

droplet in [18]. Therefore, water is going to wet the surface better for the 0.5 vol. % NPD 

surface than the clean surface. With a wetted surface the nucleation sites are more likely 
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"'5 400 -.. 
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0 
0 

_ Water clean surface 

-e-- 0.5 vol. % clean surface 

---er- Water after 0.5 vol. % NPD 
surface 

5 10 20 25 30 

Figure 4.14: Comparison between boiling water on a clean suiface, 0.5 vol. % 
nanofluid on a clean suiface and water on a 0.5 vol. % NPD suiface in Stage 3 

experiments 
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to be flooded and become deactivated, which may be another mechanism that deteriorates 

the HTC for the NPD surfaces. 

Moreover, the nanoparticle layer on the surface will hinder liquid access to the 

surface and reduce the number of active nucleation sites. This reduction in the number of 

active nucleation sites wi ll cause the deterioration in HTC, as well as the higher 

temperature required for ONB to take place. Figure 4.13 shows that the HTC for the 

water boiling curve for the 0.5 vol. % NPD surface was higher than the NPD surfaces at 

other concentrations at a surface superheat higher than 2 1 °C. This is contrary to 

expectations as higher concentration nanofluids are expected to deposit more 

nanoparticles on the surface and result in more deterioration in HTC. This result is 

discussed in more detail in section 4.3.2. 

Deterioration in HTC shown in Figure 4.13 might be due to deactivation of 

nucleation sites due to flooding. An experiment was carried out to quantify this effect. 

Nucleation sites are cavities on the boiling surface with entrapped gases or vapour. The 

gases in the cavities will slowly dissolve and get carried away with each bubble during 

boiling. Over a few minutes or hours, the cavities wi ll be free of gas and become filled 

with vapour. When the boiling is stopped and the surface cools down, the entrapped 

vapour will condense and flood the nucleation site and the site becomes deactivated [1]. 

The deterioration in HTC in the water boiling experiments on nanoparticle-deposited 

surfaces may be partly attributed to nanoparticle deposition and partly due to the flooding 

of nucleation sites . 
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A water boiling experiment was carried out in a similar manner to the nanofluid 

boiling experiment to investigate the effect of flooding the nucleation sites. The water 

was drained out and fresh cold water was used in the vessel. Water was chosen as 

opposed to a nanofluid as boiling a nanofluid would deposit nanoparticles on the surface. 

The surface would was not exposed to air and was covered with water at all times. The 

results are shown in Figure 4.15. 

Water 1 refers to the first water boiling experiment, and Water 2 refers to the 

second boiling experiment. The series Water represents the original water boiling curve 

used to compare against the nanofluid curves. It is clear that there is an insignificant 

change in the heat transfer between the first and second boiling experiments. This 

indicates that the flooding of nucleation sites has little effect on the HTC. Therefore, the 
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Figure 4.15: Results of repeated water boiling experiments on a clean surface 
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deterioration in HTC for the water boiling experiments shown in Figure 4.13 on the 

nanoparticle-deposited surface cannot be attributed to flooding of nucleation sites; it is 

rather due to the effect of the nanoparticle layer deposited on the surface. It can also be 

seen in Figure 4.15 that there is good repeatability from one experiment to another. 

Images captured during water boiling experiments on the clean and nanoparticle-

deposited surfaces are shown in Figure 4.16. The images were captured at a rate of 1000 

frames per second. The images for the clean surface in Figure 4 .16 (a) show that the 

surface is not visible due to bubbles formed over its entire area. There are enough active 

nucleation sites to form bubbles covering the entire surface. The bubble formation for the 

nanoparticle-deposited surface took place at a fraction of the surface area. The images in 

Figure 4.16 (b), (c) and (d) show that the number of nucleation sites for the nanoparticle 

deposited surfaces is reduced. There are areas on the surface that have no bubble 

generation activity. Viewing the surface from the side did not permit the assessment of 

the difference in the number of nucleation sites for the nanoparticle deposited-surfaces. 

Also, bubble coalescence made it difficult to count individual nucleation sites. Therefore, 

nucleation site analysis could not be carried out. 
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(a) (b) (c) (d) 

Figure 4.16: 1mages 1 ms apart of water boiling from (a) clean suiface (b) 0.01 vol. 
% (c) 0.1 vo l. % and (d) 0.5 vol. % nanoparticle-deposited suiface 
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4.3.1 Assessment of Surface Factor Change and Nanofluid Properties using the 

Rohsenow Correlation 

The Rohsenow correlation [I] has been used to predict the boiling heat transfer 

for nanofluids. The correlation uses fluid properties and a surface factor to predict the 

heat flux at a specific surface temperature. An analysis and discussion of the effect of 

surface factor and the fluid properties on the pool boiling of nanofluids has been carried 

in this section out using the Rohsenow correlation. The Rohsenow correlation is shown 

again here in Equation (4.1). 

(J -1/2 [C 1 j1/r 
q" = IlhLV [C _ )] Pr-s/ r h

P C CTs - Tsat ) 
9 PL Pv Lv Sf 

(4.1) 

The surface factor Csf in the Rohsenow correlation represents the surface 

condition. This factor changes with changing surface-roughness and liquid/surface 

combination. The fluid properties that affect the heat transfer in the Rohsenow correlation 

are: latent heat of vaporisation (hlv), density (P) , specific heat capacity (Cpl) , viscosity (;.1) , 

surface tension (0-) and thermal conductivity (k). hlv of nanofluids is assumed to be equal 

to that of water since the nanoparticles do not evaporate during boiling. At 0.5 vol. % 

concentration, p is 1.3 % higher than water, and Cpl is lower by 1.5 % [15]. Change in J.1 

was found minimal in [4, 7-8]. Therefore p, Cpl and J.1 in the Rohsenow correlation are 

assumed to be equal to water. 

Fluid properties that have been found change significantly are k and 0-. 

Measurements in [18] revealed a 15 % reduction In 0- when adding 0.5 vol. % 
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nanoparticles to water. Measurements of k reported in [21] showed a 22 - 28 % 

enhancement for the 0.5 vol. % nanofluids. Therefore, the heat flux predicted by the 

Rohsenow correlation is expected to vary according to Equation (4.2). 

q
" ) NF 

cr-W Ts-Tsat=const. 

!:.k S /
T 1 

~ ·!:.C l/T 
s f 

(4.2) 

It is assumed that the constants rand s remain unchanged (r = 0.33 and s = 1). Csf 

can be determined using curve fitting of the water boiling curves on the nanoparticle-

deposited surfaces. The curve fitting tool in MATLAB was used to determine Cli' Once 

Cf is determined, its value is used to fit the nanofluid boiling curves and determine the 

change in fluid properties. The change in thermal conductivity and surface tension 

reported in the literature are expected to cause an increase in the HTC of nanofluids. 

Therefore, the parameter k S
/

T /~ has been treated as a single parameter. 

The surface factor, fluid property parameter and the R2 values for the fit s are 

shown in Table 4.4. In order to check that this analysis to predict the change in fluid 

properties is valid, it was carried out on results of the pure water boiling experiment on a 

clean surface. At atmospheric pressure water has k = 0.679 W/moC and (J = 58.91 X 10-3 

N/m, therefore, the theoretical value of k S
/

T 
/ ~ for water should be 1.27 and the fitted 

value was 1.35, which is within 6 %. 

The results in Table 4.4 show that the values of Cf for the nanoparticle-deposited 

surfaces are higher than the clean surface, which give a lower HTC, and meets 
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Table 4.4: Surface factor andfluid properties analysis using the Rohsenow correlation 

Concentration Csj R2 k s / r /JU R2 

Water (Clean surface) 0 .01593 0.9964 1.35 0.9964 

0.01 vol. % 0.02372 0 .967 5.219 0.9671 

0.1 vol. % 0.02314 0.9435 3.664 0.9888 

0.5 vol. % 0.02211 0.9431 2.771 0.9543 

expectations. However, the surface factor is shown to decrease with higher 

concentrations, which is contrary to expectations. It is expected that the higher 

concentration nanofluids will result in a stronger deposition and give a higher surface . 

factor. As a result, the parameter k s/ r /..J(i decreased for higher concentrations of 

nanofluids. The parameter k s / r /..J(i should increase with higher concentrations; k 

increases while (J decreases with higher concentrations. Although the parameter k s / r /..J(i 

for the nanofluids is higher than water, its decrease with increasing concentration is 

disagrees with measurements reported in [18, 21]. The discussion in the following section 

(section 4.3 .2) provides an explanation to this contradiction. 

4.3.2 Examination of Nanopartic1e Deposition 

The nanopartic1e deposition phenomenon was examined in order to explain the 

controversy in the surface factor determined and discussed in the previous section. 

Surface-roughness measurements have been carried out for the nanopartic1e-deposited 

surfaces. Results are shown in Figure 4.17. The surface-roughness for the 0.1 vol. % 

nanofluid was much higher than for the 0.0 I vol. %. However, the highest concentration 
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Figure 4.17: Suiface- roughness measurements for Stage 3 experiments 

nanofluid gave the lowest surface-roughness. This low surface-roughness measurement 

for the high concentrations may explain why the water boiling on the 0.5 vol. % NPD 

surface gave a higher HTC at a surface superheat higher than 21 °C. However, the overall 

trend of the surface-roughness findings does not explain the controversy found in Csj 

shown in Table 4.4. 

Photographs of the boiling surfaces were taken after the experiments to visually 

observe the deposition pattern and are shown in Figure 4.18. The photographs show that 

the deposition becomes less uniform with increasing the concentration. The 0.01 vol. % 

nanofluid resulted in a very uniform deposition pattern covering the entire surface. The 

deposition after the 0.1 vol. % nanofluid was less uniform leaving some areas of the 

surface with very little deposition. The deposition pattern on the surface after the 0.5 vol. 
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(a) (b) 

(c) (d) 

Figure 4.18: Photographs of the boiling surface for Stage 3 experiments: 
(a) clean surface (b) after 0.01 vol. % (c) after 0.1 vol. % and (d) after 0.5 vol. % 

nanofluids boiling experiments 
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% nanofluid is even less uniform and more areas of the surface have little deposition . 

Such non-uniformity rendered local surface-roughness measurements inappropriate in 

assessing the effect of concentration on deposition of nanoparticles on the surface. It is 

the uniformity of the nanoparticle deposition that explains the trend found regarding Csf in 

the previous section. The more uniform deposition which covers more portions of the 

surface deteriorates the HTC more than a less uniform deposition. 

The 3D profiles of the surfaces after the experiments carried out in Stage 3 are 

shown in Figure 4.19. It can be seen in the 3D profiles that there are more missing data 

points with the less uniform deposition patterns, which is what makes the surface-

roughness measurements inappropriate to quantify nanoparticle deposition. 

4 .3.3 Effect of Prolonged Boiling Duration on Nanoparticle Deposition and Surface 

Temperature 

To further investigate nanoparticle deposition, the effect of the time on the 

deposition phenomenon was studied by plotting the change in surface superheat and heat 

flux for every experiment against time. The plots are shown in Figures 4.20 - 4.23. The 

surface heat flux was increased every 15 minutes. It took about 2 minutes for the surface 

temperature and heat flux to reach steady-state. During this steady-state period the heat 

flux remained constant. However, the surface temperature varied from one experiment to 

another. 
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• Surface-roughness value of each image is shown below 
• Black areas in the 3D profiles indicate missing data points that could not be captured by the 

interferometer 

0.01 vol. % [2253 nm] 0.1 vol. % [58l0nm] 

0.5 vol. % [1488 nm] 

Figure 4.19: 3D images of suifaces after Stage 3 experiments 

For the water boiling experiments the surface temperature fluctuated by about 0.4 

°C during the steady-state periods. During the nanofluids experiments surface 

temperature did not fluctuate, however, it slowly and consistently rose during the steady-

state periods. The surface temperature rise during the steady-state periods is very 

noticeable in Figure 4.21, for the 0.01 vol. % boiling experiment. 
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Figure 4.20: Surface superheat and heat flux vs. time during water boiling 
experiment 
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Figure 4.21: Surface superheat and heatflux vs. time during 0.01 vol. % 
nanofluid boiling experiment 
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Figure 4.22: Surface superheat and heatflux vs. time during 0.1 vol. % nanofluid 
boiling experiment 
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Figure 4.23: Surface superheat and heat flux vs. time during 0.5 vol. % nanofluid 
boiling experiment 
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The surface temperature change for the steady-state periods during nucleate 

boiling are plotted in Figure 4.24. The surface temperature for the 0.01 vol. % nanofluid 

has consistently risen during all periods. This temperature rise is attributed to the 

deposition of nanoparticles on the surface. For the 0.1 vol. % nanofluid the temperature 

rise reached its highest value during the first two steady-state periods and became much 

smaller during the remaining steady-state periods. The 0.5 vol. % nanofluid showed 

minimal temperature change for the first three steady-state periods and a small drop in 

temperature for the last two periods. 

The results suggest that the deposition for the 0 .01 vol. % nanofluid occurred 

throughout the whole duration of the experiment. Due to the low concentration, the 

deposition occurred slowly. For the higher concentration of 0.1 vol. %, the deposition 
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Figure 4.24: Suiface temperature change during steady-state periods 
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occurred much faster and lasted for the first two steady-state periods, until the surface 

becomes saturated with nanoparticles . Also it seems that the speed of deposition plays a 

role in the nature of the deposition pattern. The slow deposition for the 0.01 vol. % 

nanofluid created the uniform deposition pattern shown in Figure 4.1 8 (b) . In the case of 

the 0.1 vol. % nanofluid, the deposition took place faster and the particles did not have 

the chance to form a layer as uniform as it was with the 0.01 vol. % nanofluid. Such faster 

deposition caused the non-uniform deposition pattern shown in Figure 4 .18 (c). 

For the 0.5 vol. % nanofluid the nanoparticle deposition was formed much faster 

and resulted in the most non-uniform layer, which is reflected in the surface-roughness 

measurements and the boiling surface photographs. The temperature rise for the 0.5 vol. 

% nanofluid was not as significant. 

4.3.4 Transient Surface-Factor 

Results discussed in the previous section indicated that the deposition of 

nanoparticles on the boiling surface is a transient phenomenon. The fact that the 

deposition took place during boiling resulted in a continuously changing boiling surface 

property. Therefore, it is reasonable to consider that Csf in the Rohsenow correlation will 

have different values within the same boiling curve. In the following analysis, the 

Rohsenow correlation was used to fit the boiling curves exactly by changing Csf at each 

data point along the boiling curve. It is hypothesized that Csf would increase throughout 

the nanofluid boiling experiment to account for the deposition of nanoparticles taking 
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place on the surface. An increase in Cst means that the surface requires a higher superheat 

to transfer the same heat flux 

The liquid properties of the nanofluids were assumed to be the same as water in 

this analysis. The database of nanofluid properties available from the literature does not 

cover the exact particle size and concentrations used in this investigation, therefore, 

prediction of the nanofluid properties used in this investigation from literature is 

problematic. Also the focus in this analysis was on the change in Cf within each 

experiment, rather than the absolute value of Cst- If the nanofluid properties are accounted 

for, the values of the surface factor for each experiment will shift but the change within 

each experiment will remain the same. The change in surface factor for the water and 

nanofluid boiling experiments in Stage 3 is plotted in Figure 4.25. 
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Figure 4.25: Change in Cst for the water and nanofluid boiling experiments 
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This hypothesis is true for the 0.0 1 vol. % nanofluid excluding the fir st steady-

state period. Figure 4 .24 shows that nanoparticle deposition occurred during all the 

steady-state periods for the 0.01 vol. % nanofluid and hence, Cst would increase from one 

period to another, as shown in Figure 4.25, with the exception of the first period. The 

reduction in Cst after the fir st period may be attributed to the nature of the boiling 

behaviour, which is similar to the change in Cst for pure water boiling after the first period 

as well. 

The hypothes is is not satisfied for the 0.1 vol. % nanofluid. A sharp increase in Cst 

is expected after the fir st and the second steady-state periods due to a larger increase in 

surface temperature during those periods. Cst was reduced after the fir st period and almost 

no change is observed after the second period. Cst then increases slightly for the 

remaining periods, where very little deposition is occurring. 

For the 0.5 vol. % nanofluid the hypothesis is true for the last three steady-state 

periods. A small drop in surface temperature occurs during the last three steady-state 

period for the 0.5 vol. % nanofluid, which indicates nanoparticles departing from the 

surface. A reduction in Cst would be expected for these steady-state periods. Cst is reduced 

for the last three periods which supports the hypothes is if nanoparticles are departing 

from the surface during those periods. 

The calculation of Cst from the Rohsenow correlation had a large error bar 

associated with its calculation. The change in Cst is shown again in Figure 4.26 and the 

errors bars for the calculat ion of Cst for water are added. It is clear that the error bars are 
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large with respect to the change from one value to another for each experiment. The error 

in the calculation of Csf is of the same order of magnitude as the change in Csf within each 

curve. 

The high error associated with the calculation of Csf explains why the hypothesis 

IS not true in all the cases. This analysis has not been carried out before by other 

researchers. Therefore, it sheds light on a methodology that may be used to predict the 

heat transfer of nanofluids using the Rohsenow correlation. 
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4.4 Comparison of HTC Ratio with Literature 

Figure 4.27 shows the HTC ratio found in the literature at the concentrations 

covered by experiments in this study. The HTC ratios of the experiments carried out in 

this study are also shown on the figure. The most comparable experimental setup in the 

literature to that used in this investigation is the one used by Bang and Chang in [15]. 

Although they did not report the material of the heater used in their investigation, all the 

other characteristics of their heater are very close to the heater used in this investigation. 

Bang and Chang's heater was a horizontal flat surface with average surface-roughness of 

37 nm. The HTC ratios in this investigation and in Bang and Chang's at 0.5 vol. % are 

very close. This is an interesting result as it shows that similar results can be obtained 

when using similar experimental setups, and that contradicting findings among the 

different researchers is indeed because different experimental conditions have been used. 

Another similarity in HTC ratio was found between the results from Das et al. [4] 

at 0.1 vol. % concentration and results from Stage I and 2 experiments. The heater used 

in [4] is a stainless steel tube with Ra = 400 - 1100 nm. Clearly the characteristics of their 

heater are different from the heater used in the present study and different results are 

expected. The fact that the results are similar is possibly due to several heater properties 

being changed that cancel the effect of one another and give a similar result. 
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The closest concentration to 0.01 vol. % used in the literature is that used by 

Kwark et al. in [8], which was 0.014 vol. %. The result of Kwark et al. at that 

concentration is comparable to the result from Stage 2 experiments. The heater used by 

Kwark et al. is similar to the one used in this study, but the heater surface-roughness has 

not been reported. However, their nanofluids were at pH = 6.3, and the closest result from 

the present investigation was at pH = 5. Therefore, there is a drift in the result, possibly 

due to differences in heater surface-roughness . Another source for the drift could be the 

duration of the experiments carried out, which was also not reported in [8] . 
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Chapter 5 

Summary and Conclusions 

An experimental study has been carried out to study the effect of parameters 

suspected to explain contradictions in HTC results found in previous studies on pool 

boiling of nanofluids. The effects of nanofluid preparation method, pH value and duration 

of boiling experiment were suspected and studied. Nanofluid concentration was also 

incorporated in the investigation due to its popularity as a studied parameter in the 

literature. 

Nanofluids prepared from dry particles and ready-made suspensions have been 

used, and pH values of 6.5 (neutral) and 5 (acidic) have also been used. The 

concentrations used were 0.01 , 0.1 and 0.5 vol. %.The experiments were carried out in 

three stages . The effect of preparation method and pH value, or stability, were studied in 

the fir st stage, concentration and stability were studied in the second stage. The effects of 

prolonging the boiling duration and concentration on nanoparticle deposition were studied 

in Stage 3. 

The Rohsenow conelation was used to predict changes in surface condition due to 

nanoparticle deposition, and the change in nanofluid properties. The Rohsenow 

conelation was also used to predict the transient change in surface condition due to the 

continuous deposition of nanoparticles. 
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The preparation method of nanofluids has been found not to be a critical 

parameter that explains one of the contradictions in the results in the literature. It was 

suspected that preparing the nanofluids from a ready-made suspension would result in an 

enhanced HTC as reported in [12], however, this was not the case. The HTC of the 

suspension nanofluids deteriorated. The following conclusions refer to nanofluids 

prepared from dry nanoparticles. 

Changing the pH value of the nanofluids showed to affect the nanofluids in 

different ways. The reduction in pH value enhances the electrostatic stability of the 

nanofluid which makes the nanoparticles suspend better and deposit less particles on the 

surface. The reduction in pH value also increases the surface tension of the base fluid 

within the nanofluid, and causes a reduction in the HTC. Finally, the pH value also has an 

effect on the thermal conductivity of the nanofluid [10]. The reduction in pH value 

increases the thermal conductivity of the nanofluid which has a positive effect on the 

HTC. 

The increased surface tension of the base fluid due to pH reduction is more 

dominant at the lowest concentration (0.01 vol. %), and caused a reduction in the HTC. 

At 0.1 vol. %, the enhanced thermal conductivity and/or stability are more dominant 

when the pH value is reduced and the HTC is increased. At the highest concentration (0.5 

vol. %), the deposition of nanoparticles on the surface became the dominant effect and the 

reduced pH of the nanofluid did not have an effect on the HTC. 
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Studying the deposition phenomenon that took place on the surface showed that 

nanoparticles deposit during bubble generation and release during boiling. The rate of 

deposition of nanoparticles is faster at higher concentrations; therefore, the HTC is 

reduced at higher concentrations. Nanoparticle deposition reduces the HTC due to the 

reduction in the number of active nucleation sites. 

Using the Rohsenow correlation to predict the change in surface condition due to 

nanoparticle deposition and the change in nanofluid properties gives results which 

contradict the trends of nanofluid properties reported in the literature. Fitting the 

Rohsenow correlation to a water boiling curve for a NPD surface is not an appropriate 

method of quantifying the nanoparticle deposition that takes place on the surface during 

nanofluid boiling. The change in the condition of the heater surface due to nanoparticle 

deposition is not only dependent on the intensity of the deposition, but the uniformity as 

well. 

Using a transient surface factor in the Rohsenow correlation is a new approach to 

predicting the pool boiling heat transfer of nanofluids using the Rohsenow correlation. 

This approach may be used to quantify the change in surface condition due to 

nanoparticle deposition throughout the duration of the boiling experiment. 

Finally, contradictions among researchers regarding findings in HTC are due to 

differences in experimental conditions. 
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Chapter 6 

Recommendations for Future Work 

To better understand the behaviour of nanofluids under pool boiling in future 

work, the physical properties of the nanofluids used in the experiments should be 

measured. Quantifying the change of each property of the nanofluids will make it possible 

to better attribute the change in HTC to which property. Particular attention should be 

given to thermal conductivity and surface tension. 

Nanofluids prepared from different nanoparticle materials should be investigated 

in the future. In particular, a nanoparticle material of a thermal conductivity close to that 

of the heater surface should be investigated. The deposition layer on the surface may act 

as an insulation layer if the thermal conductivity of the nanoparticles is lower than that of 

the heater [22]. However, if the thermal conductivity of the nanoparticles is close to that 

of the heater, the deposition layer will conduct the heat from the surface and not act as an 

insulation layer between the surface and the nanofluid. Another type of nanofluid that 

should be interest ing to study is carbon nanotube nanofluids. Carbon nanotubes have a 

high thermal conductivity, high aspect ratio , high specific surface area and low density 

which are all favourable properties of nanoparticles to prepare nanofluids [23]. 

Experiments usmg a different particle size as well as heater average surface-

roughness should also be carried out in the future. As outlined in [7] , SIP is a parameter 

that influences the enhancement/deterioration of pool boiling of nanofluids. Experiments 
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with SIP far from unity should be carried out in order to achieve higher enhancements in 

HTC. 

Since nanoparticle deposition has been found to reduce the number of active 

nucleation sites and cause deterioration in HTC, there should be efforts made to reduce 

the deposition of nanoparticles. The nanoparticles not only deposit on the surface, but 

also adhere to the surface and are not washable with a water jet. This adhesion is possibly 

due to electrophoresis and/or thermophoresis taking place. If the particles do not adhere to 

the surface as they come out of suspension during micro layer evaporation, the particles 

will be swept away from the surface by fluid motion after the bubble has departed. It is 

shown in [24] that exhaust soot particles from internal combustion engines adhere to an 

electrostatically charged surface due to oppositely charged particles being attracted to the 

surface due to electrophoresis . Nanoparticles in suspension have a positive (H+) charge on 

their surface at pH values below 9.1 [7] . If the boiling surface has a positive electrostatic 

charge, the particles may be repelled and not adhere to the surface. Thermophoresis 

should also be considered as there is a temperature gradient between the heater surface 

and the nanofluid, which will cause migration of nanoparticles from the surface [19]. The 

effects of electrophoresis and thermophoresis should be considered when carrying out 

future work, as they will promote or diminish nanoparticle deposition during pool boiling. 

A closer examination of the surface should be carried out to assess the change in 

surface condition. The number of nucleation sites should be quantified rather than rely on 

surface-roughness measurements to evaluate the change in surface condition due to 

nanoparticle deposition. An analysis of the nucleation site size should be carried out to 
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relate it to the particle size and gain a better understanding of the interaction between the 

nanoparticles and the nucleation sites. 

Finally, there is safety concern regarding the possibility of nanoparticles being 

released into the air during boiling of nanofluids. It is not known how likely the 

nanoparticles can be released into the air. It is recommended that this matter be addressed 

by finding out whether the nanoparticles do come out of suspension and are released into 

the air, and using appropriate personal protective equipment (PPE) if this is the case. 
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Appendix A 

Repeatability 

Two experiments were repeated to examine the repeatability of the boiling curves. 

These experiments were carried out in Stage 2 experiments. Experiments using water and 

the 0.01 vol. % nanofluid at an acidic pH of 5 were chosen to be repeated. The acidic 

nanofluid was chosen as opposed to the neutral to test the repeatability of the preparation 

of the concentration as well as acidity. 

Results of the water boiling experiment is shown in Figure AI , and the nanofluid 

in Figure A2. The boiling curves lie within the experimental error showing that good 

repeatability is established for water and nanofluids. 
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