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Nomenclature 

 

𝑨𝒊 Interfacial area (m2) 𝑱𝒂 Jakob number 

𝑪𝒘 Lift coefficient 𝒌 Thermal conductivity (W/mK) 

𝑪𝑳 Lubrication coefficient 𝑴 Molecular weight (g/mol) 

𝑪𝑫 Drag coefficient 𝒎̇ Mass transfer (m/s) 

𝑪𝒑 Specific heat (J/kg.K) 𝑵 Avogadro’s constant 

(units/mole) 

𝑪𝒘𝒕 Bubble waiting time 𝑵𝒘, 𝑵𝑺𝑫 Nucleation site density 

 coefficient 𝑵𝒖 Nusselt’s number 

𝑪𝑯𝑭 Critical heat flux (w/m2) 𝑷 Pressure 

𝒅 Diameter (m) 𝑷𝒓 Prandtl number 

𝒅𝒃 Bubble departure diameter (m) 𝒒̇ Heat flux (w/m2) 

𝑭 Force (N) 𝑹𝒂 Surface roughness (m) 

𝒈 Gravitational acceleration 𝑹𝒆 Reynolds number 

 (m/s2) 𝑺 Source term (N/m3) 

𝒉,𝑯𝑻𝑪 Heat transfer coefficient 𝑻 Temperature (K) 

 (W/m2K) 𝑼𝑫𝑭 User defined function 

𝒉𝒇𝒈 Enthalpy of vaporization (J/kg) 𝑽,𝑼,𝒖 Velocity (m/s) 

    

 Greek letters   

𝜶 Phase volume fraction 𝝆 Density (kg/m3) 

𝜽 Contact angle 𝝈 Surface tension (N/m) 

𝛌 Bulk viscosity 𝝉 Shear stress (N/m2) 

𝝁 Viscosity (Pa.s) 𝝋 Volume fraction 

    

 Subscripts   

𝒃𝒇, 𝒇 Base fluid 𝒔 Surface 

𝒍 Liquid 𝒔𝒂𝒕 Saturation 

𝒏𝒇 

𝒑 

Nanofluid 

Particle 

𝒔𝒖𝒃 

𝒔𝒖𝒑 

Subcooled 

Superheat 

  𝒗 Vapour 

  

 



6 
 

Abstract  

In the present work, the combined effect of surface roughness and nanoparticle size, 

also known as surface-particle interaction parameter (SPIP) and defined as the ratio 

of surface roughness to the particle size, was investigated numerically by simulating 

nanofluid/vapour two-phase pool boiling inside an unsteady 2-D symmetric chamber 

consisting of a heat sink as the heated wall. To account for the SPIP, new correlations 

for bubble departure diameter and nucleation site density were implemented as a user-

defined function in ANSYS Fluent. The bubble waiting time coefficient was corrected 

at different nucleation site density during validation study where good agreement was 

found and then the same bubble waiting time coefficients were used during the rest of 

the investigations accordingly. The effect of nanoparticle concentration, fin aspect 

ratio, number of fins and different base fluids were also investigated. Aluminium oxide 

was used as the nanoparticle throughout this study. The results showed that when the 

SPIP is near 1, the lowest heat flux is achieved and thus will always show an inferior 

performance in heat transfer when compared to pure water. As SPIP increases past 

1, higher heat transfer coefficient and heat flux is achieved and thus will show an 

enhancement in heat transfer performance when compared to water at appropriate 

concentrations. When SPIP is lower than 1, the heat flux is lower than when SPIP is 

higher than 1 but still higher than when SPIP is near 1.  It was also found that as the 

number of fins and fin aspect ratio increases, the heat transfer coefficient increases. 

There is, however, a deterioration in heat transfer when the nanoparticle concentration 

increases. It was found that at SPIP close to 1, water based nanofluid always shows 

far better heat transfer capabilities than refrigerant based nanofluids. However, at 

SPIP: 16, R245FA based nanofluid achieves higher heat flux than water based 

nanofluid at higher wall superheat temperatures. 

Keywords: Nanofluids · ANSYS-Fluent · Pool boiling · Heat sink · Surface-particle 

interaction parameter. 
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1. Introduction  

In literature, most of the nanofluid pool boiling studies focus on investigating the effect 

of concentration, base fluid, geometry, surface roughness, particle type etc. on an 

individual basis and it is common to find that in some studies, the heat transfer 

coefficient has deteriorated while in some studies, it has enhanced when compared to 

pure water. This is because the experiments are carried out at different surface 

roughness to particle size ratio (surface-particle interaction parameter) and thus give 

different outcomes. This ratio must be carefully considered as it greatly influences the 

heat transfer performance of the nanofluid pool boiling and was the main focus of this 

study. Few experimental studies have been carried out studying this ratio but 

numerical studies are rare. For this reason, present study has been carried out to 

understand the effect of this ratio from the perspective of a numerical simulation.  

Technological advancements have made it possible for humans to do much more than 

we could before. Advancements have been made in many areas such as power plants, 

automotive, solar-thermal systems, air conditioning, and microelectronics to increase 

their performance to keep up with the world’s demand. However, with an increase in 

performance and output in high energy devices, there comes an increase in heat 

generation and cooling demand. 

High heat flux generating devices are challenging to keep cool as traditional cooling 

methods such as air cooling cannot keep up.  To overcome this problem, liquid cooling 

systems are used as they provide better cooling than air. The cooling heat flux in two-

phase liquid systems is typically in the thousands of W/m2, which is more significant 

than single-phase liquid systems (Faulkner, Khotan & Shekarriz, 2003). For this 

reason, boiling liquids is by far the most effective method for heat transfer. 

Commonly, the two-phase systems use only the base fluids such as ethylene glycol 

(EG), water, oil, and refrigerants. However, their effectiveness is affected because of 

their limited heat transfer performance and poor specific properties value. They are 

unable to meet the cooling requirement of high heat flux devices. This forces system 

performance to be limited to avoid overheating. Nevertheless, by including nano-scale 

particles into the base fluids mentioned earlier, the fluid properties such as thermal 

conductivity can be dramatically enhanced, bringing quantifiable improvements in pool 

boiling performance. 
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Today, many industries use pool boiling heat transfer and are commonly found in 

refrigeration applications, power plants, high heat flux electronics, nuclear reactors, 

and others. Therefore, improvements in pool boiling heat transfer are of utmost 

importance to further improve efficiency.  

Although nanoparticle addition in the base fluid brings about favourable 

enhancements in the thermal conductivity, it is not the only factor affecting heat 

transfer performance. At higher concentrations, the effect of nanoparticle deposition 

on the heating surface plays a crucial role as it influences crucial factors such as 

nucleation site density.  

When nanoparticles deposit on a surface cavity, they can either clog the cavity where 

bubbles are produced and decrease the nucleation site density or split the cavity, 

which increases bubble nucleation sites and promotes heat transfer. This all depends 

on the particle size and the surface roughness.  

Therefore, explicit knowledge of this critical mechanism is necessary to achieve the 

optimum surface roughness and particle size for maximum heat transfer. However, 

most studies in the literature have focused on the experimental investigation of this 

mechanism, whereas numerical investigations are rare. Therefore, this research 

focuses on the numerical analysis of the particle size and surface roughroughness's 

coupled effect 

1.1 Problem statement 

Every two years, the number of transistors will increase two folds, as Moore’s law 

states. The increase in transistors will increase the heat generation that is apparent in 

our computers today. This increase poses a considerable problem for cooling work-

intensive computers and servers and limits system performance. Over the years, 

various techniques were in use to enhance the cooling of the processors, such as 

using a thermal interface material (Thermal paste) between the CPU and heatsink or 

even submerging the computer in a conductive liquid such as mineral oil, known as 

server immersion cooling (Walters, 2012). Phase change coolers were also used to 

cool computer processors, which use heat from the processor to evaporate the liquid, 

which runs in a vapour compression cycle. However, these conventional cooling 

methods limit their heat transfer rate, after which maintaining the desired temperatures 
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becomes difficult. Due to this reason, often, the performance needs to be sacrificed 

and limited. There is, therefore, a need for a method that can allow high heat flux 

cooling by having a higher heat transfer coefficient. As Figure 1 suggests, air or water 

cooling has a low heat transfer coefficient magnitude. 

In contrast, for cooling applications, water boiling methods have the highest order of 

heat transfer coefficient, and for this reason, pool boiling is favourable. However, this 

method's heat transfer coefficient could be enhanced using nanofluid instead of 

conventional fluids such as water. This enhancement is the focus of this research and 

is discussed in the following sections in detail. 

 

Figure 1  Attainable heat transfer coefficients (Lasance, 2005). 

Although many studies have been carried out on nanofluid pool boiling, there are 

contradicting findings on enhancing heat transfer performance. Some studies report 

that the addition of nanofluids does improve the heat transfer performance, whereas, 

in some studies, it was found to cause deterioration.  

Hence, there is no clear understanding of what decides the heat transfer performance 

when nanoparticles are added. There is, therefore, a need to better understand the 

crucial factors that play an essential role in determining this outcome. Few factors that 

significantly impact heat transfer performance are surface roughness, particle size, 

and their interactions. Therefore, by better understanding these factors, a more 

accurate prediction can be made on whether a set of parameters will lead to an 

enhancement or deterioration in heat transfer. An optimum point can also be found 

where the benefits of nanoparticle addition are at their maximum. 
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1.2. Methodology  

The objective of this study was to understand the combined effect of the heater surface 

roughness and nanoparticle size on the enhancement of heat transfer performance. 

To do this, ANSYS Fluent was used to simulate nanofluid pool boiling in a 2D 

symmetric chamber consisting of a heat sink. Literature review was carried out to 

understand the models used and their accuracy and were implemented in this study. 

A user defined function was used to import a new nucleation site density equation into 

Fluent that is not only suitable for nanofluids, but also takes into account the ratio 

between surface roughness and particle diameter. A new and more accurate 

correlation was also implemented for bubble departure diameter using user defined 

function. A validation study was carried out and a new correlation for bubble waiting 

time coefficient was developed which was then used during the investigation. The 

influence of other parameters such as fin aspect ratio, particle concentration, fin 

number and different base fluids were also investigated. Where applicable, the results 

were compared to pure water to understand when can an improvement or degradation 

in HTC be expected.  
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2. LITERATURE STUDY  

2.1 Nanofluids 

The size modification of these particles to micrometre and millimetre scale to achieve 

enhanced fluid performance has not been successful. Moreover, they still had 

drawbacks such as high-pressure drops, particle deposition, clogging, minor thermal 

conductivity enhancement, and could cause corrosion in the system. Thus, there is an 

interest in the particles now at the nanoscale to study their performance in heat transfer 

applications. 

Advancements in nanotechnology and increased nanoparticles' availability have 

allowed for a spike in nanofluid research. They have gained popularity as a new heat 

transfer fluid because of their higher heat transfer performance and a wide range of 

applications. Nanofluids are mixtures that contain nanoscale solid particles of less than 

100 nm in size in a conventional heat transfer fluid such as water, ethylene glycol, oil, 

and others. Since metallic liquids have a higher thermal conductivity than non-metallic, 

the nanoscale particles are mostly metal (silver, copper, gold, and iron) or oxide of 

metal (copper oxide, silica, Titania, and alumina). However, non-metallic particles 

(Graphite, diamond, and carbon nanotubes) and hybrid nanoparticles are also used 

(Ali et al. 2018). The nanofluid's thermal conductivity depends on the nanoparticle 

shape, dimensions, added volume fraction, thermophysical properties, acidity, base 

fluid type, nanofluid temperature, clustering, and additives (Eggers & Kabelac, 2016).  

The thermal conductivity and the fluid's dynamic viscosity affect the heat transfer 

behaviour the most (Ahmadi et al. 2018). The nanoparticles have the effect of 

increasing the dynamic viscosity and the thermal conductivity of the base fluid. An 

increase in thermal conductivity increases the convective heat transfer of the fluid, 

while an increase in the dynamic viscosity decreases the convective heat transfer. 

Nanoparticles have a higher surface area to volume ratio than microparticles, which 

explains why nanofluids have a higher thermal conductivity than micro fluids and pure 

fluids; hence why they are preferable in heat transfer applications. Nanofluids are also 

more desirable than micro fluids in high-performance microprocessors and other 

applications because of their ability to flow in microchannels without clogging, allowing 

devices to be compact and still run with high accuracy (Salman & Mohammed, 2013). 
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Nanofluids also open the possibility of a more efficient, compact, cost-effective, and 

lighter design for cooling systems with higher thermal performance. 

Two methods are used to produce nanofluids, namely one- and two-step methods. 

The one-step method involves the direct formation of the nanoparticle in a base fluid, 

while the two-step method involves separate preparation of nanoparticles mixed into 

the base fluid. To obtain a stable suspension, surfactant use, controlling the pH, and 

ultrasonic vibrations can be applied for both methods. According to past research, 

nanofluids have an incredible potential to bring heat transfer improvements in areas 

mentioned earlier. In the two-step method, the synthesis and dispersion are done 

simultaneously. The one-step method produces fluids with stable and uniformly 

suspended particles. This is because the need to dry, store and transport the 

nanoparticles is removed by this method, which helps keep the unwanted aggregation 

of nanoparticles at a minimum, thus increasing the fluid's stability (Uppal, 2018). 

Nanofluids are commonly prepared using the two-step method, which is also 

economical. In this method, the nanoparticles are first made as dry powders by using 

chemical and physical methods. The powder then gets dispersed into the base fluid 

using external stirring or mixing techniques such as ultrasonic agitators, magnetic 

agitators, ball milling, high shear mixing, and homogenizing. Since the nanoparticles 

have a high surface area, they accumulate together (Uppal, 2018). 

2.1.1 Nanofluid applications 

Nanofluids have a wide range of applications where they can potentially be used to 

bring performance enhancements. In this section, a few of the many applications are 

discussed.  

Electronics applications – We have seen that technology is continuously improving to 

be as compact as possible to facilitate the use, storage, and transportation over the 

years. However, a more compact design makes the dissipation of heat a problematic 

task since a smaller heat transfer area is available. An efficient thermal management 

system is crucial for next-generation electronics devices to operate without thermal 

throttling. Nanoparticles, which can increase the coolant's thermal conductivity, are 

desirable in this application as nanofluids can have a higher heat transfer coefficient, 

thus making a compact arrangement possible. In addition, Nanofluids decrease the 
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temperature difference between the coolant and the heated surface, which in this case 

is usually a heat sink with microchannels through which the coolant flows. 

Transportation – The automotive industry can reduce the complexity and thus lower 

the weight of the thermal management system by using nanofluids that can, in turn, 

increase thermal and fuel efficiency, which can be beneficial to the environment as 

well. The better thermal management system also allows engines to generate greater 

horsepower without increasing the cooling system's size. Since nanofluids have a 

higher boiling point, they can operate at higher temperatures and reject more heat 

from the existing cooling system. Nanofluids can also allow the radiator to be smaller 

and placed at any other location, thus allowing for a more aerodynamic design to be 

used. 

Nuclear systems – There is a constant need to increase nuclear reactors' efficiency, 

safety, and power density. With nanofluids in the pressurised water reactors (PWRs), 

the critical heat flux is higher, increasing the power density without changing the 

current fuel assembly. Nanofluids can also be used for emergency core cooling 

systems (ECCs) of boiling water reactors and PWRs. 

Industrial cooling – For the electric power industry in the US alone, Barreneche et al. 

(2020) mention that up to 30 trillion Btu per year could be saved by using nanofluid in 

their cooling cycles enough to power up to 150,000 homes for a year. This would also 

bring emission cut by millions of metric tons of carbon dioxide.  

2.1.2 Nanofluid properties 

 

Since nanoparticles are suspended in the base fluid, this changes fluid properties and 

may be determined as a function of the nanoparticle parameters such as size and 

volume concentration 𝜑. There are numerous correlations in the literature to calculate 

mixtures properties, but they should be carefully selected as they may not be accurate 

to nanofluids applications. This section presents the correlations proven to be accurate 

for nanofluids to model each property.  

An interfacial nanolayer is formed between the nanoparticle and the base fluid in 

nanofluids, as shown in Figure 2. The nanolayer is formed due to the fact that 

nanoparticles have a very high surface area to volume ratio and thus, posses a higher 

surface energy. Due to this surface energy, there is a tendency for nanoparticles to 
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agglomerate surrounding particles to minimise their excess surface energy which 

leads to the formation of nanolayer. According to Sharifpur et al. (2016), using the 

mixture model for nanofluid density calculation provides an overestimation and only 

worsens with an increase in particle concentration. For this reason, it was suggested 

by the authors that for particle concentrations of 1% vol. and beyond, the nanolayer 

must be taken into account for density calculation.    

 

Figure 2 Formation of nanolayer around nanoparticle and fluid interface (Simpson et al., 2018). 

For volume fractions greater than 1%, the effect of nanolayer needs to be considered. 

The nanofluid density after adjustment for nanolayer thickness 𝜌𝑛𝑓 can be determined 

according to Sharifpur et al. (2016) as: 

 
 𝜌𝑛𝑓 =

𝜌1
(1 − 𝜑) + 𝜑(𝑟𝑝 + 𝑡𝑣)

3/𝑟𝑝
3
 

 

 
(1) 

Where                                      𝜌1 = 𝜑𝜌𝑝 + (1 − 𝜑)𝜌𝑓 

 

(2) 

 𝑡𝑣 = −0.0002833𝑟𝑝
2 + 0.0475𝑟𝑝 − 0.1417 (3) 

 

Where 𝑟𝑝 stands for the average radius of the nanoparticle, 𝑡𝑣 represents nanolayer 

thickness, 𝜌1 is the density of nanofluid before adjusting for nanolayer thickness and 

𝜌𝑓 and 𝜌𝑝 are the density of the base fluid and the nanoparticle, respectively. The 

specific nanofluid heat capacity 𝐶𝑝𝑛𝑓 at fixed pressure can be expressed as: 

 
𝐶𝑝𝑛𝑓 =

(1 − 𝜑)𝜌𝑓𝐶𝑝𝑓 +𝜑𝜌𝑝𝐶𝑝𝑝

𝜌𝑛𝑓
 

 

 
(4) 
 

The viscosity of the nanofluid 𝜇𝑛𝑓 can be determined according to Corcione (2010) as: 

 𝜇𝑛𝑓

𝜇𝑓
=

1

1 − 34.87(𝑑𝑝/𝑑𝑓)
−0.3𝜑1.03

 
(5) 
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Where 𝑑𝑝 is the nanoparticle diameter and 𝑑𝑓 represents the equivalent diameter of 

the base fluid molecule: 

 

𝑑𝑓 = [
6𝑀

𝑁𝜋𝜌𝑓
]

1
3

 

 

 
(6) 

Where 𝑁 Is the Avogadro’s constant, 𝑀 represents the base fluid’s molecular weight, 

and the base fluid density is evaluated at 293 K. For water, 𝑑𝑓 = 0. 3𝑥10
−10 𝑚.  

The surface tension of the mixture can be calculated according to Meissner and 

Michaels (1949) as: 

 𝜎𝑓 − 𝜎𝑛𝑓

𝜎𝑓
= −7. 773𝑥10−3ln (

𝜑

7. 673𝑥10−7
+ 1)  

(7) 

Where 𝜎𝑓 and 𝜎𝑛𝑓 are the surface tension of the base fluid and nanofluid, respectively.  

The thermal conductivity for the nanofluid 𝑘𝑛𝑓 can be determined by using the Maxwell 

model for spherical nanoparticles for less than 1% volume fraction: 

 𝑘𝑛𝑓

𝑘𝑓
=
𝑘𝑝 + 2𝑘𝑓 − 2𝜑(𝑘𝑓 − 𝑘𝑝)

𝑘𝑝 + 2𝑘𝑓 +𝜑(𝑘𝑓 − 𝑘𝑝)
 

 

 
(8) 

A more accurate model should be used for a volume fraction greater than 1%. For 

CuO/water and Al2O3/water nanofluids, for example, a more accurate model is 

available by Khanafer and Vafai (2011) as: 

 𝑘𝑛𝑓

𝑘𝑓
= 1 + 1.0112𝜑 + 2.4375𝜑(

47𝑥10−9

𝑑𝑝
) − 0.0248𝜑 (

𝑘𝑝

0.613
) 

 

 

(9) 

Where 𝑘𝑓 and 𝑘𝑝 are the thermal conductivity of the base fluid and nanoparticle, 

respectively. 

2.1.3 Effect of different parameters on nanofluid property 

The enhancement in thermal conductivity is believed to be the most important for 

nanofluids as this is the property that theoretically dictates the fluid's heat transfer 

capabilities. Thus, it is worthwhile to look at it in further detail. The nanofluid's thermal 

conductivity and other properties may be influenced by the base fluid, particle 
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concentration, size, shape and material, additives and their concentrations, and other 

parameters. The acidity of the nanofluid also plays an important role. 

2.1.3.1  Thermal conductivity  

Agarwal et al. (2016) showed that using water as base fluid leads to the highest 

thermal conductivity ratio followed by EG and engine oil when used with CuO 

nanoparticles, and the ratio increased linearly with volume fraction. In contrast, Wang 

et al. (1999) used Al2O3 and CuO particles with different base fluids such as engine 

oil, vacuum pump, ethylene glycol, and water and showed that when the base fluid 

was ethylene glycol, the greatest thermal conductivity ratio was achieved. 

Alawi et al. (2018) compared different particle shapes for nanofluids. They found that 

spherical nanoparticles lead to higher thermal conductivity for Al2O3, CuO, and ZnO in 

water, followed by cylindrical bricks, blades, and platelets. However, SiO2/water 

showed the lowest thermal conductivity with spherical shaped particles. Xie et al. 

(2002) determined the thermal conductivity of spherical and cylindrical SiC 

nanoparticles in water and EG and found that nanofluids with cylindrical-shaped 

particles had a higher thermal conductivity. Murshed et al. (2005) experimented using 

rod-shaped and spherical TiO2 nanoparticles in water (5% vol.) and concluded that 

nanofluid with rod-shaped particles showed a higher thermal conductivity.  

From their experiment, Das et al. (2003) concluded that the thermal conductivity of 

Al2O3/water and CuO/water at 1% and 4% vol. Increases almost linearly with 

temperature, whereas Sharifpur et al. (2017) showed that α-Al2O3-glycerol nanofluids 

showed no temperature dependency. Li and Peterson (2006) also investigated 

Al2O3/water and CuO/water's thermal conductivity and found that the thermal 

conductivity ratio increases with temperature and concentration. 

Lee et al. (1999) also noted that although Al2O3 particles have a higher thermal 

conductivity as a material, CuO-based nanofluid showed a higher improvement in 

thermal conductivity. The authors mentioned that the cluster formation of Al2O3 in the 

base fluid was the reason for this behaviour. The results of Alawi et al. (2018) show 

that Al2O3 in the water had the highest thermal conductivity, followed by CuO, ZnO, 

and SiO2. 
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Lee et al. (1999) found that the thermal conductivity ratio of CuO and Al2O3 in both EG 

and water increases linearly with volume fraction and drops exponentially with an 

increase in particle size. They found that the Maxwell model was inaccurate in 

predicting the influence of particle diameter on the thermal conductivity at 0.03% vol. 

concentration. Chopkar et al. (2008) studied the influence of particle size on thermal 

conductivity and found that when the nanoparticle's size decreases, the nanofluid's 

thermal conductivity rises.   

Sonawane et al. (2015) investigated the influence of sonication time on enhancing the 

thermal conductivity of TiO2 in EG, paraffin oil, and water. They showed that the 

thermal conductivity enhancement increases until 60 min and from this point onwards, 

it starts decreasing. They stated that this was due to an increase in Brownian motion 

and intermolecular interactions, leading to the clustering of nanoparticles, so the heat 

transfer and conductivity drops. 

Wang and Li (2009) showed that the thermal conductivity ratio increases with pH and 

peaks at 7.5 and 9.5 for Al2O3/water and CuO/water, respectively, and then decreases 

from that point onwards. Regarding shear rates, the viscosity of water-based 

nanofluids is constant, which indicates that it is a Newtonian fluid. 

2.1.3.2  Viscosity  

Adio et al. (2013), who investigated viscosity using γ-Al2O3-Glycerol Nanofluids, found 

that the apparent viscosity decreased with temperature. In contrast, the relative 

viscosity increases with temperature until 50 °C and then starts decreasing rapidly. 

Similarly, Sahoo et al. (2009) experimented with Al2O3/EG/water nanofluid and 

showed that the viscosity decreases exponentially with an increase in temperature at 

all tested concentrations. It is worth noting that conventional fluids show the same 

behaviour where the viscosity also decreases with temperature. In another 

experiment, Sundar et al. (2012) studied the effect of temperature up to 50 °C at 

different particle concentrations of Fe3O2/EG/water and reported an exponential 

decrease in viscosity with an increase in temperature.  

In another research, Adio et al. (2016) concluded that as the ultrasonic energy 

increases, the viscosity of Al2O3-Glycerol decreases until an optimum point where the 

viscosity is at its minimum. They also showed that for nanofluids with a particle size of 
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20-30 nm, the viscosity decreases with an increase in sonication time until 6 hrs, from 

which point no further change is seen. However, for 80 and 100 nm particle sizes, the 

viscosity increased after 3 hours of sonication.  

Chevalier et al. (2007) studied SiO2/ethanol nanofluid’s rheological behaviours (1.1%-

7% vol) and reported that the viscosity increases with particle concentration. The same 

conclusion was drawn by Corcione (2011). Ji-Fen and Zhong-Yang (2009) also 

showed that the relative viscosity increases with concentration, where a higher 

increase is seen for smaller particle sizes.  

Ji-Fei and Zhong-Yang (2009) investigated the viscosity of SiO2/water and showed 

that the relative viscosity decreases exponentially with an increase in particle size at 

high concentrations. As the concentration decreases, the effect of increasing particle 

size on the viscosity decreases. Likewise, Nguyen et al. (2007) studied the effect of 

particle size on Al2O3/water nanofluid where 36 and 47 nm diameter particles were 

used. They found that at concentrations below 4% vol., no difference was seen in the 

viscosities, whereas, at higher concentrations, the nanofluid with bigger particle size 

had a higher viscosity. Some researchers show contradicting findings where the 

smaller particle size achieves a higher viscosity. In this case, the increase in viscosity 

was said to be due to an increase in surface area of solid-solid and solid-liquid 

interactions that increase the electro viscous effect in the nanofluid. 

Ji-Fei and Zhong-Yang (2009) also studied the effect of pH on the viscosity. The 

viscosity was steady until around pH 5 where after that, viscosity spikes up from pH 5 

to pH 6 depending on concentration and then starts to decrease gradually. However, 

with particle sizes larger than 20 nm, the pH had a negligible effect on the viscosity. 

Timofeeva et al. (2009) investigated the effect of pH on the viscosity of Al2O3 nanofluid. 

They found that the pH was independent of particle concentration except for when 

platelet particles were used where the pH increased with concentration. It was found 

that nanofluids with the lowest pH (bricks and blade-shaped) exhibited the lowest 

viscosity. 

Sundar et al. (2012) investigated the effect of different EG/water concentrations on 

Fe3O2/EG/water viscosity. They concluded that as the EG concentration decreased, 

the viscosity of the nanofluid decreased. Wang et al. (1999) experimentally compared 

the viscosity of Al2O3 in two base fluids, namely water and EG. The viscosity was 
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increased by 20-30% when water was used as a base fluid and 40% when EG was 

used.  

When it comes to particle shape, Timofeeva et al. (2009) concluded that elongated 

particles have higher viscosity at a given concentration. In contrast, spherical particles 

or spheroids with a low aspect ratio have a lower viscosity. 

2.1.3.3 Surface tension and density 

Regarding surface tension, Bhuiyan et al. (2014) studied the effect of parameters on 

SiO2/methanol nanofluid's surface tension and found that there was a linear increase 

in surface tension as the particle concentration increases whereas the surface tension 

drops with a rise in temperature. They also found that surface tension enhancement 

compared to base fluid increases with temperature. SiO2, Al2O3, and TiO2 with water 

as base fluid were also studied, and a similar conclusion was drawn where TiO2 

showed the highest surface tension and SiO2 showed the lowest surface tension. Their 

results showed that larger particles exhibit a higher surface tension. 

Regarding density, Chavan and Pise (2019) carried out experimental investigations 

on the density of SiO2, Al2O3 and TiO2 in water and SiO2/EG. Their findings show that 

an increase in temperature slightly reduces the relative density and that the relative 

density was higher for higher concentration nanofluids. Raja et al. (2018) 

experimented using Al, Cu, and Ag particles with different base fluids and found that 

EG had a slightly lower relative density than water but had a higher density than water 

due to the higher density of EG. They also noted that Ag nanofluids showed higher 

density enhancement than the rest.  

2.1.3.4 Specific heat 

Chavan and Pise (2019) also showed that nanofluid's specific heat was less than their 

base fluid and decreases with increased concentration using the particles mentioned 

earlier. The nanofluids with Ag particles were found to have the smallest specific heat, 

and water-based nanofluids were found to have the smallest relative specific heat 

(most significant change in specific heat). Like most fluids, the specific heat of 

nanofluid also increases with temperature. 
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Raja et al. (2018) results indicate that specific heat decreases with concentration. The 

specific heat was lower than the base fluid for all base fluids and particle material 

combinations. Aluminium nanoparticles showed the lowest decrease in specific heat, 

followed by Cu and lastly Ag. Water-based nanofluids were shown to have the smallest 

decrease in specific heat, followed by EG and sodium-based nanofluids.  

2.2 Pool boiling 

 

Pool boiling is a two-phase technique that involves the immersion of a heating surface 

in a stagnant liquid, which causes the boiling of the liquid and a low-velocity motion of 

the liquid. Two types of pool boiling are considered: saturated pool boiling, Figure 3(a) 

and subcooled pool boiling, Figure 3(b). 

 

 

Figure 3 Pool boiling techniques (Kenning, 2011). 

In saturated pool boiling, the fluid is kept at saturation temperature, which is dependent 

on the pressure. The vapour goes through the condenser, where it gets cooled back 

to liquid. The vessel’s pressure depends on the cooling rate applied to the condenser, 

which can be controlled to vary the pressure and, thus, the saturation temperature. 

Pool boiling is also possible using subcooled liquid where the temperature away from 

the heater is lower than the saturation temperature (subcooled). The subcooled liquid 

makes it difficult for gas to escape, and thus heat sinks need to be used on the vessel 

wall to provide cooling (Kenning, 2011). The boiling starts when the heating surface 

temperature exceeds the pool's saturation temperature. There are various boiling 

regimes, as shown in Figure 4, where ∆𝑇𝑒𝑥𝑐𝑒𝑠𝑠  is the difference in temperature 

between the heating surface and the saturation temperature. The boiling curve is 

unique to the liquid and the nature of the heating surface used. 
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Figure 4 Boiling curve (Ghajar & Cengel, 2015). 

This study's regime of interest is nucleate boiling, as this is where the heat flux 

achieves its maximum point called critical heat flux. In this regime, the number of 

nucleation sites increases as we move towards to critical flux point. In region A-B, 

isolated bubbles start forming on the heating surface but do not rise to the free surface. 

The rising of the bubbles causes agitation in the locality of the heater surface, which 

is why an increase is seen in the heat transfer coefficient and heat flux. The bubble 

formation and nucleation sites increase dramatically in region B-C, leading to a 

continuous vapor column. The bubbles now rise to the free surface, bursting and 

releasing vapor. As ∆𝑇𝑒𝑥𝑐𝑒𝑠𝑠 increases during nucleate boiling, the rate of evaporation 

increases to the point where most of the heating surface is covered with bubbles, 

which makes it challenging for the surface to be wet by the liquid. So, the heat flux 

does not increase further and reaches the critical heat flux. In the transition regime, 

the heat flux starts to decrease. This is due to the vapor layer forming on the heating 

surface, which has a lower thermal conductivity than the liquid (Ghajar & Cengel, 

2015). The heat flux in the nucleate boiling can be determined using the following 

formula by Rohsenow: 

 
 

𝑞̇𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑒 = 𝜇𝑙ℎ𝑓𝑔 [
𝑔(𝜌𝑙 − 𝜌𝑣)

𝜎
]

1/2

[
𝑐𝑝𝑙(𝑇𝑠 − 𝑇𝑠𝑎𝑡)

𝐶𝑠𝑓ℎ𝑓𝑔𝑃𝑟𝑙
𝑛 ]

3

 

 

 
(10) 
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Where 𝑞̇𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑒 is nucleate boiling heat flux, 𝜇𝑙 is the liquid viscosity, ℎ𝑓𝑔 represents 

enthalpy of vaporization, 𝜎 is the surface tension of the liquid-vapor interface, 𝜌𝑙 

represents liquid density, 𝑔 is the gravitational acceleration, 𝜌𝑣 represents vapor 

density, 𝑐𝑝𝑙 is the specific heat of the liquid, 𝑇𝑠 is the heating surface temperature, 𝑇𝑠𝑎𝑡 

is the saturation temperature of the fluid, 𝐶𝑠𝑓 is the experimental constant that is 

decided by the surface-fluid combination, 𝑃𝑟𝑙 is the liquid’s Prandtl number, and 𝑛 is 

the experimental constant which is dependent on the fluid. All the properties are 

evaluated at 𝑇𝑠𝑎𝑡.  

According to Ghajar & Cengel (2015), the heat flux during nucleate boiling does not 

depend on the heating surface's geometry and orientation. However, the heat flux is 

significantly influenced by the surface condition. Therefore, the maximum or the critical 

heat flux may be determined using the equation by S.S Kutateladze as: 

 𝑞̇𝑚𝑎𝑥 = 𝐶𝑐𝑟ℎ𝑓𝑔[𝜎𝑔𝜌𝑣
2(𝜌𝑙 − 𝜌𝑣)]

1/4 

 

(11) 

Where 𝐶𝑐𝑟 depends on the heater geometry. The formulas listed so far are applicable 

for smooth surfaces only. Finned surfaces such as heat sinks are commonly attached 

to the processors using thermal paste, and thus the heating surface becomes the heat 

sink, which is submerged in the fluid, as shown in Figure 5. Often an auxiliary heater 

is also used if needed. 

 

 

Figure 5 Pool boiling set up for microprocessor cooling. 

There are two categories in which the pool boiling heat transfer enhancement methods 

may be classified, namely passive and active. The methods that fall into the active 

category use external power to achieve liquid rotation, surface rotation, mechanical 
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mixing, vibration, injection, suction, electrostatic, and magnetic field induction. In any 

case, the active methods have high costs and are unsuitable for applications requiring 

compact space. On the other hand, the methods that fall under the passive category 

do not require any external power but involve modifying fluid properties and the heat 

transfer surface, such as increasing surface roughness to promote more nucleation 

sites or increasing surface area by using fins or changing the shape and so on. 

(Bergles et al. 1979). Therefore, using nanofluids is a passive method since it changes 

the properties of the fluid.  

2.3 Previous reviews on the use of nanofluids and boiling. 

2.3.1 Experimental reviews 

Numerous articles have been published on nanofluid pool boiling, where its effect on 

the critical heat flux (CHF) and the heat transfer coefficient (HTC) were investigated. 

Ahmed and Hamed (2012) carried out a pool boiling experiment to understand the 

effect of particle deposition on heat transfer performance and to address the 

contradicting trends in HTC observed in the literature. They used a flat copper block 

and Al2O3/water with a 40-50 nm particle size at concentrations varying from 0.01% to 

0.5% vol. They concluded that the uniformity and nanoparticle deposition rate depend 

on concentration, where deposition occurs at a lower rate for low concentration (0.01% 

vol), which enhanced the HTC. The enhancement at low concentrations could be 

mostly related to the increased thermal conductivity of the fluid rather than the effect 

of deposition. At higher concentrations, the HTC had degraded due to the deposition 

layer that decreased the nucleation sites and formed a layer of insulation. When the 

deposition rate was high, the layer was less uniform and left out areas of the heater 

uncoated and exposed, leading to HTC higher than expected when the deposited 

heater was used in pure water boiling. 

Ayoobi et al. (2019) studied the effect of subcooled temperature at transient conditions 

ranging from 0°C (saturated) to 20°C using water and Al-Fe alloy heater wire under 

atmospheric pressure. The heating rate was increased linearly from 1s to 1000s. Their 

results show that as time progresses, the HTC increases since the heat flux increases. 

They also showed that as the degree of subcooled increases, the HTC increases up 

to 53.9% for 1s, and the CHF increases up to 436.7% for 1000s relative to saturation 

temperature. They concluded that the superheat temperature depends on the wire 
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material, rate of heat flux increase, and heat transfer mechanism. The temperature of 

the heater at CHF decreases with time for all subcooled temperatures. 

Ayoobi et al. (2020) investigated the transient characteristics of Fe3O4/water ferrofluid 

pool boiling at 0.01% concentration and compared it to water using a Cr-Al-Fe wire 

heater. The fluid was at saturated temperature and atmospheric pressure. It was found 

that there was a decrease of CHF and wall superheat for both the ferrofluid and water, 

which lasted from 1 to 10 sec. and 1 to 100 sec., respectively. The CHF then increases 

from 10 to 5000 sec. for ferrofluid and 100 to 5000 sec. for pure water, where the 

ferrofluid showed a 160% increase in CHF compared to water. They concluded that 

the ferrofluid showed a higher HTC than water and the HTC increased with time. They 

mentioned that the boiling time affected the heat transfer characteristics because it 

influenced the amount of nanoparticle deposition on the heater surface. The bubble 

growth time and diameter were found to be smaller than for water, which increases 

wettability. 

Bock et al. (2020) experimented on saturated pool boiling over roughened and 

nanostructured horizontal copper tubes using R-134a at 25 °C and 5 °C and R-245fa 

at 20°C. It was found that the nanostructured tube with a commercial nanocoating 

process (nanoFLUX) showed HTC that were up to 200% higher than that of the 

polished tube and outperformed other nanostructured tubes (Layer by layer and CuO) 

due to higher nucleation site density. The nanoFLUX surface had the highest HTC and 

CHF when boiling R-134a at 5 °C. 

Chang and Bang (2005) experimented with pool boiling under atmospheric pressure 

containing 0.5%-4% vol. Al2O3/water nanofluid concentration on a smooth horizontal 

and vertical stainless-steel plate. The particles used ranged in size from 10-100 nm in 

diameter with an average of 47 nm. It was noted that nanofluids had a lower heat 

transfer performance than water, and it worsened as the particle concentration 

increased. The CHF, however, was increased by 32% for horizontal and 13% for 

vertical pool boiling. The roughness of the surface was also shown to increase with 

nanoparticle concentration, as seen in Figure 6. The HTC was discovered to be lower 

than that of pure water. 
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Figure 6 Surface roughness (a) before test, (b) after test with 0.5% alumina and (c) 4% alumina. 

Chen et al. (2020) investigated the enhancement in pool boiling using interconnected 

microchannels with re-entrant cavities (IMRCs) to cool electronics with high power. 

Saturated and subcooled (Tsub= 20°C) water boiling was used at atmospheric 

pressure. They found that at both conditions, the re-entrant cavities and 

interconnected pores significantly enhanced the HTC up to 127% compared to smooth 

copper plates (SCPs) and up to 17% for interconnected microchannel net (IMNs), as 

shown in Figure 7. The IMRCs did not reach their CHF during the tests and achieved 

a heat flux of 1637 kW/m2 at the maximum test range, which is already 36% higher 

than the CHF of SCPs. The IMRCs were said to have a high potential for high-powered 

electronics cooling in the industry.  

 

Figure 7 Boiling curves for IMRC, IMN, and SCP in (a) Saturated boiling and (b) Subcooled boiling. 

Chopkar et al. (2008) examined the pool boiling heat transfer characteristics of 

ZrO2/water with concentration varying from 0.005% to 0.15 vol% and a 20-25 nm 

particle size. A flat copper surface was used as a heater. They found that HTC 

enhancement was only seen at low particle concentrations and that any increase in 
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the concentration would decrease the HTC to a point where it was lower than that of 

pure water. This was because the surface roughness had been reduced. The authors 

also investigated the influence of surfactants and found that it increased the HTC in 

pure water, but when it was used with nanofluids, the HTC decreased significantly. 

Coursey and Kim (2008) investigated surface wettability using Al2O3/water and 

Al2O3/ethanol of concentration from 0.026 g/L to 1.02 g/L and 0.001 g/L to 10 g/L, 

respectively, with a particle size of 45nm and used a copper block as the heater. They 

concluded that both the nanoparticle concentration and surface wettability significantly 

influenced the heat transfer performance. They observed that there was a degrading 

or no effect on the heat transfer capabilities of pool boiling at low concentrations, 

whereas concentrations greater than 0.05 wt% lead to a decent increase of about 37% 

in the CHF for Al2O3/water 25% for Al2O3/ethanol. They also concluded that adding 

nanoparticles in base fluid enhanced the surface wetting, which leads to an enhanced 

CHF only when particles covered the surface. 

Das et al. (2008) concluded from their study that when the heater's surface roughness 

was around the same size as the nanoparticle diameter, the nucleation sites were 

decreased, leading to a deterioration in HTC. On the other hand, when the sizes were 

much different from each other, either an enhancement in HTC was observed due to 

the multiplication of nucleation sites, or a small deterioration was observed depending 

on the concentration. 

Das and Putra (2003) used stainless steel (SS) cylindrical heater and reported that an 

increase in particle concentration for Al2O3/water decreased the HTC of the nanofluid. 

The cause for the decrease in HTC was reported to be the increased smoothness of 

the heater. They used concentrations from 0.1 to 4% vol and varied particle size from 

20 to 50 nm. 

Fan et al. (2020) studied the effect of surface roughness on the heat transfer 

capabilities of pool boiling by using different roughness values ranging from 0.045 µm 

to 1.35 µm. The experiment was carried out using water under atmospheric pressure 

and saturation temperature. It was concluded that the increase in surface roughness 

decreases bubble departure diameter, nucleation site density, and bubble departure 

frequency, which helps enhances HTC. They also mentioned that the nucleation site 

density increases with heat flux, which also enhances the HTC. 
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Feldmann and Luke (2008) conducted a pool boiling experiment for various base fluids 

at pressures and temperatures falling in the range from 0 to 50 bar and -50°C to 200°C, 

respectively, to understand the effect on surface tension. They reported that as the 

fluid pressure decreased, the surface tension increased. They also reported that the 

surface tension was halved by adding a surfactant. The bubble departure frequency 

and nucleation sites increase when the surface tension decreases and the bubble 

diameter decreases, which improves HTC.  

Golubovic et al. (2009) conducted pool boiling experiments at atmospheric pressure 

and saturated temperature of 100°C using a horizontal NiCr wire heater. Al2O3/water 

and BiO2/water nanofluids were used with a particle size of 22.6-46 nm and 38 nm, 

respectively, and concentrations from 0%-0.01 g/L. They found that with an increase 

in concentration, the contact angle decreased in which Al2O3/water showed a more 

significant decrease from 90° to as low as 33° compared to BiO2/water, which 

decreased to as low as 56°. The authors suggested that the decrease in contact angle 

was the reason for the CHF increase. The particle size has a negligible effect on 

contact angle. The CHF increased with particle concentration until a certain point 

where any increase after that the CHF did not significantly change. Al2O3/water 

showed a maximum CHF increase of 50%, whereas BiO2/water showed a CHF 

increment of up to 33%. 

Gouda et al. (2018) conducted an experimental examination of the parameters of pool 

boiling heat transfer of copper microchannels with segmented fins (SF) and compared 

it to using uniform cross-section microchannel (UCS) and plane surface. SF and UCS 

surfaces are shown in Figure 8 where all surfaces were made from a copper block 

with the same footprint area. Water was used at saturation temperature and 

atmospheric pressure. They found that the SF surface has a contact angle of zero and 

better wettability characteristics and showed HTC values three times larger compared 

to the plane surface, whereas the UCS surface showed HTC values that were two 

times larger compared to the plane surface. In addition, the nucleation started earlier 

on the SF surface and had a higher nucleation density, better wetting, and better 

bubble growth and release mechanism than the other two surfaces. 
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Figure 8 Schematic and pictures of (a,b) UCS and (c,d) SF. 

Ham et al. (2017) experimentally investigated pool boiling characteristics of 

Al2O3/water nanofluid with 50 nm diameter size at different surface roughness (177.5 

nm and 292 nm) and concentration (0-0.1% vol.). The saturation pressure was 3 kPa, 

and the heater was a copper bar. It was found that CHF increased up to 224.8% 

compared to water at low roughness, whereas it increased 138.5% for the high 

roughness. The nanoparticle deposition deteriorated the wettability, which caused the 

CHF to decrease. The contact angle decreased with an increase in concentration from 

0 to 0.05 % vol and then increased until 0.1 % vol. at both roughness. It was concluded 

that HTC decreased with concentration due to increased deposition. It is worth noting 

that the surface with higher roughness showed a higher decrease in HTC. The authors 

mentioned that this was because the smoother surface's cavities had increased and 

were higher than the rougher surface. 

Harish et al. (2011) performed an experimental investigation focused on the boiling 

heat transfer capabilities of Al2O3/water with 50 nm particle size and concentrations 

ranging from 0.5%-2% vol. to understand the effect of surface-particle interaction 

parameter (SPIP) which is a ratio calculated by dividing the heater surface roughness 

by the nanoparticle diameter. Two aluminium disks, one smooth and the other rough, 

were used. The roughness of the heater had been modified due to the nanoparticle 

deposition on the surface. The roughness was decided by the particle concentration 

and wall temperature that the heater was exposed to. For the smooth surface, an 

increase in concentration leads the wettability to decrease, whereas the wettability 
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increases for the rough surface. The HTC increased for the rough surface, whereas a 

maximum of 30% deterioration was seen for the smooth surface. They concluded that 

nanofluids' boiling characteristics depend on the surface roughness and particle size 

and their interactions that decide either plugging or splitting surface cavities. The SPIP 

is less than one if the surface cavity size is smaller than the nanoparticle diameter and 

greater than 1 if the cavity size is larger. 

He et al. (2016) looked into the boiling heat transfer of ZnO/EG/water (95:5, 85:15, 

and 75:25 vol) at different particle concentrations from 5.25%-8.25% vol and used a 

Ni-Cr wire as the heater. They observed a generous improvement in CHF compared 

to each base fluid, while the HTC could only be improved when the concentration was 

less than 7.25% vol. The nanofluid HTC below this concentration was higher than base 

fluids and increased with a decrease in concentration. They mentioned that this 

improvement was due to particle deposition and a decrease in wettability. 

Heris (2011) studied CuO/EG/water (60/40) at different low concentrations from 0.1% 

to 0.5% vol, saturation temperature, and atmospheric pressure. The author used a 

cylindrical cartridge heater and a particle size of 40nm. It was observed that the HTC 

increased significantly (up to 55%) when nanofluid was used, and the enhancement 

was more significant when the concentration was increased, as shown in Figure 9 and 

Figure 10. It was pointed out that since the size of the surface cavities was larger than 

the nanoparticles, the nanoparticles may deposit on the nucleation site and split the 

single site to increase nucleation sites. 

 

Figure 9 HTC vs heat flux at different concentrations. 

 

Figure 10 HTC vs superheat at different concentrations. 
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Huang et al. (2011) used TiO2/water with particle size ranging from 110 to 220 nm with 

concentrations of 0.01%-1 wt% to study the effect on CHF at atmospheric pressure 

and saturation temperature using a nickel wire. They reported CHF enhancement of 

up to 83% and HTC deterioration when the nickel wire heater was coated in the 

nanoparticle layer. The contact angle, which decreased as the heat flux and particle 

concentration increased, was speculated to be the reason for increased surface 

wettability, which enhanced CHF. They mentioned that the effect of nanoparticles was 

due to the coating it creates and not the dispersion in the base fluid. 

Jones et al. (2009) investigated how the nucleate pool boiling heat transfer depends 

on surface roughness. They experimented with two different fluids: FC-77 and water, 

which have different thermal properties and wetting characteristics. The experiment 

involved various surfaces from polished surfaces (average roughness of 0.027 µm to 

0.038 µm) to surfaces that were electrical discharge machined (EDM) with an average 

surface roughness varying from 1.08 µm to 10 µm. They concluded that the two fluids 

demonstrated different trends with regards to HTC. While using the FC-77, the HTC 

continuously increased with surface roughness up to 210% compared to the polished 

surface. However, for water, surfaces with intermediate roughness had similar HTC, 

which was still higher than the smooth surface, and the roughest surface showed the 

highest HTC, which was 100% higher than the smooth surface, as shown in Figure 

11.  

 

Figure 11 HTC vs heat flux graph for water (left) and FC-77 (right) with different surface roughness. 
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Kamel and Lezsovits (2020) studied the pool boiling heat transfer enhancement using 

CeO2/water at varying concentrations of 0.001% to 0.04% vol with a particle size of 50 

nm at atmospheric pressure and saturation temperature. A horizontal copper tube with 

a roughness of 115 nm was used. They reported that the HTC was up to 1.7 times 

higher for the nanofluids than pure water at 0.007% vol. It was mentioned that this 

enhancement was due to surface and bulk modifications due to nanofluids' use. They 

showed that increased surface roughness and thermal conductivity enhanced the 

boiling performance at dilute concentrations. The contact angle of pure water had 

decreased after the surface was coated in the nanoparticle layer compared to the 

original state. The surface roughness increases with concentration up to a point and 

then stays constant.  

Kathiravan et al. (2009) studied the effect of adding 9 wt% surfactant on the heat 

transfer abilities of Cu/water during pool boiling with a particle size of 10nm and 

concentrations from 0.25% to 1 wt%. A horizontal stainless-steel tube heater with a 9 

mm diameter was used as the heater with a surface roughness of 1.09 µm. They found 

that the nanofluids degrade the HTC with and without surfactants. As the concentration 

increases, the HTC decreases, while when a surfactant was added to water only, the 

HTC increases by 30% because of a reduction in surface tension.  However, the CHF 

increases with concentration up to 49% higher than pure water when only nanofluids 

were used. The CHF increase was up to 59% when a surfactant was added, and the 

HTC was enhanced. They found that the heater's surface roughness had increased 

and that the CHF improvement was because of the deposition of nanoparticles on the 

heated surface. 

Kathiravan et al. (2010) looked into the pool boiling characteristics of Cu/water 

nanofluid with 10nm particle size over a flat stainless-steel plate heater with a 

roughness of 167 nm to understand the effect of surfactant and particle concentration 

on the CHF. Concentrations of 0.25% to 1 wt% were used with and without 9 wt% 

surfactants under atmospheric pressure and saturation temperature. The results show 

that pure water has 80% higher CHF than pure water with surfactant. The CHF for the 

nanofluids without surfactant increased up to 48% with an increase in concentration 

and claimed that the deposition of naoparticles on the heated surface caused this 

increase. When a surfactant was used with nanofluid, the CHF increases up to 75% 
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but decreases with concentration. The roughness of the heater surface had decreased 

at the end the boiling experiment. 

Khooshehchin et al. (2020) researched on pool boiling heat transfer optimization using 

ultrasonic waves irradiation (24 kHz) and the addition of CuO. They considered 

different particle sizes (20 to 60 nm), concentrations (0.025% to 0.125 wt%), heater tilt 

angle (up to 30°), and irradiation time (up to 21 min). A copper cylinder with a surface 

roughness of 840 nm was used as a heater. They found that as the inclination angle 

increased, the nucleation site density and the frequency of bubble production also 

increased, decreasing the departure diameter. However, HTC was highest at a tilt 

angle of 15° with a mean increase of 18.9%, whereas the angle of 30° had a mean 

increase of 3.1% compared to 0° (horizontal). They found a significant increase in HTC 

when nanoparticles were added. The HTC increased with a decrease in particle size. 

The nanoparticles increased the thermal conductivity of the fluid. Smaller the particle 

size and higher the concentration, the higher the thermal conductivity was. Their 

results showed that HTC increased with concentration. Waves with 60% of the device 

power (1.2 kW) had the highest HTC at high heat fluxes, while waves with 90% had 

the highest HTC at lower fluxes. It was found that the highest HTC enhancement was 

seen at 14 min duration of ultrasonic waves followed by 21 min and lastly 7 min. The 

ultrasonic waves also decreased particle deposition. 

Kim (2014) carried out an experiment to understand the effect of surface roughness 

(0.22 µm to 2.32 µm) on pool boiling heat transfer in subcooled CuO/water with a 

concentration of 0.1% vol. and a particle size of 80 nm. A copper block was used as 

the heating surface. It was discovered that increasing the roughness had increased 

the boiling heat flux and thus the HTC for pure water. However, it was unclear what 

the effect of surface roughness was when nanofluid was used since the particle 

deposition on the heater surface had reduced the differences in surface roughness. It 

was noticed that the contact angle increased with roughness for both pure water and 

nanofluid. From the plots, it was noticed that the nanofluid had lower HTC compared 

to water. 
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Kim et al. (2007) investigated the surface wettability and CHF using SiO2/water, 

ZrO2/water, and Al2O3/water nanofluids while varying concentration from 0.001% to 

0.1%vol. and particle sizes from 20-40 nm, 110-250 nm and 110-210 nm, respectively. 

A stainless-steel wire heater was used to boil a fluid under atmospheric pressure and 

at saturation temperature. It was discovered that the heater surface roughness 

increases about 20 times, which results in an area increment of up to 5 times the 

original area. Therefore, the contact angle decreases, which increases CHF and 

decreases HTC by forming a resistance. The CHF was enhanced using all nanofluids 

and up to 80% for SiO2/water. 

Kim et al. (2016) studied the effect of surface roughness on the pool boiling HTC and 

the CHF. They used saturated water as the working fluid and copper surfaces with 

various roughness values ranging from 0.041 µm to 2.36 µm. They found that the CHF 

increases almost by a factor of 2 at 2.36 µm as compared to when the surface 

roughness of 0.041 µm was used and mentioned that this enhancement was due to 

improved capillary wicking from surrounding liquid to the dry regions of the heater. The 

increase in surface roughness also increased the boiling HTC, as suggested in Figure 

12, where the higher CHF can also be noted. They observed that the contact angle, 

as viewed in a parallel direction to the scratches, increased with roughness, whereas 

the contact angle, as viewed from the normal direction of the scratches, decreased. 

They also mentioned that their results agreed with the coefficient 𝐶𝑠𝑓 that was used in 

the correlation of Rohsenow. 

 

Figure 12 Boiling curve at different surface roughness. 
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Kim et al. (2006) investigated the effect of Al2O3/water and TiO2/water on CHF 

enhancement in saturated boiling at 100°C by using thin heated NiCr and Ti wires and 

particle concentrations from 0.00001% to 0.1%vol. The Al2O3particles had a diameter 

of 47 nm, whereas TiO2 particles were 85 nm in size. The CHF of Al2O3/water nanofluid 

increased up to 176% compared to base fluid and up to 200% for TiO2/water nanofluid. 

They found that the improvement in CHF during nanofluid pool boiling was primarily 

due to the change of heater surface topography and microstructure caused by 

nanoparticle surface coating.  

Kim et al. (2020) studied the pool boiling heat transfer using the microporous and bare 

copper plate in a confined space (gap) using pure saturated water at 1atm. The copper 

plate heater was oriented vertically. The length of the gap was varied from 0.5 mm to 

infinite (unconfined). For unconfined space, they reported typical pool boiling. As the 

gap length decreases for the bare surface, the HTC increased except for the gap 

length of 0.5 mm, where the HTC decreased compared to the 1 mm gap. The HTC for 

the microporous surface was independent of the gap length. They also noted that the 

HTC and CHF were much higher for microporous surfaces at unconfined spaces than 

bare surfaces. For both surfaces, the CHF decreased with a decrease in gap length.  

Kshirsagar and Shrivastava (2018) looked into the pool boiling performance of 

Al2O3/water with concentrations varying from 0.3 %wt to 1.5 %wt and with an average 

particle size of 30 nm. They used a Ni-Cr wire with a roughness of 111 nm as the 

heating element. The CHF increased by 87%, and the HTC was also improved as 

compared to the base fluid. It was found that the surface roughness increased with 

concentration until 1.2 %wt after which it decreased. The HTC followed the same 

pattern as the surface roughness, where it increased up to 1.2 %wt and decreased 

again from this point onwards. The decrease in roughness was due to nanoparticles 

filling the microcavities formed over the heater surface.   

Kwark et al. (2010) studied the pool boiling characteristics of Cu/water, Al2O3/water, 

and diamond/water with a particle size of 143 nm, 139 nm, and 86 nm, respectively 

with different low concentrations less than 1g/L using a plate copper heater at a 

pressure of 1 atm. They investigated the cause of nanoparticle layer coating formation 

along the heater surface and discovered that a thin nanoparticle layer forms on the 

heater's surface, which increases wetting and causes the increase of CHF. The 
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evaporation of the microlayer during boiling was the reason for the formation of a 

nanoparticle layer on the heater. They also found that as the particle concentration 

increased, the CHF increases up to 80% compared to pure water for all 3 nanofluids. 

Their results show that the thickness of the nanoparticle layer formed on the heater 

surface increases with boiling time, which causes a degradation in HTC by increasing 

thermal resistance. The CHF increased with the layer thickness up to a point beyond 

which no further CHF improvement was seen. No HTC degradation was seen for low 

concentrations (0.025g/l), but the HTC decreases with nanoparticle layer thickness at 

higher concentrations. The nanoparticle type was said to have a negligible effect on 

the nanofluid boiling. 

Li et al. (2020) carried out a saturated pool boiling experiment using CuO/water with 

varying concentrations from 0.025% to 0.1 wt% and particle size of 45 nm on finned 

copper surfaces with different space between two fins, width, and height. They found 

that the surface with the smallest fins and highest space between fins had the smallest 

HTC, while the surface with the biggest fins and lowest space between fins had the 

highest HTC. The surface with greater space between the fins was observed to have 

larger bubbles, resulting in a poorer HTC. They concluded that the fins prevent fouling 

from forming on the surface, which leads to the enhancement of the HTC. 

Liu et al. (2007) carried out nucleate boiling experiments using CuO/water nanofluid 

at different pressures from 7.4 to 100 kPa and varying concentrations from 0.1 wt% to 

2 wt% with 30 nm diameter on a heated copper surface with micro grooves and without 

(smooth). It was found that the surface with microgrooves enhanced the heat transfer 

capabilities at atmospheric pressure while it had no effect at low pressures. At all test 

pressures, the HTC and CHF increased gradually as the concentration increased to 

1.0 wt%, which was optimal. Any increase from this optimal concentration showed a 

decrease in HTC. Their results showed that increasing the pressure up to atmospheric 

resulted in higher HTC and CHF. They also concluded that the lower the pressure, the 

more significant the HTC and CHF enhancement was when nanoparticles were added. 

Manetti et al. (2016) investigated the effect of surface roughness on the heat transfer 

performance of nanofluid pool boiling. They used a copper cylinder with different 

degrees of nanoparticle deposition to achieve different surface roughness. The 

experiment was conducted using Al2O3/water and Fe2O3/water with concentrations 
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varying from 0.029 g/L to 0.29 g/L, each with a particle of 10 nm. They observed that 

the nanoparticle deposition increased with heat flux, which increased the surface 

roughness and changed the surface wettability. It was concluded that the nanofluids 

decreased the contact angle and even more on nanocoated surfaces. The surface 

roughness, deposition thickness, and wettability increased with concentration. 

Independent of the surface roughness, HTC deterioration was observed at high 

concentrations because of increased deposition thickness, which increased the 

surface's thermal resistance. 

Narayan et al. (2007) investigated the enhancement/deterioration of pool boiling heat 

transfer using alumina particles (47 and 150 nm) over vertical stainless-steel tubes 

with various surface roughness of 48, 98, and 524 nm and concentrations of 0.5-2 

wt%. They noted that at a roughness of 524 nm (rough), the HTC increased up to 70%, 

whereas for the smooth surface with a roughness of 48 nm, the HTC deteriorated by 

45% compared to base fluid (water). They observed that the ratio between the surface 

roughness and particle size could explain the differences in HTC outcomes. There 

was a decrease in the nucleation site density when surface roughness and the particle 

size were of the same order. When the roughness was significantly larger than the 

particle size, nucleation sites significantly increased. When the roughness was much 

smaller than the particle size, the performance is still better than when the ratio is near 

unity. This was because fewer nucleation sites were being clogged. Figure 13 shows 

the effect of this surface-particle interaction parameter (SPIP) on heat transfer 

improvements. They also noted that the HTC decreases as the concentration 

increases. 

 

Figure 13 Effect of SPIP on the HTC ratio. 
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Nazari and Saedodin (2018) conducted a pool boiling experiment using an aluminium 

heated surface and Al2O3/water with varying concentration up to 0.1% vol and particle 

size of 47 nm at atmospheric pressure of 86 kPa and at saturation temperature to 

investigate the effect on the contact angle, CHF and surface roughness. They found 

that particle deposition changes the chemistry and morphological characteristics, such 

as the surface's wettability and roughness, affecting boiling characteristics. The 

deposition thickness and roughness increase with concentration. The wettability 

increased with deposition thickness and enhanced the CHF. They concluded that low 

concentrations have a negligible effect on CHF, whereas, for concentrations around 

0.01% vol, CHF was improved up to 19 %, as depicted in Figure 14. The authors also 

reported that the contact angle decreases with an increase in concentration, as shown 

in Figure 15, which also enhances CHF. The HTC decreased due to surface 

deposition. 

 

Figure 14 CHF improvement vs concentration. 

 

Figure 15 Contact angle vs concentration. 

 

Ogbonnaya et al. (2019) reviewed how nanoparticle deposition affects the pool boiling 

heat transfer capabilities and the effect of deposition on the roughness of the surface. 

It was noted in their article that the initial surface roughness and nanoparticle 

deposition have an impact on the heat transfer during pool boiling. The size of the 

nanoparticle in relation to the original surface conditions determines whether the 

surface roughness increases or decreases. As the nanoparticles deposit on the 

surface pores, the surface roughness rises if the original surface roughness is smaller 

than the nanoparticle and decreases if the nanoparticle size is less than the initial 

surface roughness. 
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Okawa et al. (2012) experimented to understand the dependence of CHF, contact 

angle, and HTC on the boiling time of nanofluid pool boiling using TiO2/water using 

varying concentrations from 0.000094% to 0.047% vol under saturation temperature 

and atmospheric pressure with a particle size of 21 nm. The heated surface was a 

copper block. They found that the CHF increased, and the contact angle decreased 

with time up to a point from which there was no further change for both. The CHF 

increased up to 91% and reported that this increase was due to modification of heater 

surface caused by nanoparticle layer. The time taken to reach maximum CHF 

decreases dramatically with increased concentration, taking 60 min for low and 1 min 

for high concentrations. At high concentrations, the HTC first decreases then increase 

gradually to a nearly constant value, greater than that of pure water, whereas, at low 

concentrations, no noticeable change was seen. The increase in HTC was due to the 

deposition, which created new nucleation sites. 

Park et al. (2009) focused on nucleate pool boiling heat transfer of carbon nanotube 

(CNT)/water with varying concentrations from 0.0001% to 0.05% vol and CNT 

diameter of 10-20 nm. The heater used was a flat and smooth copper block. They 

reported that the CNT nanofluids had a lower HTC than pure water, but the CHF 

increased up to 200% at a concentration of 0.001% vol. A CNT layer formed on the 

heater surface, which increased thermal resistance and decreased nucleation sites 

and caused the HTC deterioration since bubble generation was decreased. The layer 

leads to a lower contact angle which dramatically increases the CHF. 

Pham et al. (2012) investigated the pool boiling CHF of 0.05% Al2O3/water, 0.05% 

CNT/water with 10% boric acid, and 0.05% Al2O3 + 0.05% CNT both mixed in water 

under atmospheric pressure and 7 °C – 14 °C subcool. The heated surface was a 

stainless-steel plate used at different angles. They found that all nanofluids showed 

an enhancement in CHF when compared to pure water and that as the inclination 

angle increased, the CHF increased up to 122% for Al2O3/CNT/water nanofluid, 

followed by 108% for CNT/water and 33% for Al2O3/water. The highest decrease in 

contact angle was for Al2O3/water, followed by Al2O3/CNT/water. They also found that 

the surface roughness had increased and that the higher surface roughness leads to 

higher CHF. CNT/water did not form a layer but had a CHF higher than that of 

Al2O3/water, which did form a layer. Therefore, researchers concluded that the CHF 
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enhancement could not be explained only by looking at nanoparticle layer formation 

on the heater surface. No conclusion was drawn on the HTC. 

Rejvani et al. (2019) investigated the heat transfer efficiency and optimal 

characteristics of SiO2/water at concentrations from 0 to 1.5% vol. The particle used 

were spherical with a size of 20-30 nm. They concluded that for pipe flow, nanofluid 

was not recommended for both laminar and turbulent flows except when the 

temperature was higher than 30 °C, and concentration was lower than 1%. This was 

because the heat transfer enhancement due to an increase in thermal conductivity 

outweighs the unfavourable increase in pumping power at these conditions. Outside 

of the mentioned conditions, the increase in viscosity increases the pumping power 

and was not worth the increase in thermal conductivity. They also mentioned that the 

highest increase in thermal conductivity was seen at 35-40 °C. 

Rostami et al. (2020) investigated the effect of magnetic fields on the HTC during 

boiling using NiO/water with concentrations of 0.005%-0.2% vol and particle size of 

10-60 nm. They used a vertical copper cylinder as the heater. It was found that with 

no magnetic field, the HTC was enhanced only at 0.005% vol. concentration as 

compared to water and deteriorates with an increase in concentration. They also found 

that the magnetic field enhanced the HTC at 0.005% vol., but high magnetic field 

intensities deteriorated the HTC at high concentrations. A maximum HTC 

enhancement of 56.4% was noted when a magnetic field of 300 gauss was used with 

0.005% vol. concentration as compared to water. 

Sarafraz and Hormozi (2016) used aqueous multi-walled carbon nanotube nanofluid 

with concentrations of 0.1%-0.3 wt% and diameter of 10-20 nm to investigate its pool 

boiling heat transfer performance. A micro-finned and plain surface were considered. 

They found that modified surface enhanced the HTC and CHF by up to 77% and 95%, 

respectively, at 0.3 %wt compared to plain surface heaters. The modified surfaces 

hindered particle deposition and vapour layer formation, which increased its heat 

transfer capabilities. 

Sheikhbahai et al. (2012) investigated pool boiling of Fe3O4/EG/water (50% vol. 

EG/50% vol. water) in an electric field with particle concentrations of 0.01%-0.1% vol., 

particle size smaller than 50 nm, atmospheric pressure, and saturated temperature 

were used. A horizontal NiCr wire was used as the heater. They found that the HTC 



40 
 

decreases, and CHF increases with particle concentration where the maximum CHF 

increment was near 100%. The researchers mentioned that CHF's increase was due 

to a porous layer that modified the heater surface and increased the wettability by 

decreasing the contact angle from 60° to 20°. Increased wettability delays the vapour 

film blanket and causes an increase in CHF. CHF enhancement was also seen when 

the heater wire previously used in nanofluid boiling was used to boil the pure base 

fluid. By applying an electric field, the HTC had increased in comparison to boiling 

without an electric field, whereas the CHF did not show any change. 

Shoghl and Bahrami (2013) experimented using a stainless-steel rod heater to 

compare nanofluids' boiling performance at saturation temperature and atmospheric 

pressure with and without surfactant using ZnO/water and CuO/water at 

concentrations from 0.01% to 0.02 wt% of nanoparticle and 0.04 wt% surfactant. They 

showed that for pure water, as the surfactant concentration increased up to 0.02 wt%, 

the HTC increased. Using surfactants with a concentration higher than 0.02 wt% lead 

to bubble film formation on the heater surface, which reduced the HTC. When 

nanofluids were used without surfactant, the boiling performance decreased. This was 

because the heater's surface roughness decreased, which initially had a surface 

roughness greater than the nanoparticles' size. When surfactant was used with 

nanofluid, the HTC had improved. Maximum HTC was noted for 0.01 wt% CuO/water 

with 0.02 wt% surfactant.  

Soltani et al. (2009) used a vertical stainless-steel cartridge heater to carry out 

experimental measurements on the boiling heat transfer characteristics of SnO2/water 

and γ-Al2O3/water of varying concentrations from 0.5% to 3 wt% and 0.3% to 2 wt% 

with a particle size of 55 nm and 20-30 nm, respectively at atmospheric pressure. Their 

results show that HTC increases with an increase in particle concentration for γ-

Al2O3/water up to 30% compared to the base fluid. For SnO2/water, the HTC was lower 

than that of pure water at low concentration, while using concentration higher than 0.5 

wt% shows a steady increase and enhancement of HTC up to 20%. It was concluded 

that the physical properties of the nanoparticles could be the cause of this 

contradiction.  

Suriyawong and Wongwises (2010) experimented on pool boiling of TiO2/water with 

particle diameter of 21 nm at various low concentrations from 0.00005%-0.01% vol. at 
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atmospheric pressure and saturation temperature. Horizontal copper and aluminium 

plates, each with a roughness of 0.2 µm and 4 µm, were used. For copper surface, 

the nanofluid concentration of 0.0001% vol. showed an increase in HTC compared to 

base fluid with an average increase of 15% with a roughness of 0.2µm and 4% with a 

surface roughness of 4µm. Conversely, higher concentrations showed a decrease in 

HTC. The HTC was always lower than pure water for aluminium surfaces in all 

conditions. However, the HTC, while using aluminium surface with water, was higher 

than when using a copper surface with water. The HTC was also generally higher for 

the roughness of 4 µm than 0.2 µm due to increased cavities and nucleation sites. 

Trisaksri and Wongwises (2009) used TiO2/R141b nanofluid with a particle size of 21 

nm to examine the nucleate pool boiling heat transfer at different concentrations 

ranging from 0.01% to 0.05% vol., operating pressures of 400 kPa and 500 kPa and 

at respective saturated temperatures. A horizontal copper tube was used as the 

heated surface with a roughness of 314 nm. The HTC achieved while using nanofluid 

was always found to be lower than when base fluid was used, and as the TiO2 

concentration increased, the HTC decreased. In addition, they noted that HTC of pure 

R141b and the nanofluid increased with pressure and that effect of pressure on HTC 

was less at higher concentrations than at lower concentrations. 

Vassallo et al. (2004) conducted a pool boiling heat transfer experiment using 

SiO2/water and a horizontal NiCr heater wire with 0.4 mm diameter at atmospheric 

pressure and saturation temperature. Different particle sizes (15 nm, 50 nm, 3000 nm) 

were tested and used a fixed concentration of 0.5% vol. They noted that when using 

15 nm and 50 nm particles, the wire failed to transition into film boiling and that using 

50 nm particles achieved the highest heat flux, which was 3 times higher than pure 

water. They noted a nanoparticle layer formed on the heater surface, explaining the 

increase in maximum heat flux. They repeated the experiment on pure water using a 

rougher heater surface and found that the maximum heat flux had increased compared 

to the smoother surface in pure water. No visible HTC improvement was seen for any 

case. 

Wen and Ding (2005) examined the pool boiling heat transfer of γ-Al2O3/water using a 

particle concentration of 1.25 wt% and particle size of 10-50 nm at atmospheric 

pressure and saturation temperature. The heater was a stainless-steel disk. They 
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concluded that the HTC increases with concentration up to 40%. However, the 

researchers did not report any deposition. They mentioned that controversies in heat 

transfer behaviour during pool boiling must be related to the behaviour and properties 

of the boiling surface, nanofluid, and their interactions. 

Wen et al. (2011) investigated the effect of surface roughness on heat transfer of 

boiling nanofluids using Al2O3 particles with a 20-150 nm diameter and concentrations 

varying from 0.001%-0.1% vol. under saturation temperature and atmospheric 

pressure. Two brass plate heaters were used with a surface roughness of 420 nm 

(rough) and 25 nm (smooth). They mentioned that the boiling heat transfer depends 

on the relative size between the heater surface geometry and the particle suspended 

in the fluid and their interactions. The nanoparticle coating increased the surface 

roughness for the smooth surface, and the 200% HTC enhancement was reduced with 

concentration. In contrast, the surface roughness remained almost unchanged for the 

rough surface, and the concentration did not affect the boiling curve, which suggests 

that the modification of the heater surface was responsible for any enhancement or 

deterioration. They mention that the results were affected by the number of times the 

boiling surface was used in nanofluid boiling. 

White et al. (2010) carried out experiments to understand the effect of nanoparticle 

layering on heat transfer during pool boiling. They used ZnO/water nanofluid with a 

particle size of 40 nm (2.3 vol%) and a horizontal stainless-steel plate as the heater 

surface. They found that with every test, the surface roughness of the heater 

increased. After each test with nanofluid, they used the same surface (uncleaned) and 

tested using pure water. It was found that the HTC increased significantly with every 

test using pure water after it was used with nanofluid due to increased surface 

roughness. For nanofluid, however, the HTC was enhanced in the first test (compared 

to base fluid) then decreases continuously after the first test when the surface was 

fully covered with a nanoparticle layer. This was said to be because the nanoparticle 

layer suppressed the transport of bubbles. 

Witharana (2003) investigated the effect of heater surface roughness on the HTC of 

R-134a boiling at pressures varying from 3 to 5 bar using a wire heater. The results 

showed that the HTC increased with surface roughness and pressure up to 50% 

compared to a smooth surface.  
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Witharana (2003) also investigated boiling heat transfer using a copper plate as the 

heat transfer surface with a diameter of 100 mm. Au/water (0.0002 to 0.001 wt%) with 

particles size of 30 nm and ethylene glycol (EG)/water mixture was used with SiO2 

nanoparticles at 0.025 wt%. A higher concentration of Au particles showed a higher 

HTC of up to 21% than base fluid, whereas the HTC decreased for the SiO2/water and 

SiO2/EG nanofluid.  

Yang and Liu (2011) studied pool boiling heat transfer at and below atmospheric 

pressure of traditional and functionalized SiO2/water nanofluid, which, unlike traditional 

nanofluids, does not form a deposition layer on the heated surface or change surface 

characteristics. For this reason, there exists a comparable difference between them. 

The experiment consisted of a copper bar heater, a particle size of 30 nm, and 

concentrations of 0.5-2.5 wt%. They mentioned that functionalized nanofluid could 

increase the HTC to a small extent up to 27.3% compared to base fluid while not 

affecting CHF. In contrast, traditional nanofluid enhances CHF and deteriorates HTC. 

They found that the HTC for functionalized nanofluid was not very sensitive to pressure 

by showing that the HTC decreased by only 10% when the pressure was decreased 

from 103 kPa to 7.4 kPa. It was reported that functionalized nanoparticles can stay 

well dispersed after the nanofluid has been sitting still for 12 months, even at 

concentrations of 10 wt% without forming sediments.  

Yang and Maa (1984) conducted saturated boiling experiments using a stainless-steel 

tube at room temperature and pressure. They found that heat transfer in pool boiling 

was enhanced using fluids with 0.05 µm to 1 µm alumina particles at a low 

concentration from 0.1-0.5 wt%. They noticed that the smaller particles and higher 

concentrations were better at enhancing the nucleate boiling heat transfer. 

Yao et al. (2018) studied the influence of nanoparticle type and diameter on boiling 

heat transfer performance under various pressures. They used a smooth copper plate 

as the heater and boiled SiO2/water, Al2O3/water, and Al2O3/SiO2/water, each with a 

0.01 wt% and two different average particle sizes of 50 and 30 nm. At a pressure of 

101 kPa and while using a particle size of 50 nm, the Al2O3/water nanofluid showed 

the greatest improvement in HTC (up to 51.8%) compared to base fluid, followed by 

Al2O3/SiO2/water (32.6%) and lastly SiO2/water (18.3%). They also showed that for 

their experiment, the enhancement in HTC was higher when 50 nm particles were 
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used compared to 30 nm particles. They reasoned that the smaller particles have a 

higher collision frequency and thus a higher tendency of agglomeration at the same 

mass concentration.   

You et al. (2003) investigated the pool boiling heat transfer on a copper plate heater 

using Al2O3/water. The concentration ranged from 0 g/L to 0.05 g/L at saturation 

temperature of 60°C. The authors reported a 200% increase in the CHF than using 

base fluid, whereas the HTC during nucleate boiling remained unchanged. 

To summarise, the literature suggests that the improvement in heat transfer using 

nanofluids depends on different factors such as the shape, surface roughness, 

finishing, and the heater's material. It was also worth noting that Al2O3/water was the 

most used nanofluid in the literature and are predominantly found in spherical shapes 

although short rod shapes are also common as shown below. The shape of the 

nanoparticles do play a small role in the thermal conductivity of the nanofluid as 

mentioned by Alawi et al. (2018) but correlations that take into account the shape of 

the nanofluid are difficult to find. A general trend can be formed from the outcomes 

reported by different articles.  

 

Figure 16 Appearance of spherical shaped Al2O3 
nanoparticles under microscope. 

 

 

Figure 17 Appearance of rod shaped Al2O3 
nanoparticles under microscope. 

 

The heating surface's topography and microstructure get affected during nanofluid 

boiling, which significantly helps with CHF enhancement. In addition, deposition of the 

nanoparticle layer on the heating surface enhances its characteristics such as 

roughness and surface wettability, which dramatically improves the CHF. 

The HTC was enhanced when the nanofluid’s thermal conductivity increases since the 

heat transfer increases. The use of surfactants improves suspended particles' stability, 
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decreasing the agglomeration and deposition, which increases the HTC. Surfactants 

also help increase HTC by reducing the surface tension between the heating surface 

and the nanofluid, which increases the nucleation sites and decreases bubble 

diameter. As the fluid becomes more turbulent, the HTC increases as heat transfer by 

convection increases.  

Depending on the concentration and boiling time, nanoparticles tend to accumulate on 

the test surface. The thin nanoparticle layer on the heating surface leads to an 

enhanced HTC at low concentrations as the thermal conductivity effect dominates the 

thermal blanketing effect of the nanoparticle layer, and the surface roughness 

increases. However, at high concentrations, nanoparticle deposition increases. As a 

result, the number of nucleation sites and bubble diameter is reduced, and additional 

thermal resistance is formed, leading to a deterioration of HTC. Depending on the 

original surface roughness and nanoparticle size, the nanoparticle layer can either 

increase or decrease the surface roughness. There is an increase in the surface 

roughness if the nanoparticle is larger than the surface roughness and decrease if it 

is smaller than the surface roughness. As the saturation pressure increases, the HTC 

enhancement increases and that smaller particle sizes are better at enhancing heat 

transfer than larger particles in general. 

Following the evaporation of the microlayer, nanoparticles are deposited on the heated 

surface. If the particles deposit on cavities that are smaller than the particle size, the 

cavities are blocked and unable to form bubbles. In contrast, when the particle size is 

smaller than the cavities, the nucleation site is split, which promotes heat transfer. 

From Table 2, most of the authors reported the surface roughness to decrease when 

SPIP >> 1 and increase when SPIP is close to 1. However, Figure 13 suggests that 

HTC is improved when SPIP >> 1. This would mean that even though the surface 

becomes smoother when SPIP >> 1, the HTC still increases due to the increased 

number of nucleation sites from the splitting of cavities. It is also worth noting that for 

all the reviewed articles when HTC enhancement is reported, the roughness always 

shows an increase. However, when the HTC has deteriorated, the roughness does 

not always decrease.  

The CHF is enhanced when the surface roughness increases since the effective 

contact area increases and because more liquid is trapped in the surface imperfections 
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preventing vapour layer formation. The increase in surface wettability also increases 

CHF since the nucleation site density is reduced due to a lower contact angle, and 

development of a vapour layer is avoided. When the fluid's capillarity increases, the 

CHF is enhanced since the wetting increases, which prevents dry regions under 

vapour bubbles. 

When there is an increase in concentration, the thermal conductivity also increases, 

which helps enhance the heat transfer. However, it was proven that the viscosity also 

increases with concentration, which is undesirable in flow applications as it increases 

the power required to pump and increases pressure drop, which outweighs the 

benefits of higher thermal conductivity, as reported by Rejvani et al. (2019). A higher 

viscosity also decreases the Reynolds number, which, in turn, decreases the HTC. 

 

2.3.2 Numerical review  

Numerical studies have also been done to predict the HTC. They have been slowly 

gaining popularity since it is cost-effective, and a more comprehensive range of 

parameters can be varied easily. Fewer studies are available on pool boiling as 

compared to flow boiling. Since they use a similar concept, numerical flow boiling 

investigations were also included in this section.  

Abadi et al. (2018) simulated pool boiling using 3D circular heated tubes with a 

roughness of 0.1 µm at different inclination angles in Fluent at atmospheric conditions. 

Water, FC-72, and ethanol were used at their respective saturation temperature. They 

used a two-phase Eulerian-Eulerian approach with RPI boiling model and realizable 

k-ε model. It was found that water showed a higher HTC than the other two fluids and 

that as the inclination angle increases, the HTC decreases. They found a good 

agreement between the experimental and numerical data. 

Ahmadpour et al. (2018) conducted a numerical investigation of pool boiling on a 

staggered tube bundle using water, R134a, R22, and ethanol as working fluids at 

different saturation temperatures. Two-phase Eulerian-Eulerian with RPI boiling model 

and realizable k-ε model was used. They found that as the saturation temperature and 

pressure increase, the HTC increases. A more significant increase was seen for water 

as compared to the rest of the fluids. The HTC increased along with the tube bundle 
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when the heat flux was lower than 60 kW/m2 for water and 30 kW/m2 for the rest of 

the fluids. They noticed that the HTC increased with heat flux and remained constant 

after it increased past a certain threshold. It was found that ethanol had a better 

thermal performance than water. Their model agreed with experimental data.  

Akbari et al. (2011) compared single & two-phase models for the simulation of 

Al2O3/water mixed convection heat transfer with 42 nm particle size and 

concentrations less than 2% vol. The single-phase and three distinct two-phase 

models (Eulerian, VOF, mixture) were compared against experimental data. The 

geometry consisted of a horizontal 4.5 mm diameter and 0.97 m long tube with uniform 

heat flux applied at the solid-liquid interface. The single-phase model (liquid) uses 

nanofluids' effective properties evaluated using appropriate correlations, whereas the 

two-phase models use both liquid and nanoparticles. For two-phase models, the 

Eulerian-Lagrangian and Eulerian-Eulerian approach was recommended for low and 

high particle concentrations. They found that the two-phase models were more 

accurate than the single phase. They concluded that all three two-phase models had 

almost the same accuracy for the given problem and that VOF was the least 

computationally expensive model to use. 

Azari et al. (2014) carried out flow boiling experiments and 3D simulations focusing on 

the HTC of a laminar flow in a cylindrical copper tube using Al2O3/water nanofluid with 

concentrations of 0.03-2.5% vol. and particle size of 40 nm. They used three models: 

variable physical properties with single-phase (VP-SP), constant physical properties 

with single-phase (CP-SP), and two-phase discrete particle model. The comparison 

against experimental data showed that the two-phase model had a higher level of 

accuracy than the single-phase model. They reported an increase in HTC and 

increasing enhancement with Reynolds number. 

Behroyan et al. (2018) investigated the effect of subcooled flow boiling of Cu/water 

and Al2O3/water at concentrations of 0.5%-2% vol. considering the change in surface 

wettability due to particle deposition on the heater wall using user defined functions 

(UDFs). The non-uniform particle distribution was also modelled. A 2D axisymmetric 

vertical cylindrical tube was used with Eulerian-Eulerian two-phase (nanofluid/vapour) 

and Eulerian-Lagrangian three-phase (water/vapour/nanoparticles) models and was 

compared against experimental data. The k-ε turbulence and heat partitioning models 
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were used, and a UDF was used for nucleate site density and bubble departure 

diameter. They found that CuO/water nanofluid had an HTC 2% higher than 

Al2O3/water. Both nanofluids showed an HTC lower than the base fluid. As the 

concentration increased, the HTC decreased such that at high concentrations (2% 

vol), the HTC decreased by 7% for Cu and 5% for Al2O3. The Eulerian-Lagrangian 

model predicted a higher HTC degradation than the Eulerian-Eulerian model. The 

models were validated against Chen’s correlation, where the Eulerian-Lagrangian 

model showed 6% error and the Eulerian-Eulerian model showed 12% error. In their 

simulation, Ishii and Zuber’s model was used for drag force. Lift force was by 

Tomiyama, wall lubrication force by Antal et al., and turbulent dispersion force by Kurul 

and Podowski. The characteristic time for bubble induced turbulence was by Troshko 

and Hassan, and bubble induced turbulence and turbulent viscosity by Sato et al. The 

nucleation density and bubble departure diameter were by Li et al., which was 

appropriate for nanofluids and bubble departure frequency by Cole. 

Çiftçi and Sözen (2020) numerically and experimentally investigated the condensation 

and pool boiling heat transfer enhancement by using SiO2/DCM and h-

BN/dichloromethane (DCM) nanofluids at their respective saturation temperature and 

different concentrations from 0.5% to 1.5% vol. with a particle size of 50nm and 15-

35nm, respectively. Their experimental and 2D numerical model is shown in Figure 

18. They used a VOF multiphase model with k-ε RNG, enhanced wall treatment, and 

thermal effects selected. The authors reported improved heat transfer capabilities for 

both nanofluids when compared to the base fluid that as the particle concentration 

increased, the HTC increased for SiO2/DCM up to 20%. In contrast, for h-BN/DCM, 

the maximum enhancement of 27% was seen at 1% vol concentration. The simulation 

results were consistent with the experimental results.  
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Figure 18 (a) Experimental setup and (b) 2D model. 

Filho et al. (2016) used a two-phase Eulerian RPI boiling model to predict 

characteristics of subcooled flow boiling of pure water. A vertical stainless-steel tube 

with heated walls was modelled as 2D in ANSYS Fluent. The saturation pressure was 

varied (3.0, 4.5, and 1.5 MPa). They compared vapour volume fraction, bulk liquid 

temperature, and wall temperature to experimental data, where the model was found 

to have promising accuracy. The interfacial HTC was modelled according to Ranz and 

Marshall, whereas the bubble departure diameter was modelled according to 

Tolubinski and Kostanchuk. The drag force was by Ishii and Zuber, lift force by 

Tomiyama, wall lubrication force by Antal et al., turbulence dispersion force by Lopez, 

and the virtual mass coefficient was given as 0.5.  

Gobinath et al. (2018) numerically modelled sub-cooled pool boiling of Al2O3/water 

with a particle size of 46 nm and concentration of 0.02% vol. using single-phase steady 

2D pressured-based implicit solver in ANSYS Fluent using different heater conditions. 

They used translational and rotational Peclet numbers, thermophoretic parameters, 

and time-scale equations for diffusion to analyze small particle motion due to 

diffusion/advection nano-scale heat transfer. They noticed that as the heat increased, 

the movement of the particle near the heater decreased and that the Peclet number 

had an important influence on the motion of nanoparticles in heat diffusion. 

Gupta et al. (2019) examined the role of nanofluids in enhancing heat transfer 

capabilities. They used a horizontal stainless-steel rod as the heater that was 

submerged in pure water and Al2O3/water with varying concentration from 0.001% to 

0.05% vol. They used a 2D transient Eulerian two-phase model to determine the HTC 
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at sub-atmospheric and atmospheric pressures. The HTC using nanofluid was found 

to be higher than when water was used. In addition, they noticed an increment in the 

HTC with an increase in heat flux, pressure, and particle concentration. Finally, they 

validated their model against experimental data and showed a maximum deviation of 

9%. 

Ham and Cho (2016) studied the effect of the size of nanoparticle (25-75 nm) and 

volume fraction (0.025%-0.1% vol.) on Al2O3/water pool boiling using the heat flux 

partitioning model. The results showed that the nanofluid had a lower HTC but higher 

CHF and surface wettability than base fluid. The increase in particle size and volume 

fraction had the effect of worsening the HTC. They also noticed that the bubble 

diameter increased, whereas bubble departure frequency and contact angle 

decreased with increased nanofluid concentration. The size of the nanoparticle had a 

negligible effect on the contact angle. The surface wettability also increased with an 

increase in particle diameter and concentration. 

Hsu et al. (2017) looked into how the boiling curve was affected by the surface 

wettability using a VOF model and different contact angles from 5° up to 180° in 

ANSYS Fluent. Saturated water with a smooth horizontal surface as the heater was 

used at atmospheric conditions. They showed that, in general, the CHF decreases as 

the contact angle increases, whereas no clear conclusion was drawn for the effect on 

HTC. Their model was compared to other numerical and experimental work and 

showed good agreement. 

Jiansheng et al. (2019) carried out a numerical investigation of the pool boiling of 

saturated water at atmospheric conditions on different heater geometries, including a 

plain surface and a surface with 36 hemispheres at multiple orientations. They found 

that the surface with hemisphere showed a better heat transfer performance than the 

plain surface, where the surface with a downward-facing hemisphere showed the 

highest HTC and the lowest CHF since it was easier to form a vapour blanket. Their 

simulation consisted of a 3D transient Eulerian with k-ε model and specified a contact 

angle of 60°. The model was successfully validated and used drag force by Ishii. 

Kamel et al. (2019) simulated the pool boiling of SiO2/water (0.01% vol.) with the use 

of a two-phase Eulerian model with RPI boiling model. Using a UDF for nucleation site 

density and bubble departure diameter, they modelled the surface modification during 
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pool boiling. They showed that a bubble waiting time coefficient, 𝐶𝑤𝑡, of 1 (standard) 

led to inaccurate results and thus suggested a correlation (Eq. 12) which, after using, 

showed good agreements with experimental data of pure water pool boiling. The 𝐶𝑤𝑡 

correlation in their study varied with superheat temperature and was specific for 0.01% 

vol. and in a separate study by same authors, it was shown that 𝐶𝑤𝑡 varied with particle 

concentration. A steady-state simulation was used, and they mentioned that the 

results from steady-state and transient simulations had negligible differences. It was 

found that the nanofluid had a lower HTC than pure water. They used the k-ε 

turbulence model, Ishii model for drag, turbulent dispersion by Lopez, heat transfer 

coefficient by Ranz and Marshall. 

𝐶𝑤𝑡 = 0.1 + 2.5 [1 − 𝑒
−(
𝑇𝑤−𝑇𝑠𝑎𝑡
22.442

)
5.9

] 
 
(12) 

 

Kim et al. (2017) used a two-phase VOF model to simulate pool boiling of Al2O3/water 

(2 – 4 % vol.), and pure water at different superheat temperatures ranging from 5 K to 

20 K. Their simulated results showed an agreement for the shape and size of the 

bubbles with the experimental measurements. They found that the mean heat flux and 

the mean void fraction increase with wall superheat. The HTC increases slightly when 

the nanoparticle concentration increases due to higher thermal conductivity. 

Krepper and Egorov (2007) carried out a sub-cooled water boiling simulation using a 

2D domain at different mass flow, heat flux, and pressure conditions. They used a two-

phase Eulerian, heat flux partitioning, and SST models. They reported expected 

results at medium heat fluxes but reported inconsistent results at higher heat flux and 

pressure. In their simulation, Ishii and Zuber’s model was used for drag, lift force by 

Tomiyama, Antal et al. for wall lubrication, and turbulence dispersion by Burns.  

Li et al. (2014) simulated nucleate pool boiling of SiO2/water at concentrations of 0-

0.1% vol. using a two-fluid model. They accounted for enhancement in the wettability 

of the surface due to deposition of nanoparticles by developing new correlations for 

bubble departure parameters. It was mentioned that in dilute nanofluids, the improved 

fluid properties that were caused by the addition of nanoparticles have little to no effect 

on the heat transfer, whereas the improvement in surface wettability was an essential 

factor. They suggest that the model's accuracy needs to be further improved by 
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considering the change in surface morphology due to the depositions. The correlation 

that they suggested for nucleation site density is given as 𝑛 = 1. 206𝑥104(1 −

𝑐𝑜𝑠𝜃)∆𝑇𝑠𝑢𝑝
2.06 and showed better accuracy than other correlations. They mentioned that 

none of the correlations for bubble departure diameter found in the literature could 

predict correctly. The effect of bubble departure diameter was almost negligible. By 

comparing their model to experimental data, they concluded that the model's accuracy 

had increased by considering the effect of improved wettability but was still not 

satisfactorily accurate. They used bubble departure frequency by Cole, and Fritz, and 

Tolubinsky-Konstanchuk correlation for bubble departure diameter. 

Li et al. (2011) created and validated the Eulerian multiphase flow boiling model to 

predict CHF using CFD solver ANSYS-Fluent. R113 was used, which flows through 

an annulus and a rectangular duct modelled in 2D and 3D, respectively. They 

concluded that the wall, liquid, and vapour fraction results were practically independent 

of which turbulence model is used. However, only the SST k-ω turbulence model could 

correctly predict the temperature distribution along the axis. Although many numerical 

studies have proven the enhancement of CHF, there have been some inconsistencies 

regarding HTC. 

LiLi et al. (2012) performed a 3D numerical simulation of two-phase (vapour-liquid) 

water flow and boiling heat transfer in a horizontal steel tube using a multiphase model 

in Fluent. They used the k- ε turbulence model and added a UDF for the mass and 

energy source terms that De Schepper et al. (2009) presented to simulate the boiling 

phenomenon. The liquid temperature was at saturation temperature at 0-gauge 

pressure. They found that HTC increased with wall temperature and flow velocity. 

However, the authors did not show the validity of the model.  

Lotfi et al. (2010) compared single-phase, two-phase mixture and the Eulerian model 

to determine the forced convection heat transfer of Al2O3/water on a horizontal tube 

with concentrations of 2%-7% vol. and 42 nm particle diameter. The k- ε turbulence 

model was used, and a comparison was done against the data collected from an 

experiment. They concluded that the mixture model was more accurate than the other 

two for this application. They then varied the concentration to understand its effect on 

the HTC and found that as the concentration increased, the HTC increased. 
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Mahdavi et al. (2018) investigated the deposition of 38 nm Al2O3 particles on a 20 mm 

diameter horizontal cylinder during pool boiling with water as the base fluid in two-

phase (Eulerian-Eulerian) and three-phase (Eulerian-Lagrangian) frames. The 

selected turbulence model was k-ε realizable with wall y+ less than 1. The 

concentrations used were from 0%-4% vol. They used a 2D model and accounted for 

the roughness and nanoparticle deposition modifications by implementing UDFs for 

bubble departure diameter and nucleation site density. They found that as the 

nanoparticle concentration increased and the heat flux decreased, the deposition 

increased, and the HTC decreased compared to the base fluid. The bubble departure 

diameter increased, while the nucleation site density decreased with an increase in 

particle concentration. Nanoparticle deposition showed a more pronounced effect on 

the decrease of nucleation site density than the bubble departure diameter. In their 

simulation, Grace’s model was used for drag, lift force by Tomiyama, Antal et al. for 

wall lubrication, turbulence dispersion by Burns, virtual mass force, according to Drew 

and Lahey. Heat transfer between phases was modelled using Ranz and Marshall, 

nucleation site density by Benjamin and Balakrishnan, and bubble departure diameter 

by Golorin et al. The last two models were mentioned to be appropriate for nanofluids. 

Mohammed et al. (2018) investigated the effect of nanoparticle concentration on flow 

boiling in a 3D rectangular copper tube at saturation temperature of 309 K via CFD 

(ANSYS Fluent V.15) using mixture multiphase model. Still, the volume of fluid (VOF) 

model was also used to show vapour behaviour. Four phases were used: 

ZnBr2/acetone, liquid, vapour acetone, and solid ZnBr2 nanoparticles. They 

implemented UDF codes for energy and mass source terms due to evaporation as 

defined by Lee’s model in 1980. The k-ε model was used, which was suitable for 

boiling since there was a presence of turbulence. A transient Reynolds Averaged 

Navier Stokes solver (RANS) with a time step of 0.005 sec. was used to run the 

simulation. They noticed that an increase in the nanoparticle concentration from zero 

to 1% vol. increased the HTC and the vapour volume fraction. The authors mentioned 

that the enhanced heat transfer was caused by the improved thermal conductivity of 

the fluid. The model was validated against experimental results and was in good 

agreement.  

Naghibzadeh et al. (2020) compared the different interphase momentum exchange 

models in the Eulerian two-phase model to simulate and predict subcooled flow boiling 
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parameters in heated vertical tubes. After simulating 65 different cases, they 

concluded that the accuracy depends on the combination of interaction force models. 

They concluded that for their study, a combination of the Ishii model for drag, Antal et 

al. model for wall lubrication, Moraga and Saffman model for lift, turbulent interaction 

of Troshko-Hassan and DeBertodano for turbulent dispersion showed the best 

performance. They mentioned that the lift and wall lubrication forces had an 

insignificant effect on the results for most working conditions. 

Renb and Zhoua (2020) studied the nucleate pool boiling outside a vertical tube under 

different pressures up to 10 kPa and liquid subcooling of up to 20 K using a 2D 

Eulerian-Eulerian VOF two-phase model. The effect of liquid height and tube length 

on the heat transfer have been investigated. A UDF was used to introduce the mass 

source term according to the Lee model to implement the phase change model. The 

researchers found that as the pressure and liquid subcooling increased, the wall 

superheat decreased, which increased the HTC. The vertical tube needed a higher 

heat flux to onset nucleate boiling as compared to the horizontal surface. The liquid 

height showed little to no effect on the heat transfer capabilities, whereas an increase 

in the tube length led to a decrease of HTC since large bubbles were forming on the 

tube wall.  

Sato and Niceno (2018) conducted a numerical simulation of film and nucleate boiling 

using interface tracking method via CFD using a horizontal copper plate with heat flux 

from 50 𝑘𝑊/𝑚2 to 1500 𝑘𝑊/𝑚2 and concluded that the temperature and HTC 

obtained from the computation showed a good correlation with experimental work and 

that the CFD approach could be used for predictions.  

Shetty et al. (2017) developed a numerical model for flow boiling of Al2O3/water inside 

a vertical axisymmetric steel tube using the two-phase Eulerian model, k-ε turbulence 

model and RPI boiling model in ANSYS Fluent. Concentration was varied from 0.001% 

0.1% vol. and the inlet pressure, temperature, mass flow rate and heat flux were also 

varied. They found that the RPI model predicted the vapour volume fraction with good 

accuracy. The HTC for inlet velocity of 2.5 m/s was also predicted with decent 

accuracy compared to the experimental data. However, for 2 m/s and 1.5 m/s, the 

HTC was over predicted. They mentioned that the overprediction was that the 

assumption of taking inlet temperature for HTC calculation was not accurate. The HTC 
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deterioration was seen when nanofluids were used as compared to when water was 

used. In their simulation, additional terms were added to the k-ε model to account for 

bubble stirring and dissipation. They used Schiller and Naumann's model for drag 

force, Morega for lift force, Simonin for turbulent drift force. Nucleation density 

correlation used was by Lemmert and Chawla, departure frequency by Cole, bubble 

departure diameter by Tolubinsky and Kostanchuk. 

Simon et al. (2010) used the Eulerian multiphase model with k-ε turbulence model to 

predict refrigerant nucleate boiling in heat exchangers. They used the Ishii and Chawla 

model for drag force, lift coefficient of 0.25 for lift force, Antal et al. for wall lubrication 

force, Kurul and Podowski for turbulent dispersion, and Sato for turbulent viscosity. 

Nucleation density correlation used was by Lemmert and Chawla, nucleation 

frequency by Cole, bubble departure diameter by Unal, Nusselt number by Ranz and 

Marshall, and the bubble diameter by Zeitoum and Shoukri. They concluded that the 

model was adequate to simulate nucleate boiling by validating it against experimental 

data. However, they mentioned that the diameter of the bubble needs to be modelled 

using a transport equation instead. 

Soleimani et al. (2020) performed a thermal analysis of a heat sink with microchannels 

cooled by flow boiling of Al2O3/HFE-7100 nanofluid with concentrations of 1%-4% vol. 

and a particle size of 36nm. They used a VOF 2-phase model and neglected the 

deposition effect during boiling. The HTC was enhanced up to only 3% at the highest 

concentration compared to when only the base fluid was used. They reported 96% 

and 94% accuracy when temperature and HTC were compared to experimental data. 

Wua et al. (2007) simulated in Fluent the two-phase flow boiling of R-141B in horizontal 

serpentine tubes using transient Eulerian multiphase model at a time step of 1-5 sec. 

The authors mentioned that this model was suitable since it handles coupling between 

phases and provides modelling for turbulence and interphase drag laws. They used k-

ε realizable turbulence model with near-wall turbulence modelling for enhanced wall 

function treatment and used UDF source terms to model phase change heat and mass 

transfer, for which Lee’s model was used. Ranz and Marshall’s model was used to 

calculate the HTC between the two phases, and Schiller and Naumann’s model was 

used for the drag coefficient. The pressure was 101.3 kPa, and at a saturation 

temperature of 308 K. They investigated different mass flow rates and heat fluxes. 
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They found that the vapour void fraction decreases as the mass flux increases at the 

exit. Their simulation results were shown to have good accuracy when compared to 

the experimental results.  

To conclude, valuable information was obtained from the numerical studies in terms 

of the models used by different authors. The choice of models in this study were 

decided from the reviewed numerical studies, their reported accuracy and relevancy 

to present study. It can be noticed that most studies used 2D two-phase Eulerian-

Eulerian k-ε realizable models and all reported good accuracy. It was also learnt 

steady state and transient simulations provide similar results. It was worth noting that, 

as found by Kamel etl al. (2019), the bubble waiting time coefficient is a function of 

multiple parameters such as superheat temperature and volume concentration. The 

RPI model was used extensively and was proven to be accurate for predicting vapour 

volume fraction by Shetty et al. (2017). The authors commonly used the following 

models: Ishii for drag force although Grace was also accurately used, Tomiyama for 

lift force, Antal-et-al for wall lubrication, Burns and Lopez for turbulent dispersion, Drew 

and Lahey for virtual mass force, Cole for departure frequency, and Ranz Marshall for 

interfacial heat transfer coefficient. Since the accuracy using these models was proven 

by various authors in literature, they were also implemented in this study as discussed 

in section 3.  

2.3.3 Mathematical model 

Researchers have developed some models that relate the surface roughness to the 

HTC. Gorenflo et al. (1993) present a correlation that relates the HTC to the surface 

roughness for pure fluids: 

 ℎ

ℎ𝑜
= 𝐶 ∗ 𝐹(𝑃𝑟) ∗ (

𝑞

𝑞𝑜
)
𝑛

, 𝐶 = (
𝑅𝑎

𝑅𝑎𝑜
)
0.133

, 𝑅𝑎𝑜 = 0.4µm, 

 
  𝑞𝑜 = 20 kW/m

2, ℎ𝑜 = 5600 W/m
2K (water)  

 
(13) 

 

Where 𝑞𝑜 , ℎ𝑜 𝑎𝑛𝑑 𝑅𝑎𝑜 are the fixed reference heat flux, specific heat transfer 

coefficient, and reference roughness value, respectively, according to the VDI Heat 

Atlas (Gorenflo et al., 1993). F(Pr) is the pressure correction factor calculated as: 

 
𝐹𝑜𝑟 𝑤𝑎𝑡𝑒𝑟:  𝐹(𝑃𝑟) = 1.73𝑃𝑟0.27 + (6.1 +

0.68

1 − 𝑃𝑟
)𝑃𝑟2, 𝑛 = 0.9 − 0.3𝑃𝑟0.15   

(14) 
 



57 
 

 

𝑂𝑡ℎ𝑒𝑟 𝑓𝑙𝑢𝑖𝑑𝑠 ∶  𝐹(𝑃𝑟) = 1.2𝑃𝑟0.27 + (2.5 +
1

1 − 𝑃𝑟
)𝑃𝑟, 𝑛 = 0.9 − 0.3𝑃𝑟0.3 

(15) 
 
 

Where 𝑃𝑟 is the reduced pressure. The correlation can be simplified by assuming a 

constant heat flux and pressure, and thus, the nanofluid to base fluid HTC ratio can 

be written as: 

 ℎ𝑛𝑓

ℎ𝑏𝑓
=
𝐶𝑛𝑓

𝐶𝑏𝑓
= (

𝑅𝑎𝑛𝑒𝑤
𝑅𝑎𝑜𝑔

)

0.133

 
 
(16) 

 

Where ℎ𝑛𝑓 and ℎ𝑏𝑓 are the nanofluid and base fluid HTC, respectively and 𝑅𝑎𝑛𝑒𝑤 and 

𝑅𝑎𝑜𝑔 are the new modified surface roughness after nanoparticle addition and original 

surface roughness, respectively.  

Similarly, by assuming constant superheat temperature and given that n = 0.77 for 

atmospheric conditions (water), the correlation can be simplified to: 

 ℎ𝑛𝑓

ℎ𝑏𝑓
= (

𝑅𝑎𝑛𝑒𝑤
𝑅𝑎𝑜𝑔

)

0.57

 

 

 
(17) 

Equations 16 and 17 show that as the surface roughness increases, the HTC 

increases and have shown to predict the HTC enhancement with reasonable accuracy 

when tested using data from previously selected literature.  

Nikman et al. (2014) derived a correlation based on data from previous literature by 

using bisquare least square fitting method. The equation predicts the modified surface 

roughness given the original surface roughness and nanoparticle size and is given as 

follows: 

𝑅𝑎𝑛𝑒𝑤 = 1.73 ∗
𝑅𝑎𝑜𝑔

𝑑𝑝
0.122

 
(18) 

Therefore, by substituting equation 18 into equations 16 and 17, the enhancement in 

heat transfer coefficient can be directly related to the particle size: 

𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥:             
ℎ𝑛𝑓

ℎ𝑏𝑓
= (

1.73

𝑑𝑝
0.122

)

0.133

   
 

(19) 
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𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡:             
ℎ𝑛𝑓

ℎ𝑏𝑓
= (

1.73

𝑑𝑝
0.122

)

0.57

 
 

(20) 

 

 

These equations show that surface roughness and thus HTC increases for all 

nanoparticle sizes below 90 nm regardless of the surface roughness. However, since 

the equation does not consider the relative size of the nanoparticle and surface 

roughness, its accuracy can be questioned.  

2.4 Summary of the reviewed literature 

By noting the outcomes of the reviewed studies, it is evident that there are some 

contradicting findings. This is because the outcomes depend significantly on how the 

experiment was set up, the conditions, and the parameters used. Table 1 summarises 

the effects of different parameters to help better understand their general effects on 

the outcome. Table 2 and Table 3 summarise experimental and numerical studies, 

respectively. 

Table 1. Summary of the effect of parameters on CHF and HTC. 

Parameter CHF HTC Cause 

Higher heat flux - Increases Nucleation site density increases, contact angle 

decreases 

Higher concentration Increases Increases/

Decreases 

Increase at low concentration due to enhanced thermal 

conductivity and higher deposition surface roughness. 

Decreases at high concentrations due to the increase in 

deposition thickness lead to higher thermal resistance, 

which counters the enhancement of surface roughness. 

Contact angle decreases 

Higher thermal 

conductivity 

- Increases Heat conduction increases 

Higher suspension 

stability 

- Increases Agglomeration decreases 

Higher surface tension - Decreases Bubble frequency and nucleation site density decreases, 

bubble diameter increases 

Higher bubble diameter - Decreases Nucleation site density decreases 

Higher bubble frequency -  Increases/

Decreases 

Increases microlayer evaporation and thus increases 

deposition, either increasing or decreasing HTC. 

Higher nucleation site 

density 

- Increases Increases turbulence and thus the convection heat 

transfer 
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Parameter CHF HTC Cause 

Higher surface roughness Increases Increases Higher nucleation site density. Increases contact area. 

Liquid traps in pores and prevents vapour layer from 

forming 

Higher surface-particle 

interaction parameter 

(SPIP) 

- Increases if 

away from 

1. 

Decreases 

if near 1 

Nucleation sites are multiplied when particles sit on the 

sites. 

 

The porous structure becomes blocked, leading to fewer 

nucleation sites 

Higher deposition 

thickness 

Increases Decreases 

 

At higher concentrations, Thermal resistance increases 

and outweighs surface roughness improvement. 

Higher wettability is due to a decrease in contact angle, 

which decreases nucleation sites. Thickness increases 

with boiling time 

Higher pressure - Increases Surface tension decreases 

Higher wettability Increases Decreases  Delays vapour film blanket, decreases contact angle 

which decreases nucleation sites 

Higher particle diameter - Decreases Thermal conductivity enhancement decreases. Finer 

particles have a higher enhancement due to a larger 

surface area. 

 

 

 

Table 2. Summary of previous experimental research involving nanofluids pool boiling. 

Reference/year 
Heater 

type 
Nanofluid 

Particle 

size 

(nm) 

Concentration 

Initial 

roughness 

(nm) & 

[SPIP] 

Operating 

pressure 
HTC CHF 

Ahmed and 

Hamed (2012) 

Flat copper 

block 

Al2O3/water 40-50 0.01-0.5% vol. 50 

[1-1.25] 

 

 

Atm Enhanced at 

0.01% vol. 

deteriorated at 

higher % 

(Roughness 

increased) 

- 

Ayoobia et al. 

(2020) 

Cr-Al-Fe 

wire 

Fe3O4/water <100 0.01% vol. - Atm Enhanced +160% 

Chang and bang 

(2005) 

Stainless 

steel plate 

Al2O3/water 47 0.5-4% vol. 37.2 

[0.79] 

Atm Deteriorated 

(Roughness 

increased) 

+32% 
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Reference/year 
Heater 

type 
Nanofluid 

Particle 

size 

(nm) 

Concentration 

Initial 

roughness 

(nm) & 

[SPIP] 

Operating 

pressure 
HTC CHF 

Chopkar et al. 

(2008) 

Copper plate ZrO2/water 

 

20-25 0.005-0.15% 

vol. 

642 

[25.68-32.1] 

Atm Enhanced at 

low conc. 

Deteriorated at 

high conc. 

(Roughness 

decreased) 

- 

Coursey and 

Kim (2008) 

Copper 

block 

Al2O3/water 

Al2O3/water 

45 0.026-1.02 g/L 

0.001-10 g/L 

- Atm No change +37% 

+25% 

Das and Putra 

(2003) 

Stainless 

steel tube 

Al2O3/water 20-50 0.1-4% vol. 420, 1150 

[8.4-21, 23-

57.5] 

Atm Deteriorated 

(Roughness 

decreased). 

- 

Golubovic et al. 

(2009) 

NiCr wire Al2O3/water 

BiO2/water 

22.6-46 

38 

All 0-0.01 g/L - 101.3 kPa - +50% 

+33% 

Ham et al 

(2017) 

Copper bar Al2O3/water 

 

50  0.001-0.1% vol. 117.5, 292.8 

[2.35, 5.85] 

3 kPa Deteriorated 

(Roughness 

increased) 

+225 

Harish et al. 

(2011) 

Aluminum 

disk 

Al2O3/water 50 0.5-2% vol. 53, 308 

[1.06, 6.16] 

Atm -30% for 

smooth.  

(Roughness 

decreased) 

Enhanced for 

rough surface. 

(Roughness 

increased) 

- 

He et al. (2016) NiCr wire ZnO/EG/ 

water 

- 5.25-8.25% vol. - Atm Enhanced Enhance

d 

Heris (2011) Cartridge 

heater 

(Cylinder) 

CuO/EG/ 

water 

40 0.1-0.5% vol. 1000 

[25] 

Atm +55% - 

Huang et al. 

(2011) 

Nickel wire TiO2/water 110-220 0.01-1 wt% - Atm Deteriorated 83% 

Kamel and 

Lezsovits (2020) 

Copper tube CeO2/water 50 

 

0.001-0.04% 

vol. 

115 

[2.3] 

Atm +70% 

At 0.007% vol. 

(Roughness 

increased) 

- 

 

Kathiravan et al. 

(2009) 

Stainless 

steel tube 

Cu/water 10 0.25-1 wt% 1090 

[109] 

Atm Deteriorated 

(Roughness 

decreased) 

+59% 

Kathiravan et al. 

(2010) 

Stainless 

steel plate 

Cu/water 

Cu/SDS/ 

water 

10 

10 

0.25-1 wt% 

0.25-1 wt%/9 

wt% 

167 

[16.7] 

Atm Deteriorated 

(Roughness 

decreased) 

+48% 

+75% 
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Reference/year 
Heater 

type 
Nanofluid 

Particle 

size 

(nm) 

Concentration 

Initial 

roughness 

(nm) & 

[SPIP] 

Operating 

pressure 
HTC CHF 

Khooshehchin et 

al. (2020) 

Copper 

cylinder 

CuO/water 20-60 0.025-0.125 

wt% 

840 

[14-42] 

Atm Enhanced - 

Kim (2014) Copper 

block 

CuO/water 80 0.1% vol 220, 1340, 

2320 

[2.75, 16.75, 

29] 

Atm Deterioration - 

Kim et al. (2006) NiCr & Ti 

wires 

Al2O3/water 

TiO2/water 

47 

85 

All 0.00001-

0.1% vol. 

 

- 101.3 kPa - +176% 

+200% 

Kim et al. (2007) Stainless 

steel wire 

Al2O3/water 

ZrO2/water 

SiO2/water 

110-210 

110-250 

20-40 

All 0.001-0.1% 

vol. 

 

100 

[0.47-5] 

Atm Deteriorated 

(Roughness 

increased)  

+52% 

+75% 

+80% 

Kshirsagar and 

Shrivstava 

(2018) 

NiCr wire Al2O3/water 

 

30 0.3-1.5 wt% 111 

[3.7] 

Atm Enhanced  

(Roughness 

increased) 

+87% 

Kwark et al. 

(2010) 

Coppper 

plate 

Al2O3/water 

CuO/water 

Diamond/wat

er 

139 

143 

86 

All 0.001-1 g/L - 19.9 kPa 

and Atm 

Deteriorated All +80% 

 

Li et al.  

(2020) 

Finned 

copper 

CuO/water 45 0.025-0.1 wt% - Atm Enhanced with 

a decrease in 

fin spacing 

- 

Liu et al. 

 (2007) 

Micro 

grooved 

Copper 

CuO/water 30 0.1-2 wt% - 7.4-100 

kPa 

Enhanced at 

low conc. 

Deteriorated at 

high conc. 

+200% 

Manetti et al. 

(2016) 

Copper 

cylinder 

Al2O3/water 

Fe2O3/water 

10 0.029-0.29 g/L 50, 230 

[5, 23] 

Atm 

 

Enhancement 

at low conc. 

for smooth 

surf. 

(Roughness 

increased) 

- 

Narayan et al. 

(2007) 

Vertical SS 

tubes 

Al2O3/water 

 

47-150 0.5-2 wt% 48, 98, 524 

[0.32-11.1] 

Atm +70% for SPIP 

>1,  

-45% for SPIP 

<1 

- 

Nazari and 

Saedodin (2018) 

Aluminium 

rod 

Al2O3/water 47 0.002-0.1% vol. 147 

[3.12] 

86 kPa Deteriorated +19% 

Okawa et al. 

(2012) 

 

Copper 

block 

TiO2/water 21 0.000094-

0.047% vol. 

- Atm Deteriorated 

initially then 

enhanced 

+91% 
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Reference/year 
Heater 

type 
Nanofluid 

Particle 

size 

(nm) 

Concentration 

Initial 

roughness 

(nm) & 

[SPIP] 

Operating 

pressure 
HTC CHF 

Park et al. 

(2009) 

Flat copper 

block 

CNT/water 10-20 0.0001-0.05% 

vol. 

- Atm Deteriorated +200% 

Pham et al. 

(2012) 

Stainless 

steel plate 

Al2O3/water 

CNT/BA/wat

er 

Al2O3/CNT/ 

water 

- 0.05% Vol. 

0.05%/10% Vol. 

0.05%/0.05% 

Vol. 

54 

 

Atm - +33% 

+108% 

+122% 

Rostami et al. 

(2020) 

Copper 

cylinder 

NiO/water 10-60 0.005-0.2% vol. 330 

[5.5-33] 

Atm +56.4 % with 

magnetic field 

- 

Sarafraz & 

Hormozi 

(2016) 

Copper 

Micro-finned 

and plain 

surface 

Multi-walled 

carbon 

nanotube/ 

water 

10-20 0.1-0.3 wt% - Atm +77% 

compared to 

plain surface 

+95% 

compare

d to plain 

surface 

Sheikhbahai et 

al. 

(2012) 

NiCr wire Fe3O4/EG/ 

water 

<50 0.01-0.1% vol. - Atm Deteriorated +100% 

Shoghl and 

Bahrami (2013) 

Stainless 

steel rod 

ZnO/water 

CuO/water 

<150 All 0.01-0.02 

wt% 

150 

[>1] 

 

Atm Enhanced with 

surfactant. 

Deteriorated 

without. 

(Roughness 

decreased) 

- 

Soltani et al. 

(2009) 

Stainless 

steel block 

γ-Al2O3/water 

SnO2/water 

20-30 

55 

0.3-2 wt% 

0.5-3 wt% 

- Atm +30% 

+20% 

- 

Suriyawong and 

Wongwises 

(2010) 

Copper plate 

Aluminium 

plate 

TiO2/water 21 0.00005-0.01% 

vol. 

200, 4000 

each 

[9.52-190] 

Atm +15% 

 

Deteriorated 

- 

Trisaksri and 

Wongwises 

(2009) 

Copper tube TiO2/R-141b 

 

21 0.01-0.05% vol 3140 

[149.5] 

400-500 

kPa 

Deteriorated - 

 

Vassallo et al. 

(2004) 

NiCr wire SiO2/water 15-3000 0.5% vol. - 101.3 kPa No change +200% 

Wen and Ding 

(2005) 

Stainless 

steel disk 

Al2O3/water 10-50 1.25 wt% - Atm +40% 

(no deposition) 

- 
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Reference/year 
Heater 

type 
Nanofluid 

Particle 

size 

(nm) 

Concentration 

Initial 

roughness 

(nm) & 

[SPIP] 

Operating 

pressure 
HTC CHF 

Wen et al. 

(2011) 

Brass plate Al2O3/water 20-150 0.001-0.1% vol. 25, 420 

[0.16-1.25, 

2.8-21] 

Atm +200% for 

smooth plate 

(Roughness 

increased) 

no change for 

rough surface 

(Roughness 

unchanged) 

- 

White et al. 

(2010) 

Stainless 

steel plate 

ZnO/water 40 2.3% vol. 60 

[1.5] 

Atm For NF 

decreases and 

for water 

increases with 

roughness 

(Roughness 

increased) 

- 

Witharana 

(2003) 

Copper plate Au/water 

SiO2-

EG/water 

30 

 

0.0002-0.001 

wt% 

0.025 wt% 

- Atm +21% 

Deteriorated 

- 

Yang and Liu 

(2011) 

Copper bar SiO2/water 30 0.5-2.5 wt% 35.1 

[1.17] 

103-7.4 

kPa 

+27.3% 

(No 

deposition) 

No 

change 

Yao et al. 

(2018)  

Copper plate SiO2/water 

Al2O3/water 

SiO2/Al2O3/ 

water 

30-50 

 

0.01 wt% - 101 kPa +51.8% 

+32.6% 

+18.3% 

 

+41.9% 

+22.1% 

+7.9% 

You et al.  

(2003) 

Copper plate Al2O3/water - 0-0.05 g/L - 19.9 kPa No change +200% 
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Table 3. Summary of previous numerical research involving nanofluids. 

Reference 

/year 
Geometry Nanofluid Model Concentration 

Type 

of 

boiling 

Findings 

Akbari et al. 

(2011) 

Horizontal 

tube 

Al2O3/water 

42 nm 

2-phase VOF, 

Eulerian, 

mixture. 

1-phase 

<2% vol. Flow All 3 models have similar 

accuracy. Eulerian-

Eulerian is recommended 

for high concentration. 

Azari et al. 

(2014) 

Copper 

cylindrical 

tube 

Al2O3/water 

40 nm 

3D 1-phase 

3D 2-phase with 

DPM 

0.03-2.5% vol. Flow HTC was enhanced. 2-

phase DPM model was 

more accurate. 

Behroyan et 

al. 

(2018) 

Vertical 

cylindrical 

tube 

Al2O3/water 

CuO/water 

2D, k- ε HFP 

Euler-Euler  

2-phase, 

Euler-Lagrang. 

3-phase 

0.5-2% vol. Flow HTC deteriorated. 

The Euler-Lagrangian 3-

phase 

model was more accurate  

 Çiftçi and 

Sözen (2020) 

Horizontal 

copper 

cylinder 

SiO2/DCM 

50nm 

h-BN/DCM 

15-35 nm 

2D VOF 

multiphase 

k- ε RNG 

 

0.5-1.5% vol. Pool HTC enhanced by 20% 

(SiO2/DCM) and 

27% (h-BN/DCM) 

 

Gobinath et al. 

(2018) 

Horizontal 

copper 

cylinder 

Al2O3/water 

 

2D 1-phase  0.02% vol Pool Their results were 

underpredicted but had 

reasonable accuracy.  

Gupta et al. 

(2019) 

Horizontal 

Stainless-

steel rod 

Al2O3/water 

 

2D Eulerian  

2-phase 

0.001-0.05% 

vol. 

Pool HTC was enhanced and 

increased with pressure, 

heat flux and 

concentration. 

Ham and Cho 

(2016) 

Flat plate Al2O3/water 

25-75nm 

HFP 

2-phase 

0.025-0.1% vol. Pool HTC deteriorated but CHF 

enhanced.  

Kamel et al. 

(2019) 

Flat plate SiO2/water 

 

2D 2-phase 

HFP 

Eulerian, k- ε 

0.01% vol. Pool HTC deteriorated. 

Kim et al. 

(2017) 

Vertical plate Al2O3/water 

 

VOF 2-phase 2-4% vol. Pool HTC enhanced with 

concentration 

Li et al. (2014) Flat plate SiO2/water 

 

2-phase HFP 

Eulerian 

0-0.1% vol. Pool HTC deteriorated. They 

suggest modelling change 

in surface morphology due 

to deposition 

Lofti et al. 

(2010) 

Horizontal 

tube 

Al2O3/water 

42 nm 

2-phase 

mixture, 

Eulerian. 

k- ε 

2-7% vol. Flow Mixture model was more 

accurate. HTC increased 

with concentration. 
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Reference 

/year 
Geometry Nanofluid Model Concentration 

Type 

of 

boiling 

Findings 

Mahdavi et al. 

(2018) 

Horizontal 

cylinder 

Al2O3/water 

38 nm 

2D 2-phase 

Euler-Euler, 3-

phase Euler-

Lagrang 

k- ε realizable 

0-4% vol. Pool HTC deteriorated. Particle 

deposition is dependent on 

concentration. 

and heat flux 

Mohammed et 

al. (2018) 

Copper 

rectangular 

tube  

ZnBr2/water 3D Mixture 

4-phase 

k- ε 

0-1% vol. Flow HTC and vapour fraction 

increased with 

concentration. Model was 

validated. 

Shetty et al. 

(2017) 

Vertical steel 

tube 

Al2O3/water 

 

2-phase 

Eulerian RPI 

k- ε 

0.001-0.1% vol. Flow HTC deteriorated. The RPI 

model predicted vap. vol 

frac. accurately. 

Soleimani et 

al. (2020) 

Micro-

channel 

 heat sink 

Al2O3/HFE-

7100 

2-phase VOF 1-4% vol. Flow HTC enhanced up to 3%. 

96% accuracy 

(temperature) 

 

 

3 METHOD OF SOLVING 

The models used during the simulation are provided in detail in this section. The choice 

of the models were motivated at the end of section 2.3.2. 

3.1 Eulerian-Eulerian two-phase model 

Given the nature of pool boiling, the numerical investigation needs to be carried out 

for a multiphase and transient case under the effect of gravity. The Eulerian-Eulerian 

modelling framework was adopted so that each phase is treated as a continuum. The 

Eulerian-Eulerian model was proven to have a good accuracy while at the same time 

not being as computationally expensive as other models such as Eulearian-

Lagrangian. The governing equations can be written according to ANSYS (2017) as 

follows for the conservation of mass in the general form: 

 𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞) + ∇ · (𝛼𝑞𝜌𝑞𝑣⃗𝑞) = ∑(𝑚̇𝑝𝑞 − 𝑚̇𝑞𝑝) + 𝑆𝑞

𝑛

𝑝=1

 
 
(21) 

Where 𝛼𝑞 , 𝑣⃗𝑞 , 𝑚̇𝑝𝑞, 𝑚̇𝑞𝑝 𝑎𝑛𝑑 𝑆𝑞 are the volume fraction of phase 𝑞, the velocity of phase 

𝑞, the mass transfer between phases 𝑝 and 𝑞, mass transfer between phases 𝑞 and 
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𝑝, and the source term, respectively. 𝑞 and 𝑝 can be replaced with the liquid (subscript 

𝑙) or vapour (subscript 𝑣) phase. 

The momentum equation can also be expressed using the volume fraction: 

𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞𝑣⃗𝑞) + ∇ · (𝛼𝑞𝜌𝑞𝑣⃗𝑞𝑣⃗𝑞) = −𝛼𝑞∇p + ∇ · 𝜏̿𝑞 + 𝛼𝑞𝜌𝑞𝑔⃗ 

                                                                 +∑(𝑅⃗⃗𝑝𝑞 + 𝑚̇𝑝𝑞𝑣⃗𝑝𝑞 − 𝑚̇𝑞𝑝𝑣⃗𝑞𝑝)

𝑛

𝑝=1

 

                                                                      +(𝐹⃗𝑑𝑟𝑎𝑔,𝑞 + 𝐹⃗𝑙𝑖𝑓𝑡,𝑞 + 𝐹⃗𝑤𝑙,𝑞 + 𝐹⃗𝑣𝑚,𝑞 + 𝐹⃗𝑡𝑑,𝑞) (22) 

   

Where 𝐹⃗𝑑𝑟𝑎𝑔 denotes the drag force, 𝐹⃗𝑙𝑖𝑓𝑡,𝑞 is the lift force, 𝐹⃗𝑤𝑙,𝑞 is the lubricant force 

of wall, 𝐹⃗𝑣𝑚,𝑞 is the virtual mass force, 𝐹⃗𝑡𝑑,𝑞 is the turbulent dispersion force, 𝑣⃗𝑝𝑞 is the 

interphase velocity, 𝑅⃗⃗𝑝𝑞 is the interaction force between the phases, and 𝜏𝑞̿ is the 

stress-strain tensor of phase 𝑞 given as: 

 
𝜏̿𝑞 = 𝛼𝑞𝜇𝑞(∇𝑣⃗𝑞 + ∇𝑣⃗𝑞

𝑇
) + 𝛼𝑞 (𝜆𝑞 −

2

3
𝜇𝑞) · ∇𝑣⃗𝑞𝐼 ̿

 

(23) 

 

Where λ𝑞 and 𝜇𝑞 are the bulk and shear viscosity of phase 𝑞, respectively and 𝐼 ̿is the 

unit tensor. 

The energy equation is as follows: 

 𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞ℎ𝑞) + ∇(𝛼𝑞𝜌𝑞 𝑢⃗⃗𝑞ℎ𝑞) = −𝛼𝑞

𝑑𝑝𝑞

𝑑𝑡
+ 𝜏̿𝑞 · ∇ · 𝑢⃗⃗𝑞 − ∇ · 𝑞⃗𝑞 + 𝑆𝑞 

                                                         +∑(𝑄𝑝𝑞 + 𝑚̇𝑝𝑞ℎ𝑝𝑞 − 𝑚̇𝑞𝑝ℎ𝑞𝑝)

𝑛

𝑝=1

 

 

 

 

(24) 

   

Where ℎ𝑞 represents the specific enthalpy for phase 𝑞, 𝑞⃗𝑞 denotes the heat flux, 𝑆𝑞 is 

the source term, ℎ𝑝𝑞 stands for the interphase enthalpy and, 𝑄𝑝𝑞 is the heat transfer 

rate between phase 𝑝 and 𝑞 calculated as: 

 𝑄𝑝𝑞 = ℎ𝑖𝐴𝑖(𝑇𝑝 − 𝑇𝑞) 

 

(25) 
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Where ℎ𝑖, 𝑇 are the interfacial heat transfer and fluid temperature, respectively and 𝐴𝑖 

is the interfacial area given as: 

 
𝐴𝑖 =

6𝛼𝑣(1 − 𝛼𝑣)

𝑑𝑣
 

 

(26) 

Where 𝑑𝑣 is calculated based on Sauter mean diameter: 

 𝑑𝑣

√𝜎/𝑔∆𝜌
=

0.0683(𝜌𝑙/𝜌𝑔)
1.326

𝑅𝑒0.324(𝐽𝑎 + (
149.2(𝜌𝑙/𝜌𝑔)

1.326

𝐵𝑜0.487𝑅𝑒1.6
))

 
 
 
 
(27) 

 

Where Re, Bo, and Ja are the Reynolds, boiling, and Jakob numbers, respectively.  

3.2 Interfacial force 

The drag force is used with the Grace coefficient that is present in ANSYS: 

 
 

𝐹⃗𝑑𝑟𝑎𝑔,𝑞 =
𝐴𝑖𝐶𝐷𝑅𝑒𝜇𝑘
8𝑑𝑣

|𝑉𝑖 − 𝑉𝑣|(𝑉𝑖 − 𝑉𝑣) 
 

(28) 

𝐶𝐷 = 𝑚𝑎𝑥[𝐶𝐷𝑠𝑝ℎ𝑒𝑟𝑒 , 𝑚𝑖𝑛(𝐶𝐷𝑐𝑎𝑝, 𝐶𝐷𝑒𝑙𝑙𝑖𝑝𝑠𝑒)] 

𝐶𝐷𝑒𝑙𝑙𝑖𝑝𝑠𝑒 =
4𝑔𝑑𝑙(𝜌𝑘 − 𝜌𝑙)

3𝑈𝑡
2𝜌𝑙

, 𝐶𝐷𝑐𝑎𝑝 =
8

3
, 𝐶𝐷𝑠𝑝ℎ𝑒𝑟𝑒 = {

24

𝑅𝑒
24(1 + 0. 15𝑅𝑒0.687)

𝑅𝑒

      

𝑅𝑒 ≤ 0.01

𝑅𝑒 ≥ 0.01
 

𝑅𝑒 =
𝜌𝑘𝑑𝑙
𝜇𝑘

|𝑉𝑖 − 𝑉𝑣|, 𝑈𝑡 =
𝜇𝑘𝑀𝑂

−0.149

𝜌𝑘𝑑𝑣
(𝐽 − 0.857), 𝐻 =

4

3
𝐸𝑂𝑀𝑂

−0.149 (
𝜇𝑘

0.0009
)
−0.14

 

𝐽 = {0.94𝐻
0.757

3. 42𝐻0.441
      

2 ≤ 𝐻 ≤ 59.3

𝐻 ≥ 59.3
, 𝐸𝑂 =

𝑔(𝜌𝑙 − 𝜌𝑣)𝑑𝑣
2

𝜎
, 𝐴𝑖 =

6𝛼𝑣(1 − 𝛼𝑣)

𝑑𝑣
 

 

In this equation, 𝐸𝑂 and 𝑀𝑂 are the Eötvös number and Morton number, respectively. 

The lift force is used with the Tomiyama coefficient present in ANSYS: 

 
 𝐹⃗𝑙𝑖𝑓𝑡,𝑞 = 𝐶𝐿𝛼𝑘𝜌𝑘(𝑉𝑙 − 𝑉𝑘)x(∇x𝑉𝑘) (29) 
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𝐶𝐿 = {

𝑚𝑖𝑛[0.288 𝑡𝑎𝑛ℎ(0.121𝑅𝑒) , 𝑓(𝐸𝑂𝒅)]                                                            𝐸𝑂 < 4

𝑓(𝐸𝑂𝑑) = 0.00105𝐸𝑂𝑑
3 − 0.0159𝐸𝑂𝑑

2 − 0.0204𝐸𝑂𝑑 + 0.474    4 < 𝐸𝑂 < 10
−0.29                                                                                                                    𝐸𝑂 > 10

   

𝐸𝑂𝑑 =
𝑔(𝜌𝑘 − 𝜌𝑙)𝑑𝑙

2

𝜎
(1 + 0.163𝐸𝑂

0.757)
2/3

 

 

The lubrication force of the wall is used with the Antal et al. coefficient present in 

ANSYS: 

 𝐹⃗𝑤𝑙,𝑞 = 𝐶𝑤𝛼𝑣𝜌𝑘|𝑉𝑖 − 𝑉𝑣|
2𝑛𝑘  

(30) 

𝐶𝑤 = max (0,
𝐶𝑤1
𝑑𝑙

+
𝐶𝑤2
𝑦𝑤
) , 𝐶𝑤1 = −0.01, 𝐶𝑤2 = 0.05 

 

The virtual mass force model used is by (Drew & Lahey,1993): 

 
 

𝐹⃗𝑣𝑚,𝑞 = 0.5𝛼𝑘𝜌𝑘 (
𝐷𝑉𝑙
𝐷𝑡

−
𝐷𝑉𝑣
𝐷𝑡
) 

 
(31) 
 

The turbulence dispersion force is used with burns-et-al coefficient present in ANSYS: 

 
𝐹⃗𝑡𝑑,𝑞 =

𝐶𝐷𝜇𝑘
𝑡

𝜌𝑘𝑆𝑐𝑏
(
∇𝛼𝑙
𝛼𝑙

−
∇𝛼𝑣
𝛼𝑣
) 

 
(1) 
 
 

3.3 Turbulence modelling  

 

k-ɛ realizable model has been used to model the turbulence for liquid and gas phase 

in previous studies and has been proven to provide accurate results, and for this 

reason, it will be used in the current study. The k-ɛ model is presented as: 

 
 𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞𝑘𝑞) + ∇(𝛼𝑞𝜌𝑞 𝑢⃗⃗𝑞𝑘𝑞) = ∇ · (

𝛼𝑞𝜇𝑞
𝜎𝑘

 ∇𝑘𝑞) + 𝛼𝑞𝜏̿𝑞
𝑇: ∇𝑢⃗⃗𝑞 − 𝛼𝑞𝜌𝑞ɛ𝑞 + 𝑆𝑞𝑘

𝑖𝑛𝑡 

 

 
(32) 

 

 𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞𝑘𝑞) + ∇(𝛼𝑞𝜌𝑞 𝑢⃗⃗𝑞ɛ𝑞) = ∇ · (

𝛼𝑞𝜇𝑞

𝜎ɛ
 ∇ɛ𝑞) +

𝛼𝑞ɛ𝑞

𝑘𝑞
(𝐶ɛ1𝜏𝑞̿

𝑇: ∇𝑢⃗⃗𝑞 − 𝐶ɛ2𝜌𝑞ɛ𝑞) + 𝑆𝑞ɛ
𝑖𝑛𝑡 

 

 
(33) 

   

Where 𝑘 and ɛ in above equations represent the turbulence kinetic energy and 

dissipation rate, respectively and the constants for the k-ɛ model are set according to 
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Behroyan et al. (2018) as 𝐶𝜇 = 0.09, 𝐶ɛ1 = 1.44, 𝐶ɛ2 = 1.92, 𝜎𝑘 = 1.0 and 𝜎ɛ = 1.3. the 

terms 𝑆𝑙𝑘
𝑖𝑛𝑡 and 𝑆𝑙ɛ

𝑖𝑛𝑡 are the source terms that account for the bubble induced 

turbulence given according to (W. Yao, 2004) as: 

 𝑆𝑙𝑘
𝑖𝑛𝑡 = −(𝐹⃗𝑑𝑟𝑎𝑔,𝑙 + 𝐹⃗𝑣𝑚,𝑙) · ( 𝑢⃗⃗𝑣 − 𝑢⃗⃗𝑙)  

(34) 

 
𝑆𝑙ɛ
𝑖𝑛𝑡 = 𝐶ɛ3

𝑆𝑙𝑘
𝑖𝑛𝑡

𝜏𝑏
, 𝜏𝑏 = [

(𝑑𝑣)
2

ɛ𝑙
]

1/3

 

 

 

(35) 

Where 𝐶ɛ3 = 0.45 according to Behroyan et al. (2018). 

3.4 Heat flux partitioning model 

 

Even though nanoparticle deposition changes the heater surface's properties and 

morphology, it is believed that the heat transfer mechanism remains the same as that 

of a clean surface. Therefore, the RPI boiling model can still be used to model the 

boiling along the heater wall. In this model, which was proposed by Kurul and 

Podowski (1990), it is assumed that the total heat flux can be decomposed into three 

components which are: surface quenching heat flux 𝑞𝑞, convective heat flux 𝑞𝑐 and 

microlayer evaporation heat flux 𝑞𝑒. 

 𝑞̇𝑤𝑎𝑙𝑙 = 𝑞̇𝑞 + 𝑞̇𝑐 + 𝑞̇𝑒 (36) 

   

𝑞̇𝑤𝑎𝑙𝑙 is used in determining the boiling or surface heat transfer coefficient ℎ𝑠 given as: 

 
ℎ𝑠 =

𝑞̇𝑤𝑎𝑙𝑙
𝑇𝑤 − 𝑇𝑠𝑎𝑡

 
 
(37) 

 

The surface quenching heat flux, which accounts for the transient conduction that 

occurs when the liquid contacts the heater surface, is given as: 

 
 

𝑞̇𝑞 =
2𝐶𝑤𝑡

√𝜋
𝑓𝐴𝑞√𝑡𝑤λ𝑙𝜌𝑙𝐶𝑝,𝑙(𝑇𝑤 − 𝑇𝑙) 

 
(38) 

 

Where 𝐶𝑤𝑡 is the bubble waiting time coefficient, 𝑓 is bubble departure frequency, 𝑡𝑤 is 

bubble waiting time, λ𝑙 is the thermal diffusivity 𝑇𝑤 is the temperature of the heater 
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surface, 𝑇𝑙 denotes the liquid temperature and 𝐴𝑞 is the fraction of heater surface area 

that is subject to quenching given according to Del Valle and Kenning (1985) as: 

𝐴𝑞 = min(1,𝑁𝑤𝐾𝐷𝐾
𝜋𝑑𝑏

2

4
) , 𝐾𝐷𝐾 = 4.8 exp(−

𝜌𝑙𝐶𝑝,𝑙(𝑇𝑠𝑎𝑡 − 𝑇𝑙)

80𝜌𝑣ℎ𝑙𝑔
) 

Where 𝑁𝑤 is the nucleation site density, 𝑑𝑏 is the bubble departure diameter, and ℎ𝑙𝑔 

is the latent heat. 

The heat flux arising from turbulent convection can be determined using the Stanton 

number: 

 𝑞̇𝑐 = (1 − 𝐴𝑞)𝑆𝑡𝜌𝑙𝐶𝑝,𝑙𝑢𝑙(𝑇𝑤 − 𝑇𝑙) (39) 

 

In which 𝑢𝑙 is the velocity of the adjacent liquid, and Stanton number is defined as: 

 
𝑆𝑡 =

𝑁𝑢

𝑅𝑒𝑃𝑟
 

 
(40) 

 

Where 𝑁𝑢 and 𝑃𝑟 are the Nusselt’s and the Prandtl number, respectively.  

The evaporation heat flux which takes place during nucleate boiling is given as follows: 

 
 𝑞̇𝑒 =

𝜋

6
𝑑𝑏

3𝜌𝑣𝑓𝑁𝑤ℎ𝑓𝑔  
(41) 

The nucleation site density by Lemmert and Chawla is expressed as follows: 

 𝑁𝑤 = [210(𝑇𝑤 − 𝑇𝑠𝑎𝑡)]
1.805 (42) 

 

The bubble departure diameter, according to Kocamustafaogullari and Ishii, is written 

as: 

 
𝑑𝑏 = 0.0012 (

𝜌𝑙 − 𝜌𝑣
𝜌𝑣

)
0.9

0.0208𝜃√
𝜎

𝑔(𝜌𝑙 − 𝜌𝑣)
 

 
(43) 

 
 

However, since these expressions were developed to be applied to conventional 

fluids, it is not certain if they can also be applied to nanofluids. The pool boiling section 

discussed that the heat flux depends on the number of nucleation sites and bubble 

departure diameter and frequency, which are all dependent on the surface roughness. 
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The models provided in ANSYS to calculate the bubble departure diameter are by 

Tolubinski-Konstanchuk, Unal, and Kocamustafaogullari-Ishii, and the models for 

nucleation site density are by Lemmert Chawla and Kocamustafaogullari-Ishii. 

However, none of these models accounts for the surface roughness and nanoparticle 

size, as can be seen from the expressions in Eq. 43 and Eq. 44. Therefore, for 

nucleation site density 𝑁𝑤, the following model by Benjamin and Balakrishnan (1997) 

needs to be used when only base fluid is being used: 

 𝑁𝑤 = 218.8𝑃𝑟
1.63𝛾−1𝑅𝑛−0.4(𝑇𝑤 − 𝑇𝑠𝑎𝑡)

3 

 

(44) 

𝛾 = √
𝑘𝑝𝜌𝑝𝐶𝑝𝑝
𝑘𝑓𝜌𝑓𝐶𝑝𝑓

, 𝑅𝑛 = 14.5 − 4.5 (
𝑅𝑎𝑃

𝜎𝑓
) + 0.4 (

𝑅𝑎𝑃

𝜎𝑓
)

2

 

 

Where 𝑃 and 𝑅𝑎 are the system pressure and surface roughness, respectively. 

Moreover, when nanofluids are being used, the modified Benjamin and Balakrishnan 

(1997) model by Li et al. (2015) should be used: 

 
𝑁𝑤 = 512𝑃𝑟

1.63𝛾−1𝑅𝑛−0.4𝜃∗1.2𝐹 (
𝑅𝑎
𝑑𝑝
)

0.4

(𝑇𝑤 − 𝑇𝑠𝑎𝑡)
3 

 

 
(45) 

𝜃∗ =
1 − 𝑐𝑜 𝑠(𝜃𝑛𝑓)

1 − 𝑐𝑜 𝑠(𝜃𝑏𝑓)
, 𝐹 (

𝑅𝑎
𝑑𝑝
) =

{
 
 

 
 0.275(

𝑅𝑎
𝑑𝑝
)

−1.2

        0 <
𝑅𝑎
𝑑𝑝

< 1             

0.275 + 0.791(
𝑅𝑎
𝑑𝑝
− 1)

0.68

             
𝑅𝑎
𝑑𝑝

≥ 1

 

 

Where 𝜃𝑏𝑓 and 𝜃𝑛𝑓 represent the angle of contact on the clean and nanolayer coated 

surface, respectively. The bubble departure diameter model 𝑑𝑏 by Golorin et al. (1978) 

is given as: 

 

𝑑𝑏 =
1.65𝑑∗𝜎𝑛𝑓

𝑔(𝜌𝑙 − 𝜌𝑣)
+ [

15.6𝜌𝑙
𝑔(𝜌𝑙 − 𝜌𝑣)

]

1
3
[
𝛽𝑑𝑘𝑙(𝑇𝑤 − 𝑇𝑠𝑎𝑡)

𝜌𝑣ℎ𝑙𝑣
]

2/3

  

 
(46) 

 

Where for water, 𝑑∗ = 6 𝜇𝑚 and 𝛽𝑑 = 6. Cole (1960) present in ANSYS can use the 

bubble departure frequency model. These equations will be input to ANSYS as UDFs. 

The Cole expression may be used for bubble departure frequency: 
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𝑓 = √
4𝑔(𝜌𝑙 − 𝜌𝑣)

3𝑑𝑏𝜌𝑙
 

 

 
(47) 

3.5 Interfacial mass 

 

The mass transfer rate in Eq. 21 happens at two different regions, near the heater 

surface and in the bulk liquid. Therefore, the mass transfer rate near the heater surface 

was calculated as: 

 
𝑚̇𝑣𝑙 =

𝑞̇𝑒
ℎ𝑙𝑣 + 𝐶𝑝𝑙(𝑇𝑠𝑎𝑡 − 𝑇𝑙)

 

 

 
(48) 

The mass transfer in the bulk liquid  

 
𝑚̇𝑙𝑣 =

𝑞̇𝑙 + 𝑞̇𝑣
ℎ𝑙𝑣

 

 

 
(49) 

𝑞̇𝑙 =
𝑘𝑙𝑁𝑢𝑙
𝑑𝑏

(𝑇𝑠𝑎𝑡 − 𝑇𝑙);  𝑞̇𝑙 =
𝛼𝑣𝜌𝑣𝐶𝑝𝑣
𝛿𝑡

(𝑇𝑠𝑎𝑡 − 𝑇𝑣) 

 

Where time scale 𝛿𝑡 was set equal to 0.05 according to Minocha et al. (2016) and the 

Nusselt number 𝑁𝑢𝑙 on the heater surface was calculated using Ranz and Marshall 

correlation available in ANSYS Fluent as: 

 𝑁𝑢𝑙 = 2 + 0.6𝑅𝑒𝑙
1/2
𝑃𝑟𝑙

1/3
 

 

 
(50) 
 

   

3.6 Solution and Assumptions  

Numerical models considered in this study are created in 2D via Space Claim and 

meshed with quadrilateral cells where possible using the meshing tool available in 

ANSYS. For pressure-velocity coupling, a phase-coupled SIMPLE scheme was 

selected. Second-order upwind scheme was selected for pressure, energy, 

momentum, turbulent kinetic energy, and turbulent dissipation rate. The gradients 

were calculated using the least square cell-based method, whereas modified HRIC 

method was used for volume fraction. The simulation was considered converged when 

the scaled residuals reached a minimum of 10-4, and insignificant change was noted 

in the vapour volume fraction, heater temperature, and heat flux.  
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The default value for the courant number is 200, while for momentum and pressure, it 

is 0.75. In this study, the courant number was reduced to 10, whereas values of 0.55 

and 0.25 were set for momentum and pressure relaxation. In addition, the relaxation 

factor for turbulent terms was set to 0.3, and for the rest, it was set to 0.6 except for 

energy which was left at the default of 1. 

The solution was initialized with the liquid temperature at saturation temperature (373 

K) and 0 vapour volume fraction.  

The following assumptions hold:  

• The simulations contain the turbulent flow and are transient.  

• The properties of the liquid and gas are assumed to be constant. 

• Nanofluid was modelled as liquid water with modified properties as listed in 

section 2.1.2.  

• The Khanafer and Vafai (2011) model calculates nanofluid thermal conductivity.  

• The nanoparticles do not influence the properties of water vapour.  

• The saturation temperature of the nanofluid was the same as the bulk fluid. 

• A time step of 10-3 was used with 20 iterations per time step.  

 

3.7  Setup  

 

• Multiphase 

An inhomogeneous, Eulerian model was used with 2 Eulerian phases, nanofluid and 

water vapour. Boiling model was used for Eulerian Parameter with boiling model option 

set to RPI Boiling model and formulation set to implicit. The mass transfer mechanism 

was set as boiling at a saturation temperature of 100 °C.  The force setup was selected 

according to interfacial force section with wall adhesion, surface tension modelling 

turned on, and heat transfer coefficient selected according to Ranz-Marshall. The 

bubble waiting time coefficient has been modified to correct the departure time 

between consecutive bubbles during nucleate boiling. 

• Energy 

Energy option was selected since heat transfer, and change in temperature was 

involved. 
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• Viscous model 

the k-ɛ realizable model was used with enhanced wall functions and turbulence 

multiphase model as a mixture. The wall function requires the y+ to be less than 5; 

thus, the mesh was refined near the heater to achieve this. 

• Materials  

Water-liquid was chosen, and its properties are manually modified according to 

nanofluid properties section. Water-vapour was chosen for the steam and copper for 

the boundary conditions. 

• Wall function 

Wall function is needed to capture the gradients near the wall accurately. This was 

done by modifying the viscosity when calculating the wall shear stress. The wall shear 

stress, 𝜏𝑤, is given by: 

 
𝜏𝑤 = −𝜌𝑣

𝜕𝑈

𝜕𝑦
𝑦=0

 

 

 
(51) 

Where U is the velocity.  But in CFD, the velocity profile is linear: 

𝜏𝑤 = −𝜌𝑣𝑤
𝑈𝑝

𝑦𝑝
 

Where 𝑣𝑤 is the modified viscosity, also known as effective wall viscosity and 𝑈𝑝 and 

𝑦𝑝 are the incremental velocity and cell height, respectively. The real velocity profile 

can be said to be given as: 

 
𝑈+ = 𝑓(𝑦+) = −

𝑈𝜌𝑢𝑡
𝜏𝑤

 

 

 
(52) 

Where 𝑈+ is the non-dimensional velocity and 𝑢𝑡 is the friction velocity. Thus, the real 

wall shear stress is written as: 

 
𝜏𝑤 = −

𝑈𝑝𝜌𝑢𝑡

𝑓(𝑦+)
 

 

 
(53) 

Hence, by rearranging Eq. 52 and Eq. 54, 𝑣𝑤 can be expressed as: 
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𝑣𝑤 =

𝑦𝑝𝑢𝑡

𝑓(𝑦+)
= 𝑣 (

𝑦+

𝑓(𝑦+)
) 

 

 
(54) 

For enhanced wall function: 

 
𝑓(𝑦+) = 𝑒Γ𝑢𝑙𝑎𝑚

+ + 𝑒
1
Γ𝑢𝑡𝑢𝑟𝑏

+                Γ = −
0.01(𝑦+)4

1 + 5𝑦+
 

 
(55) 

Where 𝑒Γ and 𝑒
1

Γ are blending functions. This means that the enhanced wall function 

blends between the laminar and turbulent solution, which allows it to be more accurate 

than the standard wall function in the buffer region of 5 ≤ 𝑦+ ≤ 30. It is worth noting 

that at 𝑦+ of around 5, there is a large deviation of 𝑣𝑤/𝑣 from what is predicted by 

direct numerical solution (DNS). Thus, it is best to keep 𝑦+ ≤ 2. 

From this, the effective wall viscosity can be calculated and be used in the place of 

shear viscosity in Eq. 23.  

4. VALIDATION OF NUMERICAL MODEL 

In this section, the experiment done by Harish et al. (2011) is used to validate the 

model. A 2D domain is used for simplicity consisting of a flat horizontal plate heater. 

A quad mesh was used with finer mesh near the heating surface. A mesh sensitivity 

analysis was performed to understand the dependence of results on the mesh size. It 

was found that any mesh finer than 12000 elements showed insignificant changes in 

the results. Therefore, a mesh with 12000 elements was used to minimize computation 

time for the validation. 
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4.1. Geometry and boundary conditions 

  

Figure 19 Geometry and boundary condition used for validation. 

The pool boiling chamber used in Harish et al. (2011) was a 200 mm diameter glass 

cylinder, and the heating wall was a 20 mm diameter disk. For this reason, half of the 

domain can be simulated with an axisymmetric wall condition, as illustrated in Figure 

19. Furthermore, the axisymmetric model appropriately reduces computation time 

since only half the grid will be solved. The boundary condition is as follows: the side 

walls are made adiabatic to represent well insulated walls, the top is a pressure outlet 

which represents being open to atmosphere, an axisymmetric wall condition is applied 

as shown, and the heated wall is given a temperature boundary condition. 

The heating element used had a rating of 750 W connected to the heater plate and 

the walls were sufficiently insulated during their experiment using glass wool. The 

material of the disk was aluminium with an area of 314mm2. Their T-type thermocouple 

was embedded in a hole that was 2 mm in depth. The nanofluid used by them was 

Al2O3/water and was boiled at saturation temperature. The height of the chamber was 

not given by the authors thus a height of 150mm was used and ensured that the output 

parameters were not influenced by the height of the chamber. It has been proven in 

many studies that an axisymmetric model closely mimics the results obtained from a 

Pressure outlet 

Axisymmetric wall 

Adiabatic walls 

Heating wall 

Pool boiling chamber 
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3D model while keeping computation time at a minimum. For this reason, the 

axisymmetric model was used to represent the 3D reality.  

4.2. Validation results 

The uncertainty in the heat flux as reported by the authors was ±4.74%. Figure 20 

compares the results obtained from the simulation model against the experimental 

data. Since even with pure water, the nucleation site density is a function of surface 

roughness, the built-in functions in FLUENT such as Lemmert-Chawla cannot be used 

as they do not consider the surface roughness. Thus, Eq. 45 was used as UDF when 

calculating nucleation site density for pure fluids (0% vol.).   

 

Figure 20 Validation of the numerical model using different concentrations of Al2O3 /water nanofluid. 

As shown in Figure 20, there is a good correlation between the numerical and the 

experimental results. With the validation successfully completed, the model can 

confidently be used for further studies. 
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Figure 21 Bubble waiting time coefficient vs nucleation site density. 

Figure 21 shows the bubble waiting time coefficient that was used at different 

nucleation site densities for nanofluid during validation. During validation study, the 

nucleation site density was calculated for each data point shown in Figure 20 and the 

respective bubble waiting time coefficient used to achieve the result was recorded and 

plotted in Figure 21. The red line then represents a fit for the correlation that was 

created in the present study as: 

 𝐶𝑤𝑡 = 1.8382𝑥10
−4 ∗ 𝑁𝑆𝐷2  +  9.1398𝑥10−3 ∗ 𝑁𝑆𝐷 +  8.684𝑥10−2 (56) 

 
   

Where NSD is the nucleation site density in sites/cm2. As default, this coefficient is set 

to 1 in Fluent and can be modified to correct the departure time between consecutive 

bubbles as also shown by. The bubble waiting time coefficient depends on various 

parameters such as surface roughness, fluid properties, and temperature of the liquid 

and the heating surface. All these parameters are incorporated into the nucleation site 

density in Eq. 46, and hence the bubble waiting time coefficient was plotted against it 

in Figure 21 so that the coefficient can be predicted for different cases. 

A line of best fit was drawn for nucleation site density from 7 to 60 sites/cm2, which 

clearly shows a correlation between bubble waiting time coefficient and nucleation site 

density. A bubble waiting time coefficient of 0.1 was used when the nucleation site 

density was lower than 7 sites/cm2 as this is the lowest value allowed by Fluent. 

These bubble waiting time coefficients are for a horizontal disk heater, and it will be 

assumed that they are the same or similar for a heat sink. The assumption is 
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necessary since experimental data for nanofluid pool boiling with heat sink are difficult 

to find. 

Since this study specifices a temperature boundary condition on the heater, there is 

enough information to accurately pre-calculate the nucleation site density from Eq. 46 

for each case before starting the simulation. Thus, for the investigation in section 5, 

the bubble waiting time coefficient to be used for each case was calculated from Eq. 

57 by first calculating the nucleation site density. 

5. NUMERICAL INVESTIGATION 

This section targets on investigating the coupled effect of surface roughness and 

particle size (SPIP) and the effect of nanoparticle concentration, type of base fluid, 

number of fins, and aspect ratio of fins on the heat transfer enhancement during pool 

boiling. 

The contact angle on the clean surface is a function of the original surface roughness, 

while the contact angle on the nanocoated surface depends on both the concentration 

and original surface roughness, as shown by Harish et al. (2011). The contact angle 

is measured for specific roughness and concentration in experimental studies, which 

can be used for validation. However, in this investigation, a wider range of roughness 

and concentration will be considered, for which the contact angle measurements are 

unknown. Without the contact angles, the nucleation site density cannot be calculated.  

One way to address this is to form a regression based on data from multiple 

experimental studies. For example, the following regression was derived to 

approximate the contact angle on the bare surface as a function of original surface 

roughness: 

 𝜃𝑏𝑓 = 0.0002𝑅𝑎
2 − 0.3256𝑅𝑎 + 115.9 (58) 

 

Where the surface roughness 𝑅𝑎 is in nanometres, valid from 50 nm to 700 nm, and 

the bare surface contact angle 𝜃𝑏𝑓 is in degrees.   

Similarly, a regression is derived to approximate the contact angle on the nanocoated 

surface 𝜃𝑛𝑓: 
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 𝜃𝑛𝑓 = (333𝜑
2 − 15𝜑 − 0.13)𝜃𝑏𝑓 + 𝜃𝑏𝑓 (59) 

 

Using Eq. 58 and 59, the nucleation site density can now be calculated, and the 

coupled effect of surface roughness and particle size can be investigated. 

5.1. Geometry and boundary conditions  

  
Figure 22 Geometry and boundary condition used for investigation. 

Figure 22 shows the domain, geometry, and heated surface, which is the heat sink on 

a microprocessor. The boundary condition is as follows: the side walls are made 

adiabatic to represent well insulated walls, the top is a pressure outlet which 

represents being open to atmosphere, a symmetry wall condition is applied as shown, 

and the heat sink wall is given a temperature boundary condition. A symmetric 

boundary condition is also used to reduce computation time thanks to the symmetric 

geometry of the heatsink. The height and the width of the domain varies according to 

the aspect ratio and were selected by varying the distance of the pressure outlet and 

the side wall until the output parameters were not influence by the dimensions of the 

domain. 
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Figure 23 Meshed study domain. 

As shown in Figure 23, the mesh was refined around the fins to achieve y+ values less 

than 5 so that the enhanced wall function could be used. A mesh study was carried 

out to check the dependency of the results, such as surface heat flux and vapour 

fraction on the mesh size, as shown in Figure 24. Finally, a mesh with 11 186 elements 

was used as any mesh finer than this had less than 1% difference on the results, and 

any mesh finer led to divergence.  

 
Figure 24 Variation in critical parameters at different grid sizes. 
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5.2. Effect of SPIP 

The SPIP investigation was carried out using Al2O3/water at atmospheric pressure 

(101 kPa) and saturation temperature. The number of fins and fin aspect ratio was 

kept constant. SPIP ranging from 0.2 to 16 were considered (heat sink surface 

roughness range of 50nm to 700nm and particle diameter range of 43.75nm to 

250nm). SPIP stands for surface-particle interaction parameter and defined as surface 

roughness divided by particle diameter. The values and the range of SPIP were first 

decided and incorporated in the numerical model by changing the 
𝑅𝑎

𝑑𝑝
 value in Eq. 46. 

For instance, for SPIP 0.2, the 
𝑅𝑎

𝑑𝑝
 term in Eq. 46 was replaced by 0.2. 

Simulating pure water pool boiling using a heat sink will provide valuable information 

for comparison against nanofluid. Thus, pure water was also simulated using a surface 

roughness of 50nm.  

 

Figure 25 Heat flux vs superheat at different SPIP, 2% vol. 

 

Figure 26 HTC vs superheat at different SPIP, 2% vol. 
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Figure 27 HTC vs superheat at different SPIP, 1% vol. 

 

Figure 28 HTC vs superheat at different SPIP, 1% vol. 

 

Figure 29 HTC vs superheat at different SPIP, 0.5% vol. 

 

Figure 30 HTC vs superheat at different SPIP, 0.5% vol. 

 

Figure 25 to Figure 30 compare the heat flux and HTC at different SPIP and 

concentrations. It is noticed that when the wall superheat is below 10°C, the variation 

in heat flux at different SPIP is not as pronounced as it is at higher superheat 

temperatures. What is common at all concentrations is that at higher superheats, the 

lowest heat flux (and thus lowest HTC) is achieved when the SPIP is 0.9 (closest to 1) 

and that the heat flux and HTC increase as SPIP moves away from 1. The highest 

heat flux is achieved at SPIP: 16 followed by SPIP: 8, 0.2, 4, 0.5 and lastly, SPIP: 0.9. 

  
The reason why the heat flux is lower when SPIP is closer to 1 could be because the 

nanoparticles are of similar size to the surface cavities. When the particles deposit on 

the heater surface during boiling, they land on surface cavities where bubbles grow 

and clog them. Thus, reducing the nucleation site density and turbulence on the heater 

surface, and as a result, the HTC and heat flux decreases. 
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When the SPIP is higher than 1, the particles are smaller than the cavities. For this 

reason, the cavities cannot get clogged. Instead, when the particles land on the 

cavities, the same cavity is split into two or smaller cavities. This causes the nucleation 

site density to increase, which in turn increases the turbulence on the heater surface, 

and as a result, the HTC and heat flux increase. Conversely, when the SPIP is lower 

than 1, the particles are larger than the surface cavities and clog fewer cavities than 

when SPIP is near 1.  

It is also evident from the figures that at 2% vol. concentration, HTC deterioration is 

noticed at SPIP 0.9, 0.5, and 4 compared to pure water. At 1% vol. concentration, HTC 

deterioration is seen at SPIP 0.9 and 0.5 compared to pure water, whereas at 0.5% 

vol. concentration, deterioration is only seen at SPIP 0.9.  

The figures also show that although the heat flux increases with temperature for all 

cases, the HTC for pure water decreases from wall superheats of 10 to 15 °C. HTC 

deterioration at this wall superheat range is also seen for SPIP 0.9 at all 

concentrations, for SPIP 0.5 at 1% and 2% vol. concentration, and for SPIP 0.2 and 4 

at 2% vol. concentration. This could be because although the nucleation site density 

increases with wall superheat temperature, it doesn’t increase enough to counter the 

effect of increased vapour formation on the heater surface, and so the increase in heat 

flux as the superheat temperature increases from 10 to 15 °C is relatively low which 

then translates to a decrease in HTC. 

 

Figure 31 BDD vs superheat at different SPIP, 2% vol. 
. 

 

Figure 32 BDD vs heat flux at different SPIP, 2% vol. 
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Figure 33 NSD vs superheat at different SPIP, 2% vol.  

The bubble departure diameter was calculated using Eq. 47. This equation was 

imported into Fluent as UDF and returned calculated figures based on the values of 

parameters on the surface of the heater. Figure 31 shows that as the wall superheat 

increases, the bubble departure diameter also increases. It can be noticed that there 

is a very slight variation in departure diameter at different SPIPs. From this figure, it 

can be said that the bubble departure diameter is almost the same across different 

SPIP at a fixed superheat temperature. 

For a better comparison, bubble departure diameter was plotted against heat flux 

(Figure 32), where the same SPIP order is seen again. At the same heat flux, the 

bubble departure diameter is smallest at SPIP 16 and greatest at SPIP 0.9. Smaller 

bubble departure diameter means that more bubbles can grow from the same area 

and thus have a higher nucleation site density, as shown in Figure 33. 

Figure 33 compares the nucleation site density at different SPIP. From these figures, 

it can be confirmed that indeed the nucleation sites increase when SPIP is away from 

1 and decrease when it is closer to 1. It can also be deduced that the highest 

nucleation site density is achieved at SPIP 16 followed by SPIP 8, 0.2, 4, 0.5, and 

lastly, SPIP 0.9. The same order was seen when comparing heat flux which proposes 

that heat flux greatly depends on the nucleation site density. 
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Figure 34 BDT vs superheat at different SPIP, 2% vol. 

 

 
Figure 35 BDT vs heat flux at different SPIP, 2% vol. 

Figure 34 and Figure 35 show the plot of bubble departure time, which is the time 

between two consecutive bubbles leaving the heated surface from the same 

nucleation site against wall superheat and heat flux, respectively and was calculated 

as the inverse of bubble departure frequency in Eq. 48. It can be immediately noticed 

that the departure time is almost equal at different SPIP at a constant superheat 

temperature. However, differences in bubble departure time are seen at different SPIP 

at a constant heat flux. For example, the lowest departure time is achieved at SPIP 

16, and the highest is seen at SPIP 0.9.  

This could be since SPIP 0.9 has the largest bubble departure diameter, they take 

longer to grow, leading to an increase in the interval between the two consecutives 

bubbles. Similarly, it was shown that SPIP 16 has the smallest bubble departure 

diameter. Hence, the bubbles take the shortest time to grow, leading to a smaller time 

difference between consecutive bubbles. 
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Figure 36 Vapour fraction vs wall superheat, 2% vol. 

 

 
Figure 37 Fin shear stress vs wall superheat, 2% vol. 

 

Regarding vapour volume fraction on the heater surface, it is the highest at SPIP 16 

and the lowest at SPIP 0.9 (Figure 36). Again, this is because of the high heat flux. 

Since the heat flux is higher at SPIP 16, more heat is available to vaporize water faster, 

so more vapour is seen on the heater surface.  

The liquid fin shear stress is also highest at SPIP 16 and lowest at SPIP 0.9 (Figure 

37). At SPIP 16, the particle size is the smallest, leading to the nanofluid's highest 

viscosity. This could be one of the reasons why at SPIP 16, larger average liquid fin 

shear stress values are seen. It could also be that the high nucleation site density at 

SPIP 16 increases the turbulence on the heater surface. As a result, the liquid velocity 

gradient on the heater surface is higher, contributing to higher shear stress. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 38 Vapour fraction contours, fin aspect ratio 4 (a) 0.2 sec. (b) 0.6 sec. (c) 1.0 sec. (d) 1.5 sec. (e) 2.0 sec. 

(f) 2.5 sec. 

The vapour fraction contours are shown in Figure 38 at different times during the 

boiling process. Initially, and as expected, there is very little vapour formation, and as 

time progresses, the vapour fraction increases. It can be noticed that there is a 

triangular region over the top face of each fin where very little vapour is present. The 

triangular region only increases with time despite the fins' top faces being heated. 

There is also a smaller triangular region between two fins at the bottom where less 

vapour is seen. This region, however, does not increase with time. Interestingly, the 

highest vapour fraction is achieved at the region between the top faces of the two fins 

where the vertical section of the fin ends. This tells us that the vertical sections of the 

fins produce a larger amount of vapour as compared to horizontal sections of the fins. 
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5.3. Effect of concentration 

This section investigates the effect of particle concentration on the total heat flux and 

compares it to using pure water. The concentration was varied from 0.5% vol. to 2% 

vol. The nanofluid used is Al2O3/water, and the fin aspect ratio and the number of fins 

were kept constant. 

 
Figure 39 Heat flux vs superheat at various concentrations, 

SPIP: 0.2. 
 

 
Figure 40 HTC vs superheat at various concentrations, 

SPIP: 0.2. 
 

 
Figure 41 Heat flux vs superheat at various concentrations, 

SPIP 16. 
 

 
Figure 42 HTC vs superheat at various concentrations, SPIP 

16. 
 

From Figure 39 to Figure 42, it is evident that the heat flux and the HTC decrease as 

the concentration increases. This trend is observed at all SPIP. The reason could be 

that the particle deposition thickness increases with an increase in particle 

concentration, increasing the thermal resistance on the heater surface. This effect is 

incorporated in the nucleation site density equation (Eq. 46), and hence the behaviour 

is seen in the numerical model. In effect, there are two reasons for the decrease in 

HTC with an increase in concentration. One being due to the increase in thermal 
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resistance formed by the nanoparticle deposition layer where the heater is blanketed 

by the nanoparticle layer making it difficult for the liquid to come into contact with the 

heater to carry away the heat. The HTC deterioration due to deposition becomes more 

and more significant as the deposition thickness increases and could easily be the 

dominant cause for the HTC deterioration. According to Seong et al. (2014), the order 

of deposition coating is around 10 microns. The second reason being that as the 

concentration and deposition increases, the nucleation sites become covered and 

blocked. 

 
Figure 43 BBD vs superheat at various concentrations, SPIP 

16. 
 

 
Figure 44 BBD vs heat flux at various concentrations, SPIP 

16. 
 

Figure 43 and Figure 44 compare the bubble departure diameter versus wall 

superheat and heat flux, respectively. Again, the variation in bubble departure 

diameter at different concentrations is very small at a fixed temperature. It is worth 

noting that pure water has the smallest bubble departure diameter at a fixed 

temperature compared to nanofluids, whereas if the comparison is made at a fixed 

heat flux, pure water has the highest bubble departure diameter.  

The graphs suggest that as the temperature and heat flux increase, the bubble 

departure diameter also increases. Also, as the concentration increases, so does the 

bubble departure diameter. According to Eq. 47, the bubble departure diameter 

depends on the nanofluid density, surface tension, and thermal conductivity, which all 

increase as the nanoparticle concentration increases. 
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Figure 45 NSD vs superheat at various concentrations, SPIP 

0.9. 
 

 
Figure 46 NSD vs superheat at various concentrations, SPIP 

16. 
 

Similarly, a comparison is shown for nucleation site density at different concentrations 

in Figure 45 and Figure 46 where the nucleation site density increases as the 

concentration decrease. This could be because the increased particle deposition 

covers up the surface cavities, reducing nucleation sites. Another reason could be that 

higher concentration leads to lower contact angle, and thus the wettability increases, 

which causes the nucleation site density to decrease. For this reason, although the 

thermal conductivity increases with concentration, the heat flux decreases. Once 

again, these effects are incorporated into Eq. 46 and thus also shown in the numerical 

model. 

 
Figure 47 BDT vs superheat at various concentrations, SPIP 

4. 
 

 
Figure 48 BDT vs heat flux at various concentrations, SPIP 

4. 
 

The bubble departure time at a constant superheat temperature is nearly identical at 

all concentrations (Figure 47), whereas, at a constant heat flux, the bubble departure 

time increases with concentration (Figure 48). This, again is due to the bubble 
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departure diameter. The bubble departure diameter increases with concentration and 

since larger bubbles take a longer time to grow and detach from the heated surface, 

the departure time is increased. 

As the concentration increases and SPIP goes near 1, the nucleation site density 

decreases, suggesting that the lower the nucleation site density, the more enhanced 

the dip in HTC is at wall superheat of 10 to 15 °C. As mentioned in the previous section, 

this could be because the increase in nucleation site density at wall superheat of 10 

to 15 °C is not high enough to counter the effect of increased vapour formation on the 

heater surface. Therefore, at lower concentrations and when SPIP is away from 1, the 

rate of increase in nucleation site density is much higher than when the concentration 

is high and SPIP is near 1. For this reason, the dip in HTC at wall superheat of 10 to 

15 °C is not seen or is less pronounced in the former case. 

 
Figure 49 Vapour fraction vs superheat at various 

concentrations, SPIP 4. 
 

 
Figure 50 Fin shear stress vs superheat at different 

concentrations, SPIP 4. 
 

The vapour volume fraction on the heater surface decreases as the concentration 

increases. This is because higher heat flux is achieved at lower concentrations, and 

due to a higher amount of heat being passed on to the liquid, a higher amount of 

vapour is produced. The fin shear stress also decreases as the concentration 

increases despite the viscosity increasing with concentration. This could mean that the 

surface liquid velocity gradient greatly increases as the concentration decreases. 

Nucleation site density also increases with a decrease in concentration, leading to 

more turbulence on the heater surface and could cause higher velocity gradients at 

the surface.  
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Figure 51 NSD vs SPIP at different concentrations and 15 degrees superheat. 

From Figure 51, it can be seen that as the concentration increases, the nucleation site 

density decreases due to the cavities being covered. The decrease in nucleation sites 

may also indirectly account for the increased thermal resistance offered by the 

deposition. As expected, we can see that the nucleation site density drops to its 

minimum as it approaches SPIP 1 due to the clogging of nucleation sites and increases 

as it moves away from SPIP 1 due to multiplication of nucleation sites.  

5.4. Effect of aspect ratio 

The effect of the fin aspect ratio is investigated in this section. The aspect ratio is 

defined as the height divided by the width of the fin. Aspect ratios of 0.2, 0.6, 2 and 4 

are considered with Al2O3/water as the nanofluid. The fin spacing, number of fins, and 

concentration were kept constant.  
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Figure 52 Heat flux vs superheat at various aspect ratios, 

SPIP: 16. 
 

 
Figure 53 HTC vs superheat at various aspect ratios, SPIP: 

16. 
 

 
Figure 54 Heat flux vs superheat at various aspect ratios, 

SPIP: 0.9. 
 

 
Figure 55 HTC vs superheat at various aspect ratios, SPIP: 

0.9. 
 

Figure 52 to Figure 55 compare the heat flux at different fin aspect ratios and SPIP. It 

is evident that fins with an aspect ratio of 4 show a higher HTC followed by a fin aspect 

ratio of 2, 0.6, and lastly 0.2. From this, it can be said that the higher the fin aspect 

ratio, the higher the HTC. This could be because when the aspect ratio increases, the 

fins become taller rather than wider, and when this happens, there is a bigger increase 

in total fin surface area. This increase in fin surface area means that there is a larger 

space to dissipate the same amount of heat, and thus cooler temperatures are 

achieved.  

From Figure 55, it can also be seen that the dip in HTC is enhanced as the aspect 

ratio increases and that the dip is not present at the lowest aspect ratio of 0.2. Figure 

56 may explain this because it shows that at higher aspect ratios, the gradient of the 

vapour curve is highest between wall superheat of 10 to 15 °C. This means that the 
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reason for the dip in HTC is due to the fact that vapour is being produced at a higher 

rate on the fin surface which prevents the liquid from coming into contact with the 

heated surface. At the same time, the nucleation site density remains the same for a 

fixed wall superheat across all fin aspect ratios, and thus the HTC decreases. It can 

also be noted from Figure 56 that at lower aspect ratios, the gradient of the vapour 

curve at wall superheat of 10 to 15 °C is either lower or same as the gradient at wall 

superheat of 15 to 20 °C, and for this reason, the dip in HTC is not seen.  

Interestingly, when the fin aspect ratio is increased, the increase in heat flux also gets 

larger between consecutive aspect ratios. For instance, the increase in heat flux when 

the aspect ratio increases from 0.2 to 0.6 is smaller than when the aspect ratio 

increases from 0.6 to 2 and so on. This once again is due to the fins getting taller. 

When the fins get taller, they add twice as much of fin perimeter (from a 2D point of 

view) than when they get wider.  

 

Figure 56 Vapour fraction vs superheat at different aspect ratios, SPIP 0.9. 

When comparing the average surface vapour fraction, it can be noticed that higher 

aspect ratio fins have a higher amount of vapour on the heater surface. This is 

expected since higher aspect ratio fins were seen to have a higher heat flux. Another 

reason why surface vapour fraction increases with aspect ratio is that higher aspect 

ratio fins are taller and have a larger area between the fins where vapour can 

accumulate.  

As mentioned previously, the fins' vertical faces produce the highest surface vapour 

fraction, whereas the horizontal faces have very little vapour on top of them. Since 
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higher aspect ratio fins have more vertical height, an increase in the average surface 

vapour fraction is expected.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 57 Vapour fraction contours, fin aspect ratio 0.2 (a) 0.2 sec. (b) 0.6 sec. (c) 1.0 sec. (d) 1.5 sec. (e) 2.0 
sec. (f) 2.5 sec. 

The vapour volume contour is shown for aspect ratios of 0.2 (Figure 57) and 4 (Figure 

38). When the fin aspect ratio is 0.2, the highest vapour fraction is seen on the side of 

the heatsink, whereas for the fin aspect ratio of 4, it is seen in the region between two 

fins. It can also be noted that regardless of the aspect ratio, the top face of the fins has 

the least amount of vapour fraction. This is because the vertical section of the fins has 

a larger area and thus produces more vapour, which must first travel up the rest of the 

heated vertical section. It is interesting to note that at an aspect ratio of 0.2. However, 

the length of the vertical sections of the fins is shorter than the horizontal section. The 

vertical sections still have a higher vapour fraction on their surface. 
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5.5. Effect of number of fins 

This section studies the effect of number of fins on the total heat flux and HTC. First, 

the number of fins is increased from 5, 9 and finally to 15. The aspect ratio, 

concentration, SPIP and fin spacing is kept constant during the investigation. 

 
Figure 58 Heat flux vs superheat at various fin numbers, 

SPIP: 0.9. 
 

 
Figure 59 HTC vs superheat at various aspect ratios, SPIP: 

0.9. 
 

As the number of fins increases, the heat flux and the HTC increase, having more fins 

increases the heat transfer surface area, and thus cooler temperatures can be 

achieved when the same amount of heat is being transferred.  

The vapour volume fraction and the fin shear stress at a given wall superheat are 

identical since the fin aspect ratio, and spacing remain the same. As a result, 

nucleation site density, bubble departure diameter, and departure time remain the 

same as these are temperature-dependent parameters. This means that the heat sink 

with a higher fin number has lower nucleation site density and bubble departure 

diameter since the surface temperature will be lower.  

5.6. Effect of base fluid 

In this section, different base fluids with Al2O3 particles are compared. The comparison 

is made between water and the refrigerants R141b, R134a, and R245fa, some of the 

commonly used base fluids for pool boiling application. The same bubble waiting time 

coefficients were used for all types of base fluids. The fin aspect ratio, the number of 

fins, and concentration were kept constant. 
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Figure 60 Heat flux vs superheat using different base fluids, 

SPIP: 16. 
 

 
Figure 61 HTC vs superheat using different base fluids, 

SPIP: 16. 
 

 
Figure 62 Heat flux vs superheat using different base fluids, 

SPIP: 0.9. 
 

 
Figure 63 HTC vs superheat using different base fluids, 

SPIP: 0.9. 
 

Figure 60 to Figure 63 shows the heat flux and HTC for nanofluids with water and 

different refrigerants as base fluid. It is noticeable that regardless of SPIP, at low wall 

superheats, the refrigerant-based nanofluids have a very low heat flux and HTC than 

water-based nanofluid. At SPIP 0.9, the refrigerant-based nanofluids always have a 

far lower heat flux and HTC at all wall superheat temperatures than water-based 

nanofluids. However, at higher superheats at SPIP 16, the refrigerant-based 

nanofluids have heat flux and HTC values that are much closer to the water-based 

nanofluid. In fact, it is seen that at SPIP 16, the heat flux and HTC of R245FA based 

nanofluid surpasses that of the water-based nanofluid. 
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Figure 64 NSD vs superheat using various base fluids, SPIP: 

16. 
 

 
Figure 65 NSD vs superheat using various base fluids, 

SPIP: 0.9. 
 

Although the refrigerant-based nanofluids have a much higher nucleation site density 

than water-based nanofluid as suggested by Figure 64 and Figure 65, the reason why 

refrigerant-based nanofluids have much lower heat flux values at SPIP 0.9 and lower 

superheat temperatures at SPIP 16 could be because refrigerants have thermal 

conductivity values that are about six times lower than that of water.  For this reason, 

even though there are fewer nucleation sites when water-based nanofluid is used, the 

higher thermal conductivity greatly increases the heat transfer.  

 
Figure 66 BDD vs superheat using different base fluids, 

SPIP: 0.9. 
 

 
Figure 67 BDT vs superheat using different base fluids, 

SPIP: 0.9. 
 

Bubble departure diameter is a function of several parameters, including surface 

tension and latent heat of vaporization. Since water has a surface tension that is up to 

4 times higher and heat of vaporization that is up to 11 times higher than refrigerant-

based nanofluids in this study, the bubble departure diameter for water-based 

nanofluid is much larger compared to refrigerant based nanofluids which have much 
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smaller bubble diameter (Figure 66). Smaller bubbles allow for more nucleation sites 

in the same area, thus increasing the nucleation site density. For this reason, at high 

superheat values at SPIP 16, refrigerant-based nanofluids start showing heat flux and 

HTC values that are closer to that of water-based nanofluid despite having lower 

thermal conductivity values. Thus, it can be said that the much higher nucleation site 

density at higher superheat temperatures for refrigerant-based nanofluid greatly 

influences the heat transfer to the point that it makes up for its low thermal conductivity. 

Figure 68 shows the vapour volume fraction on the heater surface where the left 

vertical axis shows values for water-based nanofluid whereas the right vertical axis 

shows values for refrigerant-based nanofluids. It is interesting to note that the 

refrigerant-based nanofluids have far less vapour on the surface heater. This is 

expected since the refrigerant-based nanofluids have much smaller heat flux values, 

and so the vapour is produced at a slower rate. Water-based nanofluid has the highest 

vapour on the heater surface, followed by R245fa, R134a and R141b. 

 
Figure 68 Vapour fraction vs superheat using various base 

fluids, SPIP: 0.9. 
 

 
Figure 69 shear stress vs superheat using various base 

fluids, SPIP: 0.9. 
 

This order is the same when comparing fin shear stress values (Figure 69). The 

refrigerant-based nanofluids also have a much lower liquid fin shear stress value 

despite having a higher viscosity. This could only mean that the surface liquid velocity 

gradients are lower for refrigerant-based nanofluids. 
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6. CONCLUSION 

The investigations show that the heat flux decreases as SPIP approaches 1 and 

increases as it goes further from 1. This could be because when SPIP is near 1, the 

nanoparticles deposit on the heating surface and clog the cavities since the 

nanoparticles and cavities are the same sizes. This prevents bubble growth, and thus, 

the heat flux decreases. When the SPIP is smaller than 1, the particles are larger than 

the cavities, so they can sit on top of cavities but cannot clog them completely. For this 

reason, the heat flux when SPIP is lower than 1 is still higher than when SPIP is close 

to 1. When the SPIP is greater than 1, the particles are smaller than the cavities, and 

when particle deposition occurs on the heater surface, the particles split the existing 

cavities into two or smaller cavities where a higher number of smaller bubbles grow. 

This increases the number of nucleation sites, and as a result, the heat flux also 

increases. The deposition thickness was not directly simulated as it would dramatically 

increase in the complexity and computation time of the simulation. Clogging is taken 

into account while calculating the nucleation site density in Eq. 46. Clogging occurs 

when the roughness and the particle size are nearly the same (SPIP 1) and as seen 

in Figure 51, Eq. 46 took this into account by showing a decrease in nucleation sites 

which is the effect of clogging.  

With an increase in concentration, the heat flux decreases possibly due to higher 

deposition thickness. At 2% vol. concentration, HTC enhancement is seen only at 

SPIP 8 and SPIP 16 when compared to pure water, whereas at 1% vol. concentration, 

HTC enhancement is seen at all SPIP except SPIP 0.9 and SPIP 0.5. At 0.5% vol. 

concentration, HTC enhancement is seen at all SPIP except SPIP 0.9. 

As the aspect ratio and the number of fins increases, the heat flux increases due to a 

higher heat transfer surface area. However, there is a dip in HTC as the wall superheat 

temperature increases from 10 to 15 °C at fin aspect ratios of 0.6 and higher regardless 

of the number of fins. This dip is enhanced as the aspect ratio and the number of fins 

increases. When comparing base fluids, it was found that water-based nanofluids 

mostly have a higher heat flux value. However, at SPIP 16, it was found that R245FA 

based nanofluid has higher heat flux values than water at higher superheat 

temperatures.  
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Future work 

Future work would consist of a full 3D simulation taking directly into account the 

particle deposition and clogging and validated against the author’s own experimental 

findings. 
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