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1. Abstract 

The proximity of the end of fossil fuels as our main source of energy, together with the 

huge demand for energy resulting from the exponential growth of the world's population and 

high levels of industrial and residential development has led to the commitment to energy from 

natural, clean and renewable resources becoming, to say the least, a short-term obligation. 

Taking advantage of new sources of energy from the sun, water or wind, among others, would 

lead to a rationalization of energy production and a decrease in pollution and the emission of 

harmful gases. 

In recent decades, solar power has been the natural source of energy that has generated 

most interest, playing a more and more important role in the management and production of 

energy on a global scale. Within this field, in addition to photovoltaic solar power, an interesting 

option to emerge is that of concentrating solar power, and in particular thermosolar plants that 

use parabolic trough mirrors as concentrators of solar radiation. In this kind of plants, sunlight 

is concentrated in order to heat a fluid, which stores thermal energy to then generate steam in a 

heat exchanger, which drives a turbine to produce electricity. Spain is one of the world leaders 

in the production of this kind of energy, which provides the perfect framework for the topic of 

this Doctoral Thesis. 

However, to become a high-yield source of energy with the capacity to store energy 

without the need for joining forces with other plants or power stations, the overall efficiency of 

concentrating solar power plants must improve. This can be achieved by optimising some of its 

components, such as the thermal properties of the heat transfer fluid, which are generally 

thermal oils that present low thermal conductivity values. One alternative to thermal fluids, 

discovered over twenty years ago, is based on the suspension of nanometric solid particles, one 

result of which is an increase in thermal conductivity with regard to the traditional fluids. These 

new fluids have been known since then as nanofluids. 

Metals such as silver, gold and platinum present far greater thermal conductivity than 

the base fluid commonly used in the thermosolar industry, which is a thermal oil consisting of 

the eutectic mixture of diphenyl oxide and biphenyl. Therefore, this Doctoral Thesis has 

established as its main aims to design and prepare nanofluids based on silver, gold and platinum 

nanoparticles through the use of different methods. The nanofluids prepared were characterized 

for their temporal stability and a possible increased efficiency as a heat transfer fluid, taking 
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into consideration their thermal and rheological properties. The results obtained show, amongst 

other aspects, that metal nanoparticles improve the thermal conductivity of nanofluids 

(improvements reaching 70% for the gold-based nanofluids and 37% for those based on 

platinum). Furthermore, despite the fact that the addition of nanomaterial and additives such as 

surfactants leads to inherent increases in viscosity, which is counter-productive in terms of 

efficiency, the nanofluids presented significant improvements in the efficiency of heat transfer 

processes with regard to the base fluid (from 6% in the case of the silver-based nanofluids to 

36% for matching nanofluids based on gold). In turn, the nanofluids prepared were shown to 

reach a level of temporal stability that allows for long-lasting suspension of the nanomaterial, 

limiting the agglomeration and precipitation phenomena that are inherent to nanomaterials in 

this kind of colloidal suspension. In this respect, the use of phase transfer agents and surfactants 

is essential for the nanomaterial to be incorporated into the base fluid and to improve the 

suspension of the nanomaterial. Finally, it was also shown that applying sonication treatment 

is vital for ensuring that the greatest possible amount of the nanomaterial is dispersed into the 

base fluid used. The combination of this treatment and the presence of surfactants has been 

shown to be a beneficial strategy. 

Moreover, with the aim of increasing our knowledge and understanding of these 

systems, and to complement the experimental study, we proceeded to perform a theoretical, 

molecular-level analysis of the nanofluid systems by means of Molecular Dynamics 

simulations. Technological advances and the development of large, efficient computer clusters 

has enabled studies of real systems using simulations to become more common in the field of 

chemistry in general, and in the field of nanofluids in particular.  

The three nanofluid systems prepared in this Doctoral Thesis were analysed using 

Molecular Dynamics simulations in order to determine their thermal and transport properties of 

interest and to understand through the analysis of their structural properties how the molecules 

of the base fluid and surfactants are organised around the silver, gold and platinum 

nanoparticles. The results calculated for isobaric specific heat and thermal conductivity show 

that the addition of metal nanoparticles results in improvements in both properties, in agreement 

with the trend obtained experimentally. In turn, the analysis of radial and spatial distribution 

functions reveals the dynamic arrangements of the base fluid and surfactant molecules around 

the nanoparticles, and how these molecular layouts affect the stability of the nanofluids and the 

enhancement of thermal properties.  
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Thus, the study of nanofluids based on silver, gold and platinum nanoparticles and using 

a thermal oil consisting of the eutectic mixture of diphenyl oxide and biphenyl as the base fluid 

shows that these new fluids present an adequate level of stability over time and a promising 

increase in efficiency in heat transfer processes. This is mainly due to a significant increase in 

thermal conductivity values, which makes their direct application in high temperature 

concentrating solar power plants to replace the currently used heat transfer fluids 

recommendable and viable. 
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2. Introduction and justification 

 2.1. Current energy situation 

While the mystery remains about when the first hominids appeared and how they 

evolved until our species, and although it is impossible to be categorical about the origin of 

humanity, we can indeed confirm that from those beginnings until now humanity and society 

have advanced meteorically towards the present day, in which we could define humanity as an 

anthropophagic and energivorous entity. Humans have become the biggest threat to the 

planet: overpopulation, a shortage of basic resources, overexploitation of natural sources, 

pollution on a planetary scale, and uncontrollable energy consumption. A sustainable future 

for the planet is in the hands of a society that is cradled in its comfort zone and well-being. 

The definition of society as energivorous is a term that has been the focus of attention 

of politicians worldwide for decades. To reduce the pollution produced by generating energy 

from fossil fuels and the commitment to change to clean and renewable sources of energy are 

among the most common promises made by governments at the present time. However, this 

year’s Global Status Report (GSR) reveals two truths: the revolution of the energy sector is 

promoting a change towards a future based on renewable energy, but the transition taking 

place worldwide is not occurring fast enough [1]. 

In 2016, modern renewable energy contributed 10.4% of the total final energy 

consumption worldwide, a larger contribution than that of nuclear and traditional biomass 

energy, but far below the 79.5% provided by fossil fuels (Figure 2.1.1). 

 

Figure 2.1.1. Participation of energy sources in the total final consumption in 2016 [1]. 
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In 2017, the production capacity of energy from renewable sources increased by 9% 

with regard to the previous year, largely thanks to a strong commitment to the three most 

common sources of renewable energy: photovoltaic solar (55%), wind (29%) and 

hydroelectric (11%).  

Although these data indicate that the transition towards renewable energy is possible, 

the progress made is not the same in all sectors, as shown by Figure 2.1.2. The two main 

sectors, which consume around 80% of the world’s energy, receive very different 

contributions from renewable energy: the heating and cooling sector represents 48% of the 

final energy use, of which 27% is supplied by renewable energy, while the transport sector 

constitutes 32%, of which only 3% comes from renewable sources. Neither of these sectors 

currently receives a great deal of attention from governments. The remaining 20% is mainly 

destined to the generation of electricity, of which 25% comes from renewable energy. 

 

 

Figure 2.1.2. Contribution of renewable energy by sectors [1]. 
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 2.2. Concentrating solar power 

Solar power is the cleanest and most abundant renewable resource on the planet and, 

taking on the role of the most favourable source of energy, it is in a position to play a leading 

role in supplying the world’s energy in the future. There are two kinds of technology that 

enable electricity to be generated from solar radiation.  

On the one hand, photovoltaic solar power converts radiant energy into electrical 

energy by means of semiconductor materials based on the photovoltaic effect. At present, as 

Figure 2.2.1 shows, it is the energy with the highest annual growth rate, increasing from 

302 GW in 2016 to 402 GW the following year, mainly due to the decrease in market costs, 

industrial competitiveness and the transfer of capital by companies in the oil sector. 

On the other hand, concentrating solar power (CSP) emerged at a later date than 

photovoltaic solar power, reaching the commercial market in 2007; it is based on the 

concentration of solar radiation to obtain heat energy. This heat energy is used to generate 

steam that, after passing through a turbine, produces electricity.  

 

 

Figure 2.2.1 Annual global capacity of renewable energy [1]. 
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As Figure 2.2.1 shows, the total contribution of this kind of energy reached 5 GW in 

2017, a 2% increase on the previous year. The challenge for CSP is to achieve the objectives 

set by the International Energy Agency (IEA) for 2020 (147 GW) and 2050 (1089 GW) [2], 

and become the backbone of future energy systems [3]. 

Photovoltaic solar power systems necessarily consist of two main components: a 

photovoltaic module (solar panel) and a power inverter that changes direct current to 

alternating current. Both components are basic elements that are easily accessible, a wide 

variety being available on the market. However, CSP plants are more complex systems. There 

are currently four kinds of CSP technology [4], as shown in Figure 2.2.2:  

 

 Parabolic trough collectors or concentrators (PTC): consist of a solar field containing 

lines of parabolic trough-shaped mirrors that concentrate the incident solar radiation 

onto an absorber tube through which a heat transfer fluid circulates. 

 

 Central tower receivers: consist of a solar field formed by heliostats that concentrate 

incident solar radiation onto a receiver located at the top of a tower. 

 

 Linear Fresnel reflectors: use flat or slightly curved mirrors that can rotate around an 

axis to direct incident solar radiation towards a linear receptor (absorber tube) located 

above them. 

 

 Stirling parabolic dishes: dishes shaped like a satellite dish that concentrate solar 

radiation onto a small receptor located on a focal point of the reflector, connected to a 

small motor (Stirling). 
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Figure 2.2.2. Types of CSP plants [5]. 

 

Although each kind of CSP plant has a different mechanism for concentrating solar 

radiation, they all share three common elements [6]. Taking as a specific example a CSP plant 

using parabolic trough technology, shown in Figure 2.2.3, the elements they have in common 

are: 

i. Solar field: where the mirrors, also called heliostats, receptors, collector systems, etc. 

are to be found. 

 

ii. Heat transfer fluid circuit, which may include a thermal energy storage (TES) unit. 

 

iii. Power block, where the thermal energy obtained from solar power is converted into 

electrical energy. 
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Figure 2.2.3. Image of a parabolic trough collector CSP plant [7], where: (i) is the solar field, (ii) 

is the heat transfer fluid circuit, and (iii) is the power block. 

 

Thus, the cost of installing and maintaining a photovoltaic system or a CSP plant is 

clearly different. However, cost of running a parabolic trough-type CSP plant has decreased 

by 25% in five years, a higher figure than expected and more promising than the case of 

photovoltaic technology, where costs have decreased by 20.9% in 35 years [7]. In addition, 

the option of fitting CSP plants with a thermal energy storage system (TES) provides them 

with greater appeal than other power stations where it is necessary to combine different kinds 

of technology to obtain a balance between supply and demand [8]. TES units are now being 

incorporated into all CSP plants, which are providing fossil fuel power stations with tough 

competition [6, 7].  

Spain is one of the world leaders in CSP technology, achieving a record total 

generation capacity in 2017 (2.3 GW). Together with the USA (with a total generation 

capacity of 1.7 GW), the two countries represent around 80% of the total capacity worldwide 

[9], as Figure 2.2.4 shows. In turn, for the second year running, South Africa has been the 

country with the highest investment in CSP [10], taking third place in this ranking and 

overtaking emerging countries such as China [11], India [12] and Morocco [13].  
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Figure 2.2.4. Contribution of countries to the total capacity of CSP [1]. 

 

Regarding the plans for new installations, China (with twenty plants), India, Morocco, 

Israel, Saudi Arabia, Chile and Australia have projects to build CSP plants, which will be 

finished in the next few years. In Europe there are plans to develop CSP plants in Denmark 

and France in 2018 [1]. However, neither Spain nor the USA has created new CSP plants 

since 2013 and 2015 respectively, and there are no plans to do so in coming years. Spain 

currently has 50 projects [14], 22 of which are in Andalusia, all based on parabolic trough 

technology with the exception of three solar towers in Seville. Annex 1 includes a list of the 

thermosolar projects built in Spain. 

 

2.3. Justification behind the topic of the Doctoral Thesis 

To increase the profitability and efficiency of CSP plants, technological advances have 

focused on three aspects: first, improving the design of the reflector and collector, and the 

materials used; second, increasing the efficiency of absorption and heat transfer processes, 

thus increasing the energy output; and finally, minimizing energy losses in heat storage 

installations [6]. 

Regarding the second aspect mentioned, the impact exerted by nanoscience in every 

field of science and technology, including the energy sector, has led to the development of a 

new generation of heat transfer fluids, which have been given the name “nanofluids” [15]. 
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Nanofluids are colloidal systems created by the dispersion of solid nanometric material into 

the heart of a base fluid. The presence of this suspended nanomaterial leads to enhanced 

thermal properties, in particular thermal conductivity [16-18]. Consequently, the development 

of nanofluids and the optimization of their properties for use in heat transfer processes have 

become established as the main challenges of numerous research groups worldwide. Figure 

2.3.1 shows the growing trend over the last two decades of scientific publications of research 

that focuses on the word “nanofluids” (in the title, abstract and key words) according to the 

Scopus database, reaching a figure of over 11.000 articles. 

During this time, a huge variety of nanomaterials have been used in the preparation of 

nanofluids: metallic [19, 20] and metallic oxide [21, 22] nanoparticles, two-dimensional [23, 

24] and three-dimensional [25, 26] materials, carbides [27], etc.; and a wide range of base 

fluids: water [28], ethylene glycol [19, 29], methanol [30], thermal oils [31-33], molten salts 

[34], etc.; the range of applications of these nanofluids has been widened to include different 

areas connected with heat transfer: solar power [35], cooling [36], thermosyphons [37], 

automotion [38], micro-electronics [39], medical applications [40-42], safety of nuclear 

reactors [43], etc. 

 

 

Figure 2.3.1. Publications including the key word “nanofluids” in the last two decades. 
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To reach a better understanding of these complex nanofluid systems, mathematical 

models and advances in computing have become essential tools in helping basic experimental 

science to study this kind of systems. Therefore, aiming to reach a compromise between 

experimental and theoretical approaches, as shown by Figure 2.3.2, simulations open a direct 

pathway between a macroscopic system and its microscopic properties, making it possible for 

experimental assays that are difficult to perform in real-world situations to become viable to 

study and analyse by means of a simulator.  

 

 

Figure 2.3.2. Flowchart of real system, simulated system and theory [44]. 

 

The first simulations within the context of science date back to the fifties, highlighting 

the emergence of the Monte Carlo methods [45] and molecular dynamics [46]. The 

connecting link between nanofluids and simulation began during this century [47, 48] and 

theoretical studies of nanofluids, although quite scarce, have recently caught the attention of 

many researchers and are now becoming more prevalent. According to the Scopus database, 

of the approximately 11.000 articles published to date containing the word “nanofluids” (in 

the title, abstract and key words), only around 1.200 also contain the topic of “molecular 
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dynamics”. However, the increasing popularity of this topic (Figure 2.3.3) is very similar to 

that of the main topic of nanofluids. 

 

 

Figure 2.3.3. Publications including the key words “molecular dynamics” within the topic of nanofluids. 

 

Thus, in view of the interest generated by this new field of theoretical and 

experimental research into nanofluids, this Doctoral Thesis will revolve around improving the 

efficiency of the heat transfer fluids used in thermosolar energy plants by means of the 

preparation of nanofluids based on metal nanoparticles. The nanofluids prepared will be 

characterized in depth. Their physical and chemical temporal stability will be determined and 

an analysis will be performed of their thermal properties, isobaric specific heat and thermal 

conductivity, which will enable the nanofluids prepared to be assessed for their efficiency as 

heat transfer fluids. Furthermore, molecular dynamics simulations of the nanofluid systems 

prepared experimentally will be performed in order to enhance our understanding of how they 

behave. 
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3. Hypothesis and objectives 

The working mechanism of a thermosolar plant involving CSP technology is generally 

common to any kind of light harvesting technology: the solar radiation incident on the 

harvesting system is concentrated onto a central tube through which flows a heat transfer 

fluid; this fluid is pumped through a system of pipes connected to a steam generator, where 

heat is released to turn water into steam at high pressure, which drives a turbine and produces 

electricity. The steam from the turbine is condensed in cooling towers into liquid water, which 

then rejoins the cycle. When there is too much heat energy in the solar field, part of the hot 

fluid is diverted towards a molten salt heat exchanger where the heat energy can be stored 

(TES unit). Thus, a heat transfer fluid flows between the harvesting and heat exchanger 

systems. Depending on the kind of plant, this fluid has the main aim of transferring and 

accumulating heat. Consequently, using a fluid that is significantly better at capturing and 

storing heat, and that presents a lower fusion temperature, increased boiling temperature 

and/or enhanced thermal conductivity would have interesting advantages for its application as 

a heat transfer fluid in this kind of plant.  

A new kind of fluid with enhanced thermal properties are those known as nanofluids, 

which are an interesting proposition and an attractive alternative with regard to improving the 

efficiency of concentrating solar power plants. Nanofluids can be optimized by altering 

parameters such as the nanoparticles used, their proportion, and the addition of surfactants 

and/or stabilizers, amongst others. This makes it possible to improve the thermal properties of 

the nanofluids, thus improving the capture and storage of energy from the sun. Thus, the 

starting hypothesis of this Doctoral Thesis is that the use of nanofluids based on metal 

nanomaterials in a fluid used in CSP technology with improved thermal properties may lead 

to the increased overall efficiency of this kind of thermosolar plants. 

Consequently, the research proposal presented here focuses on the study, design, 

characterization and value given to nanofluids with optimized thermal properties that are 

stable enough to be used to capture and transport heat from the sun's energy, in particular in 

concentrating solar power, where possible. The study of this proposal will be approached 

from three interconnected lines of research: 
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 Design and preparation of nanofluids. Totally experimental line that takes as a starting 

point the fluid normally used in solar harvesting systems, which is a thermal oil 

derived from benzenes with alkyl or phenyl-type radicals. In particular, compositions 

similar to those defined in commercial heat transfer fluids such as the Dowtherm A® 

line of fluids developed by The Dow Chemical Company© will be taken as 

references. The Dowtherm A® fluid will be used as the base fluid for the nanofluids in 

this Doctoral Thesis. Two kinds of metal nanoparticles will be selected: commercial 

silver nanoparticles; and gold and platinum nanoparticles synthesized during the same 

preparation process as the nanofluid. Furthermore, mechanisms will be taken into 

account to improve the dispersion and suspension of the nanoparticles in the heart of 

the base fluid, such as the use of ultrasound; and mechanisms to improve and maintain 

the suspension of nanoparticles, such as the used of additives that act as phase transfer 

agents and/or as surfactants, specifically, tetraoctylammonium bromide (TOAB), 

dodecylamine (DDA) and 1-octadecanethiol (ODT). Consequently, it is important to 

take into account the cost-efficiency ratio in the optimal design of the nanofluid in 

order to exclude any combinations that, despite showing positive properties, cannot be 

incorporated in large plants. 

 

 Experimental characterization of the main chemical and physical properties of the 

nanofluids designed. This characterization will include different measurements in 

order to perform a comprehensive study of the nanofluids prepared, paying special 

attention to: 

a) Chemical and physical changes that can take place over time; monitoring will 

be performed of variables such as the particle size and zeta potential, and 

measurements taken of sedimentation to assess the degree of cluster formation 

and therefore the stability of the nanofluids over time. 

b) Thermal properties such as heat capacity or thermal conductivity, and 

rheological properties such as viscosity, which will shed light on the efficiency 

of the nanofluids in heat transfer processes.  

c) The characterization of the oxidation state, size, shape and crystallinity of the 

nanomaterial in the cases where they have been synthesized. 
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 Theoretical modelling of the nanofluid systems using classic Molecular Dynamics 

(MD). The statistical results obtained by means of the Molecular Dynamics technique 

will be used to calculate parameters of interest such as thermal conductivity or heat 

capacity. Likewise, other information obtained will include: dynamic properties such 

as the diffusion of the nanoparticles in the fluid; structural properties related with how 

the fluid molecules are arranged around the nanoparticles; and the interaction energy 

between the nanoparticle and fluid molecules. These results will prove useful for 

determining how these nanofluids behave in order to make laboratory experiments as 

effective as possible. 

 

For general technical advice, the research counts on the collaboration of the company 

Torresol Energy Investments S.A., which has concentrating solar power plants in Seville 

(Gemasolar, tower-type receptor with molten salts) and in Cadiz (Valle-1 and Valle-2, 

parabolic trough concentrators). They will provide useful guidelines, information and 

knowledge at end-user level. Thus, the nanofluids will be prepared with the clear objective of 

using them in parabolic trough concentrating plants that currently use thermal oils.  

Therefore, a series of general and specific objectives are established that will allow the 

main objective of this Doctoral Thesis to be achieved. 

 

 General objective. 

 

From a purely scientific and technical perspective, the general aim is to develop 

nanofluids with optimized thermal properties that consequently have a high potential for use 

in industrial systems involving concentrating solar power. In turn, the in-depth study of this 

kind of systems may be of interest in many applications, so we will help to increase the 

scientific knowledge of this topic. 

From a social perspective, the launch of a line of research aimed at improving the 

efficiency of energy sources could entail a decrease in economic costs and an increase in the 

industrial exploitation of this renewable energy. Additionally, on a national level, this novel 

line of research may be a driver for new opportunities to carry out R+D in Spain, a country 

which, as mentioned above, is a world leader in this kind of technology. 
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 Specific objectives. 

 

On the basis of the hypotheses described, which present the design of a set of 

nanofluids that are economically viable for use in concentrating solar power, a series of 

specific objectives are established that are classified according to the two general areas of 

work: the experimental and theoretical approaches. 

The experimental pathway, working hand in hand with the theoretical pathway, 

establishes the following objectives: 

 To establish the methodology for preparing nanofluids taking into account 

different factors such as: the nature of the components (fluid and nanoparticle); 

the size, shape and concentration of nanoparticles; the addition of stabilizers 

(surfactants); or the separation process (use of ultrasound, homogenization 

time, temperature, etc.).  

 To synthesize nanoparticles while being able to modulate parameters that 

improve the efficiency of the nanofluids. 

 To obtain nanofluids with optimized thermal and transport properties, paying 

special attention to their isobaric specific heat, thermal conductivity and 

viscosity. 

 To ensure that the nanofluids obtained are stable over time. 

 

The theoretical pathway involves the use of classic Molecular Dynamics (MD), 

establishing the following objectives: 

 To calculate heat capacity and study variations in this thermodynamic property. 

 To study dynamic transport properties such as thermal conductivity and the 

auto-diffusion coefficients of the simulated nanofluids in order to enhance our 

understanding of the macroscopic behaviour of these systems. 

 Analysis of structural parameters. Analyses will be performed of the radial 

distribution function (RDF) and the spatial distribution function (SDF) in order 

to determine how the fluid molecules are arranged around the nanoparticles 

studied, calculating the interaction energy between the nanoparticles and fluid 

for the most probable structure. 
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 Main objective. 

 

Achieving these specific objectives leads to fulfilling the main scientific aim of this 

Doctoral Thesis, which can be summarized as:  

 

To detect nanoparticle and fluid pairs that make it possible to produce stable nanofluids 

with a high potential for use in high temperature thermosolar power. 
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4. Review of the background 

One of the challenges to be met by present-day technology is how to improve the 

thermophysical properties of the fluids commonly used as heat exchangers, especially for 

their direct application in the solar power industry [1]. Focussing our attention on the thermal 

properties, in particular the thermal conductivity, of conventional fluids such as water or 

ethylene glycol, they present vastly inferior values with regard to solids. Consequently, 

combining a fluid and a solid in dispersion into a single system is the most obvious way to 

improve the thermal properties of the original fluid. The suspension and dispersion of 

micrometric solid particles into a fluid modifies its values in terms of thermophysical 

properties, making it possible to improve heat transfer processes. However, despite this 

feasible improvement, applying these fluids in practice leads to engineering-related 

drawbacks due to the abrasive action of the solids and, amongst other problems, blockages in 

channels and pipelines, erosion of tubes and drops in pressure. Furthermore, due to the 

considerable size of the particles added, they tend to precipitate quickly, reducing the amount 

of solid in suspension, and generating rheological problems and high levels of instability in 

the system. Therefore, although the presence of a solid in suspension improves the thermal 

properties of a fluid, in practice its use is not viable. 

Recent advances in technology have made it possible to take the evolution of materials 

to a new nanometric dimension, which has led to the development of a new range of 

materials: nanomaterials. In the last few decades, nanotechnology and nanomaterials have 

caught the attention of a vast number of groups performing research in fields such as science, 

electronics, mechanics, health, etc. Nanomaterials have been in increasingly high demand due 

to the surprising and interesting optical, mechanical, electrical and thermal properties that 

they present. 

 

4.1. Background  

Consequently, nanomaterials and nanotechnology did not go unnoticed for the 

milestone of improving the thermal properties of heat transfer fluids since they might be able 

to solve the problems generated by using micrometric solids, as described above. Thus, in 

1995, in the Argonne National Laboratory (USA), Choi proposed the word “nanofluid” to 

describe fluids containing nanomaterial in suspension[2]. Earlier records of work in this field 
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exist from 1993, such as the German patent of A. Grimm based on heat transfer fluids 

containing aluminium powder [3], the study by Masuda and co-workers with metallic oxide 

nanoparticles [4], or the conference by V. Gass [5]. 

Amongst other characteristics, this new category of heat transfer fluids showed 

improved stability over time, a decreased tendency of the nanomaterial towards 

agglomeration and precipitation, a decrease in engineering-type drawbacks and, decisively, 

they presented dramatic improvements in thermal properties, in particular thermal 

conductivity, when compared with base fluids and with micrometric solids in suspension. 

The following research centred its attention on studying how to improve the thermal 

conductivity of the nanofluids with regard to the base fluid through the addition of 

nanoparticles, mainly metallic oxides. The studies showed that thermal conductivity was 

highly dependent on the nanomaterial and its concentration, and on the base fluid that it was 

dispersed into. In 1999, Wang and his co-workers [6] studied the thermal conductivity of 

nanofluids prepared with Al2O3 and CuO dispersed into four base fluids: water, ethylene 

glycol, engineering oil and vacuum pump fluid. They found the same trend in every case for 

both metallic oxides: thermal conductivity increased with the concentration of nanomaterial. 

They achieved improvements in thermal conductivity of 26% and 40% with regard to 

ethylene glycol when the volume concentrations of Al2O3 and CuO were 5% and 8%, 

respectively. In the same year, Lee and co-workers [7] prepared nanofluids based on the same 

oxides in water and ethylene glycol, showing that for the same nanomaterial the thermal 

conductivity of the nanofluids prepared with ethylene glycol was always higher than that of 

the nanofluids prepared with water; they also reported that, using the same base fluid and the 

same volume concentration, the CuO-based nanofluids presented higher thermal conductivity 

than those based on Al2O3. Thus, for a volume concentration of 4%, and using ethylene glycol 

as the base fluid, the nanofluid with CuO presented an increase in thermal conductivity of 

20%, compared with the 12% improvement for the nanofluid with Al2O3. 

At this point, a relationship was established between these two studies and the earlier 

work by Masuda and co-workers [4], who had reported significant changes in the 

thermophysical properties of a fluid when metal oxide nanoparticles were dispersed into it, 

and that the fluid had possible applications as a fluid for transferring heat by convection. For a 

nanofluid based on Al2O3 particles in water with a volume concentration of 3%, Masuda 
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obtained an improvement in thermal conductivity of 20%, Wang of 12% and Lee of 8%. 

Although each author prepared the nanofluid using a different technique, which affected the 

morphology of the nanomaterial, and even used additives to keep the nanofluids stable, the 

main difference between the three nanofluids lay in the size of the nanoparticles: Masuda used 

Al2O3 nanoparticles with a diameter of 13 nm and obtained the most significant improvement; 

Wang used 28 nm-diameter nanoparticles and achieved an intermediate improvement; and 

Lee obtained the most discrete enhancement using the largest nanoparticles, which measured 

38 nm in diameter. This suggested that thermal conductivity did not only depend on the 

concentration of the nanomaterials, but that the size of the nanoparticle also had a significant 

effect. 

A year later, Eastman and co-workers [8] obtained, for the same concentration of 

nanomaterial, a greater increase in thermal conductivity in metallic copper nanofluids (of 10 

nm in diameter) than in CuO nanofluids (of 35 nm in diameter), attributing this result to the 

different particle sizes. They also determined that nanofluids prepared using copper in 

ethylene glycol showed greater stability and a bigger increase in thermal conductivity when 

they used thioglycolic acid as a surfactant, obtaining an improvement of 40% in the presence 

of surfactant, and of 5% in its absence for the same volume concentration of nanomaterial of 

0.3%. 

Morphology also plays an important role in the improvement in the thermal 

conductivity of nanofluids. In 2002, Xie and co-workers [9] studied the effect of the 

morphology of the nanomaterial on thermal conductivity. They prepared and studied SiC-

based nanofluids with two morphologies: spherical nanoparticles of 26 nm in diameter and 

cylindrical nanoparticles of 600 nm and diameter dispersed in water and in ethylene glycol. 

For the same volume concentration of 4%, they obtained a greater increase in thermal 

conductivity for the cylindrical nanomaterial (of 23%) than for the spherical nanomaterial (of 

15%), despite the smaller particle size. In 2005, Murshed and co-workers [10] prepared 

nanofluids in water using spherical TiO2 nanoparticles with a diameter of 15 nm and 

cylindrical nanoparticles of the same oxide measuring 10x40 nm. They reported the expected 

trend: the thermal conductivity of each nanofluid increased with the concentration of 

nanomaterial, and for the same concentration the improvement in thermal conductivity was 

32% for the nanofluid with cylinder-shaped nanomaterial compared with an improvement of 

29% for the spherical nanomaterial.  
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This and other research showed how thermal conductivity was dependent on factors 

related to the kind of nanomaterial used, its size and concentration, and the base fluid that it 

was dispersed into. However, factors such as temperature, the clustering effect and pH also 

affect the thermal conductivity of nanofluids. In 2010, Teng and co-workers [11] studied the 

thermal conductivity of Al2O3-based nanofluids of three different sizes (20, 50 and 100 nm in 

diameter) and its relationship with increases in concentration and temperature. They reported 

a tendency for thermal conductivity to increase when smaller nanoparticles were used and 

when both the concentration and temperature increased. In 2006, Hong and co-workers [12] 

investigated the effect of the clustering of metallic iron nanoparticles of 10 nm in diameter in 

nanofluids prepared with ethylene glycol. They determined that when the nanofluids were 

subjected to ultrasound treatment, they presented higher thermal conductivity the longer it 

was applied; however, once left idle, the nanomaterial presented large particle sizes again due 

to the formation of clusters, leading to a decrease in thermal conductivity with regard to that 

obtained moments after the application of ultrasound. The studies by Lee and co-workers [13] 

and Karthik and co-workers [14] into the influence of pH on the thermal conductivity of CuO 

nanofluids in water showed that the pH affected the stability of the system by modifying the 

surface charge of the nanoparticles and therefore the number of no-agglomerated 

nanoparticles in dispersion, which had a direct effect on thermal conductivity.  

Keblinski [15] and Eastman [16] are just two of the researchers that reported the 

possible mechanisms that might explain the anomalous increase in the thermal conductivity of 

a fluid due to the presence of a dispersed nanometric solid. To this day, due to the complexity 

of the systems, the scientific community is yet to reach consensus on this matter [17]. The 

main mechanisms proposed were:  

 The mobility of the nanoparticles (Brownian motion) due to the fluid. The energy 

exchange arising from the direct contact between nanoparticles when they collide with 

each other may result in an increase in thermal conductivity. These collisions are a 

result of the Brownian motion of the nanoparticles, although this is too slow to 

transport and exchange significant amounts of heat. However, Brownian motion is 

significantly affected by temperature; when the temperature rises, an increase in the 

kinetic energy of the particles is produced as their speed increases: the smaller the 

particles, the greater the momentum they gain and the more collisions taking place, 

provoking a significant increase in thermal conductivity. Therefore, although 
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Brownian motion does not lead to a drastic increase in thermal conductivity, it can 

play an important role, for example, in the formation of clusters, which directly affects 

thermal properties. 

 Liquid/solid interface. Liquid molecules form ordered structures on the surface of 

solids, forming layers that have different thermophysical properties to the liquid (bulk) 

and to the solid nanoparticles. These monolayers present intermediate thermal 

conductivity values, between those found for the liquid and the solid, and an increase 

in the thermal conductivity of the nanofluid with regard to the base fluid could 

therefore be expected, although it is true that this increase would not only be a result 

of this phenomenon. 

 Characteristics of heat transfer in nanoparticles. Macroscopic theories suggest that 

heat transport is produced due to diffusion. In crystalline solids, heat is transported by 

phonons; that is, by the propagation of reticular vibrations. These phonons are created 

and spread randomly in all directions and may interact with each other. A phonon 

involves a group of periodic vibrations with long wavelengths that mainly occur in 

solids. These vibrations generate energy, which results in a change of temperature and 

thus in the transfer of heat (known as ballistic heat transport). 

 Clustering. If nanoparticles cluster to form lattices, lower resistance thermal pathways 

are created that have a positive effect on thermal conductivity. For heat flow to exist, 

physical contact between the particles is not necessary, rather a very short distance, 

and the clusters formed present a considerable surface area, which results in an 

unusual improvement in thermal conductivity. However, this has two disadvantages: 

first, the formation of clusters over a prolonged period gives rise to fairly heavy 

aggregates that eventually precipitate; and second, at low concentrations of 

nanomaterial, the clustering creates areas of liquid of high thermal resistance due to 

the absence of solid material. Both problems would provoke a decrease in thermal 

conductivity. 

 Surface charge. The pH is a factor that has a large impact on the surface charge of the 

particles, which, in turn, directly affects thermal conductivity. When the pH of the 

nanofluid moves away from its isoelectric point, the surface charge and charge density 

increase, prompting electrostatic repulsions and preventing agglomeration phenomena. 

There would, therefore, be a higher concentration of dispersed nanomaterial, which 

could result in an increase in thermal conductivity values. On the other hand, when the 
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nanofluid is found at its isoelectric point, the surface charge is low or zero, resulting in 

the nanomaterial agglomerating and in the subsequent loss of nanomaterial in 

suspension. Depending on the nature of the system, this agglomeration may improve 

other processes such as the formation of clusters or heat transport by phonons, which 

would lead to improved thermal conductivity. 

From a theoretical perspective, models were developed using mathematical formulas 

that predict or approximate this dramatic increase in thermal conductivity, although no model 

currently makes totally accurate predictions [17]. Since the first model by Maxwell in 1904 

for a mixture of two components, until the most recent approximations, the factors that could 

have an effect on the increase in thermal conductivity experimentally (stated above) and the 

factors affecting the nanomaterial (especially morphology) have enhanced the ever more 

complex formulas. 

The first model by Maxwell [18] was proposed for liquid-solid mixtures with large 

particles. This model (Equation 4.1, Table 4.1) only takes into account the thermal 

conductivity of the nanomaterial (only with spherical morphology) and the base fluid, and the 

volume fraction of the solid. When the volume fraction of the solid is high enough, the 

Maxwell model begins to get predictions of thermal conductivity wrong. In 1962, Hamilton 

and Crosser [19] proposed a model (Equation 4.2, Table 4.1) based on the Maxwell model 

that includes the volume fraction of the nanoparticles 𝝓, and considers nanomaterial with a 

non-spherical morphology by using the empirical constant 𝒏 given by 𝑛 = 3
𝜓⁄ , where 𝝍 is 

defined as the sphericity of the particle. If this sphericity is equal to 1, the Hamilton-Crosser 

model is identical to the Maxwell one. However, these considerations limit the accuracy of 

the predictions made by the classical models, which, in turn, assume that heat is transferred by 

diffusion in both fluids and solids, which results in good approximations for suspensions with 

macro- or millimetric particles, but generally underestimates thermal conductivity values in 

the case of nanofluids [20]. 

Recently, the theoretical studies performed and the new models proposed have taken 

into account heat transfer mechanisms that could explain the anomalous increase in thermal 

conductivity. One of the factors that minimises the difference between experimental results 

and those predicted theoretically is the use of the effective volume fraction. From the 

perspective of the mechanisms presented above, the improvement in thermal conductivity 
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may be due to the formation of a nanolayer structure on a solid-liquid interface, which means 

it is easier for the liquid molecules to transport heat when they are part of that layer than when 

they are part of the bulk liquid. This effect is not important for micro- or millimetric particles, 

but is very significant for nanoparticles. In 2003, Yu and Choi [21] proposed a model 

(Equation 4.3, Table 4.1) that considered that the nanolayer has nanometric dimensions and 

semi-solid properties, and that the effective volume fraction 𝝓𝒆𝒇𝒇 is estimated by the 

approximation 𝜙𝑒𝑓𝑓 = 𝜙(1 + 𝛽)3, where 𝜷 is the ratio of the thickness of the nanolayer and 

the diameter of the nanoparticle. In the same year, Xuan and co-workers [22] proposed a 

model (Equation 4.4, Table 4.1) that takes into account Brownian motion and the clustering of 

nanoparticles, and in which the density and isobaric specific heat of the nanoparticles, the 

apparent radius of the cluster, (𝒓𝒄𝒍, estimated experimentally) and the viscosity 𝝁 of the base 

fluid intervene. The first term in this model is in its entirety the Maxwell model, while the 

second term is the participation of the Brownian movement of the nanoparticles. In 2004, Koo 

and Kleinstreuer [23] combined in their model (Equation 4.5, Table 4.1) Brownian motion 

with the Hamilton-Crosser model, considering the presence of aggregates with regard to their 

conductivity and diameter (estimated experimentally), a term 𝜷 that depends on the kind of 

nanoparticles and that is related to the interactions between the nanoparticles and the fluid, 

and a function 𝒇(𝑻, 𝝓) that is dependent on the temperature and volume fraction. 

The incorporation and dispersion of nanomaterial not only affects the thermal 

properties of the base fluid, but also its rheological properties. Rheology is the study of the 

physical principles that govern the flow of fluids. Although the pioneers of this branch of 

science include Isaac Newton and Robert Hooke (with studies into ideal viscous fluids and 

elastic solids), modern rheology was posited in 1929 by Eugene Cook Bingham [24], and 

focuses on complex systems that exhibit elastic and viscous behaviour simultaneously, that is, 

viscoelastic materials such as plastics, fibres, lubricants, suspensions and emulsions. Viscosity 

is a crucial parameter in the design of nanofluids and their future application as heat transfer 

fluids, since many engineering-related drawbacks (such as pumping power or pumping 

pressure) and the heat transfer coefficient depend on this property to a large extent [25]. 

Therefore, the study of rheological properties, in particular viscosity, is essential in the field 

of nanofluids. 
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Table 4.1. Models to predict the effective thermal conductivity 𝒌𝒆𝒇𝒇 of the nanofluids, where 𝒌𝒇, 𝒌𝒑 and 𝒌𝒂 

represent the thermal conductivity of the fluid, the nanoparticle and the aggregate; 𝝓 and 𝝓𝒆𝒇𝒇 are the 

volume fraction and the effective volume fraction; 𝒏 is the empirical factor; 𝝆𝒑 and 𝑪𝑷,𝒏𝒑 are the density 

and the isobaric specific heat of the nanoparticles; 𝜿𝑩 is the Boltzmann constant; 𝒓𝒄𝒍 is the apparent radius 

of the cluster; 𝝁 is the viscosity of the base fluid; 𝒅𝒂 is the diameter of the aggregate; the term 𝜷 depends 

on the kind of nanoparticle and a function 𝒇(𝑻, 𝝓) dependent on the temperature and the volume fraction. 

Eq. Maxwell  

(1904) [18] 𝑘𝑒𝑓𝑓 =
𝑘𝑝 + 2𝑘𝑓 + 2(𝑘𝑝 − 𝑘𝑓)𝜙

𝑘𝑝 + 2𝑘𝑓 − (𝑘𝑝 − 𝑘𝑓)𝜙
𝑘𝑓 (4.1) 

Eq. Hamilton-Crosser 

(1962) [19] 
𝑘𝑒𝑓𝑓 =

𝑘𝑝 + (𝑛 − 1)𝑘𝑓 − (𝑛 − 1)(𝑘𝑓 − 𝑘𝑝)𝜙

𝑘𝑝 + (𝑛 − 1)𝑘𝑓 + (𝑘𝑓 − 𝑘𝑝)𝜙
𝑘𝑓 (4.2) 

Eq. Yu-Choi  

(2003) [21] 

𝑘𝑒𝑓𝑓 =
𝑘𝑝 + (𝑛 + 1)𝑘𝑓 − 𝜙𝑒𝑓𝑓(𝑛 − 1)(𝑘𝑓 − 𝑘𝑝)

𝑘𝑝 + (𝑛 + 1)𝑘𝑓 + 𝜙𝑒𝑓𝑓(𝑘𝑓 − 𝑘𝑝)
𝑘𝑓 (4.3) 

Eq. Xuan  

(2003) [22] 

𝑘𝑒𝑓𝑓 =
𝑘𝑝 + 2𝑘𝑓 − 2𝜙(𝑘𝑓 − 𝑘𝑝)

𝑘𝑝 + 2𝑘𝑓 + 𝜙(𝑘𝑓 − 𝑘𝑝)
𝑘𝑓 +

𝜌𝑝𝜙𝐶𝑝𝑝

2𝑘𝑓
√

𝜅𝐵𝑇

3𝜋𝑟𝑐𝑙𝜇𝑓

𝑘𝑓 (4.4) 

Eq. Koo- Kleinstreuer 

(2004) [23] 
𝑘𝑒𝑓𝑓 =

𝑘𝑎 + 2𝑘𝑓 − 2𝜙𝑒𝑓𝑓(𝑘𝑓 − 𝑘𝑎)

𝑘𝑎 + 2𝑘𝑓 + 𝜙𝑒𝑓𝑓(𝑘𝑓 − 𝑘𝑎)
𝑘𝑓 + 5 · 104𝛽𝜙𝑒𝑓𝑓𝜌𝑝𝐶𝑝𝑝√

𝜅𝐵𝑇

𝜌𝑝𝑑𝑎

𝑓(𝑇, 𝜙) (4.5) 

 

Masuda [4] was the first to measure the viscosity of metallic oxide nanofluids in water 

at temperatures ranging between 20 and 70°C. He found that the viscosity of the nanofluids 

decreased as the temperature increased, and that at a set temperature the viscosity of the 

nanofluid increased with the concentration of nanomaterial. Pak and Cho [26] studied the 

viscosity of Al2O3 and TiO2 nanofluids in a range of volume concentrations between 1-10%, 

and reported the same trend as that described earlier by Masuda, obtaining a 200% increase in 

the viscosity for a volume concentration of 10%. Furthermore, they reported a change in the 

viscous behaviour of the nanofluids, which stopped behaving like a Newtonian fluid when the 

volume concentration of Al2O3 was higher than 3%. Moreover, Wang and co-workers [6] 

obtained an increase in viscosity of 30% when the volume concentration of Al2O3 in water 

was 3%. They also observed that the degree of dispersion of the nanomaterial within the base 

fluid also has an effect on variations in viscosity, lower values being found with higher 

degrees of dispersion. 
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In 2008, Murshed and co-workers [27] performed research into the effect of 

temperatures ranging between 20 and 60ºC on the thermal conductivity and viscosity of 

nanofluids based on aluminium, Al2O3 and TiO2, using cetyltrimethylammonium bromide 

(CTAB) as the surfactant, and water, ethylene glycol and mineral oil as the base fluids. They 

concluded that, despite the increase in thermal conductivity with temperature and the 

concentration of nanomaterial, viscosity showed a similar trend to the base fluid, having 

negative repercussions in terms of efficiency. In 2009, Duangthongsuk and Wongwises [28], 

in a study of TiO2-based nanofluids in water, found that, although viscosity increased with the 

concentration of nanomaterial and decreased with temperature, in terms of efficiency, the 

improvement in the heat transfer coefficient varied between 26% and 14% when the volume 

concentration increased from 1% to 2%. This demonstrated that, despite the increase in 

thermal conductivity, the change in viscosity played a very important role in the efficiency of 

the transfer of heat. Later, in 2013, Sundar and co-workers [29] investigated the thermal 

conductivity and viscosity of nanofluids with magnetic Fe3O4 nanoparticles with a diameter of 

13 nm in water, and using CTAB be as the surfactant. They observed that for a volume 

concentration of 2% and a temperature of 60°C, the thermal conductivity of the nanofluid 

increased by 45% with regard to the base fluid, but there was a threefold increase in the 

viscosity of the water, which had a negative impact on the efficiency of the nanofluid. 

The size and shape of the particles, as occurs with thermal conductivity, also has an 

effect on viscosity values. In 2008, Nguyen and co-workers [30] studied the effect of particle 

size on the viscosity of Al2O3 nanofluids in water (with particle diameters between 36 and 

47 nm). They found that significant effects can only be appreciated when a high concentration 

of nanomaterial is used. Research by Timofeeva and co-workers in 2009 [31] focused on how 

the morphology of nanomaterials affects viscosity. Using four different shapes of 

nanoparticles (platelet, blade, cylindrical and brick shapes) and a mixture of water and 

ethylene glycol (50/50) as the base fluid, they observed that the Newtonian behaviour of the 

nanofluid depended on the shape of the particle, which consequently has a significant effect 

on changes in viscosity. 

Thus, the parameters that affect the thermal conductivity of the nanofluid also impact 

to a large extent on its viscosity. Generally, viscosity decreases with an increase in 

temperature, and increases with higher concentrations of nanomaterial (and with the presence 

of surfactants). Moreover, the size and distribution of the nanomaterial has a considerable 
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impact, whereby, for the same concentration of nanomaterial, the smaller the nanoparticles the 

greater the viscosity of the nanofluid. In addition, nanofluids with a greater distribution of 

particle sizes will generate more spaces between the molecules of the base fluid, making the 

nanofluid flow more and have a lower viscosity value. Finally, in the study of nanofluids, it is 

also interesting to determine whether they present Newtonian or non-Newtonian fluid 

behaviour. In a Newtonian fluid, the strain rate is proportional to the tangential force; and the 

ratio of the two is a constant known as viscosity, which is only dependent on temperature and 

not on the strain rate or time. Generally, when the concentration of nanomaterial is low, 

nanofluids present Newtonian behaviour. As the strain rate increases, the interactions between 

nanoparticles begin to weaken, presenting low viscosity values. 

As with thermal conductivity, theoretical models have been developed to predict the 

viscosity of nanofluids, using formulas for biphasic mixtures. The first theoretical model 

(Equation 4.6, Table 4.2) was proposed by Einstein [32] in 1906 for nanofluids with a low 

concentration of particles (<0.02 vol.%) and spherical morphology. Later, models were 

proposed that took into consideration the phenomena and mechanisms mentioned above for 

changes in thermal conductivity. Brinkman [33], in 1952, expanded Einstein’s model for 

concentrations of up to 4 vol.% (Equation 4.7, Table 4.2). Batchelor [34], in 1977, took the 

Brownian motion of the nanoparticles into consideration in his model (Equation 4.8, Table 

4.2). More recently in 2007, Nguyen and co-workers [30] proposed a model (Equation 4.9, 

Table 4.2) to predict the viscosity of nanofluids with nanoparticle concentrations of between 1 

and 4 vol.%; and in 2009, Masoumi [35] took into consideration the effect of temperature, the 

density of the nanoparticles and the physical properties of the base fluid (Equation 4.10, Table 

4.2). 
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Table 4.2. Models for the prediction of the viscosity 𝝁 of nanofluids, where 𝝁𝒇 is the viscosity of 

the fluid; 𝝓 is the volume fraction; 𝑻 is the temperature; 𝑪 is a correction factor that depends on the 

size and concentration of the nanomaterial; 𝝆𝒑 is the density of the nanoparticles; 𝑽𝑩 is Brownian 

velocity;  𝒅 is the diameter of the nanoparticles, and 𝒍 is the space between particles. 

Eq. Einstein (1906) [32] 𝜇 = 𝜇𝑓(1 + 2.5𝜙) (4.6) 

Eq. Brinkman (1952) [33] 𝜇 = 𝜇𝑓

1

(1 − 𝜙)2.5
 (4.7) 

Eq. Batchelor (1977) [34] 𝜇 = 𝜇𝑓(1 + 2.5𝜙 + 6.25𝜙2) (4.8) 

Eq. Nguyen (2007) [30] 𝜇 = 𝜇𝑓(1.125 − 0.0007 𝑇) (4.9) 

Eq. Masoumi (2009) [35] 𝜇 = 𝜇𝑓 +
𝜌𝑝𝑉𝐵𝑑2

72 𝐶 𝑙
 (4.10) 

 

Other relatively important properties in the study of nanofluids are density and 

isobaric specific heat, although the number of references and studies related with these 

properties is somewhat lower in comparison with the studies that focus on thermal 

conductivity and viscosity. 

Since the density of solids is greater than that of liquids, it is to be expected that the 

addition of nanomaterial and other agents (such as surfactants) will result in an increase in the 

density of the nanofluid with regard to the original base fluid. This is what is known as the 

simple rule of mixtures, although this increase is not as dramatic as that of viscosity. 

Variations of below 5% are estimated for nanofluids with a volume concentration of 1% [16], 

although some studies, such as the one by Summers and Yerkes [36], report increases of less 

than 5% with volume concentrations below 5% in Al2O3-based nanofluids in propanol. The 

density of a nanofluid 𝝆𝒏𝒇 is predicted in accordance with the simple rule of mixtures 

according to Equation 4.11 [26]: 

𝜌𝑛𝑓 = 𝜙 𝜌𝑛𝑝 + (1 − 𝜙)𝜌𝑏𝑓 (4.11) 
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where 𝝆𝒃𝒇 and 𝝆𝒏𝒑 are the densities of the base fluid and the nanoparticle respectively, and 𝝓 

has been defined above. 

On the other hand, solids usually present lower isobaric specific heat values than 

liquids at the same temperature. Thus, incorporating nanoparticles into the base fluid will 

result in a decrease in isobaric specific heat, meaning that, for the same increase in 

temperature, less thermal energy is required for the nanofluid than for the base fluid.  

According to the theory of simple mixtures of ideal gases, the isobaric specific heat of 

nanofluids 𝑪𝑷,𝒏𝒇 can be estimated according to Equation 4.12, as [26]: 

where 𝑪𝑷,𝒃𝒇 and 𝑪𝑷,𝒏𝒑 are the isobaric specific heat of the base fluid and the nanoparticles, 

respectively. This equation was modified by Xuan and Roetzel [37], introducing the density 

term (Equation 4.13): 

𝜌𝑛𝑓 𝐶𝑃,𝑛𝑓 = 𝜙 𝜌𝑛𝑝 𝐶𝑃,𝑛𝑝 + 𝜌𝑏𝑓 (1 − 𝜙) 𝐶𝑃,𝑏𝑓 (4.13) 

Studies in the literature report lower isobaric specific heat values for nanofluids with 

regard to the base fluid. One such study is that of Eastman and co-workers [16] who found a 

decrease of approximately 8% in Al2O3 nanofluids with a volume concentration of 3% 

compared with the water used as the base fluid. 

However, in opposition to this common trend, cases can also be found of nanofluids 

presenting an increase in isobaric specific heat when compared with the base fluid. Shin and 

Banerjee [38, 39] obtained improvements in isobaric specific heat values of 14% for 

nanofluids with a volume fraction of 0.6% SiO2 in eutectic chloride salts as a base fluid. They 

observed that internal sub-structures were formed in the nanomaterial in the form of lattices, 

which had the properties of a semi-solid, resulting in an improvement in isobaric specific 

heat. They presented three models to explain this anomalous improvement: 

I. Greater surface energy. The atoms found on the surface of the nanoparticles are less 

limited in terms of bonds, so they vibrate at a lower frequency and greater amplitude, 

which results in greater surface energy, which, in addition, is more notable the lower 

the amount of nanomaterial dispersed within the fluid. 

𝐶𝑃,𝑛𝑓 = 𝜙 𝐶𝑃,𝑛𝑝 + (1 − 𝜙) 𝐶𝑃,𝑏𝑓 (4.12) 
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II. Fluid-solid interaction energy. Nanoparticles present high surface area per unit of 

mass values, which creates a great deal of thermal resistance at the interface between 

the nanoparticles and the liquid molecules, which is insignificant at a macrometric 

scale. This resistance must act as additional thermal storage, resulting from the 

interaction between the vibration energy from the nanoparticles and the liquid 

molecules around them, leading to an increase in the isobaric specific heat. 

III. Formation of a semi-solid layer. The liquid molecules create a layer around the 

nanoparticles whose thickness depends largely on the surface energy of the 

nanoparticles. This layer has semi-solid properties; that is, higher values than the 

nanoparticles dispersed in the bulk that contribute to an increase in the isobaric 

specific heat. 

Therefore, incorporating the nanomaterial into the heart of the base fluid modifies a 

series of properties that can be predicted with greater or lesser accuracy by mathematical 

approximations, and phenomena and mechanisms are assumed to take place in these systems 

that mean that nanofluids cannot be considered to be a simple mixture of the two materials. 

Experimentation and the use of theoretical models to understand and define any 

natural phenomenon are not the only methodologies currently being employed. The meteoric 

developments in computers that have taken place since the fifties, and the use of computers to 

resolve problems in the field of science, has resulted in substantial improvements in our 

knowledge thanks to a new methodology: computer simulation. 

Presented as a new scientific tool in the early fifties, the new methodology involving 

computer simulation was first pioneered in a study by Metropolis and co-workers [40], who 

used a new method base on the generation of random numbers, christened Monte Carlo 

simulation. Not long after, in 1957, the first study appeared that used Molecular Dynamics 

(MD) simulations, when Alder and Wainwright [41] used this technique to investigate the 

phase diagram of a rigid spheres model. The early studies involving Molecular Dynamics 

include the one in 1960 by Gibson, Vineyard and co-workers [42], who carried out the first 

MD simulation of a real material composed of 500 copper atoms forming a crystalline 

structure; and the study by Rahman [43], in 1964, that analysed the attraction and repulsion 

interactions of a system composed of 864 argon atoms. 
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From then until now, the amount of scientific research that has simulated real systems 

using computational techniques has increased constantly, boosted by the improvements in 

computers (performance, data processing speed, storage capacity, etc.) and by the desire to 

learn about and understand the world of nanotechnology. Molecular Dynamics simulations 

have now become a key tool for complementing experimental studies and research in the field 

of science.  

Within the field of nanofluids in particular, simulations using different methods or 

techniques in general, and Molecular Dynamics in particular, have promoted a greater, more 

in-depth understanding of these systems and the phenomena taking place within them. The 

most important studies in this context include the research carried out in 2004 by Xue and co-

workers [44] involving MD simulations to investigate the effect of the arrangement of the 

liquid-solid interface on thermal resistance. They reported that a single-atom layer of base 

fluid had no effect on heat transport and this mechanism was ruled not to be responsible for 

the enhancement in the thermal conductivity of the nanofluids; Shenogin and co-workers [45] 

used classical MD simulations to study the interfacial resistance for the heat flow between a 

carbon nanotube and liquid octane. They discovered that this resistance presented a high value 

due to the coupling between the nanotubes and the liquid, which decreases as the length of the 

nanotubes increases. In 2006, Vladkov and Barrat [46] found with the help of MD simulations 

that the confinement effect, particle mass and Brownian motion have an effect on the transfer 

of heat between the base fluid and the nanoparticles, and they showed that in the absence of 

collective effects, the thermal conductivity of the nanofluid is well described by the classic 

Maxwell model. In the same year, Prasher and co-workers [47] used MD to study the effect of 

the formation of clusters on thermal conductivity, showing that these aggregates are 

responsible for the enhancement in this property. In 2007, Sarkar and Selvam [48] used MD 

simulations to calculate the thermal conductivity of copper-based nanofluids using liquid 

argon as the base fluid for a single nanoparticle and for variable volume fractions. They 

investigated the possible atomic-level mechanisms involved in the transport of heat, reporting 

that the increase in movement of the liquid molecules in the presence of nanoparticles caused 

an increase in the thermal conductivity of the nanofluids. In 2008, Sankar and co-workers [49] 

proposed a theoretical approach based on MD to estimate the improvement in thermal 

conductivity caused by suspending platinum nanoparticles in water. Their results were in line 

with existing experimental results and those predicted by conventional theories. Then, in 
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2012, Kang and co-workers [50] used several nanoparticles within the simulation box to 

recreate by means of MD how aggregation of the nanomaterial affected thermal conductivity 

and viscosity. In turn, Babaei and co-workers [51] applied the Green-Kubo Molecular 

Dynamics procedure on various systems, including nanofluids, without observing a clear 

difference when the nanomaterial was dispersed well enough; they underlined the importance 

of correctly defining the mean energies in the assessment of heat transport. In the same year, 

Dang and co-workers [52] carried out MD simulations to study the effects of solvation and 

the interactions between metal particles in n-hexane, methanol and water, demonstrating that 

the methanol and water molecules bind to the coordination sites of the metals, while the n-

hexane molecules were significantly influenced by solvated nanoparticles. Finally, Lin and 

co-workers [53] provided confirmation of the improvement in the thermal conductivity with 

volume fraction and nanoparticle size by studying nanofluids consisting of copper 

nanoparticles suspended in ethylene glycol. They revealed the molecular mechanisms that 

were responsible for these improvements by means of DM. 

The number of studies performed into nanofluids since 1995 [2] has not ceased to 

increase and, while it is true that thermal conductivity and viscosity are the two most studied 

properties, numerous authors have completed studies that have increased our knowledge and 

understanding of the nanofluids by means of studies involving: different techniques for 

preparing nanofluids; the use of a variety of nanomaterials and base fluids; monitoring their 

stability over time following different procedures; the addition of surfactants; the application 

of ultrasound treatment; assessment of their density and isobaric specific heat; theoretical 

perspectives through the use of various simulation methods (Molecular Dynamics, Monte 

Carlo, DFT, etc.); and widening their application to different and varied fields. 

However, among all these alternatives, few studies have been performed to date that 

focus on how these nanofluids can be applied in concentrating solar power using the heat 

transfer fluid used in these power plants as the base fluid and characterising the nanofluid 

from both a theoretical and experimental perspective, studying and monitoring their stability 

and estimating the efficiency of the heat transfer processes. 

A fine example of this kind of publications is the study from 2016 carried out by 

Navas and co-workers [54] into nanofluids based on commercial copper and nickel 

nanoparticles dispersed into the heat transfer fluid that is used in CSP plants. These 
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nanofluids presented good stability over time, with particle sizes that remained stable a few 

hours after their preparation. Increases in density and viscosity were found for both 

nanofluids, while the copper-based nanofluids presented higher values for isobaric specific 

heat (improvement of 15%) and thermal conductivity (improvement of 12.5%) with regard to 

the base fluid, which led to an improvement in the heat transfer coefficient of 11% at room 

temperature for a mass concentration of 5·10-4 %. In turn, the nickel nanofluids did not show a 

significant improvement. 

Based on the theoretical approach using MD simulations, the dynamic and thermal 

properties of both nanofluids were estimated, the same trend being obtained as for that 

reached experimentally: the copper nanofluids improved the thermal properties of the base 

fluid, while the nickel nanofluids presented a downward trend. In turn, analyses were 

performed of the structural properties of both systems to determine how the base fluid 

molecules were organised around each nanoparticle. It was observed that the base fluid was 

not organised in the same way in each case, which is categorical evidence of the difference 

between both systems for transporting heat. 

This precedent is of great interest as a model to follow for the studies underpinning 

this Doctoral Thesis: a line of research focusing on improving the efficiency of stable 

nanofluids so that they can be used directly in CSP plants, research based on approaches that 

are both experimental and theoretical, involving Molecular Dynamics simulations. 
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5. Methodology 

Before addressing the main results obtained, it is useful to outline the methodology 

followed and the equipment and techniques used for measuring the different properties.  

From an experimental perspective, a methodology was established consisting of three 

stages that have directly guided the study towards the achievement of the objectives proposed 

(see Chapter 3 – Hypothesis and objectives). The stages that make up the experimental 

approach are: 

 Design and preparation of nanofluids. 

 Study and monitoring over time of the stability of the nanofluids prepared. 

 Characterization of the rheological and thermal properties of the nanofluids prepared 

and the assessment of their efficiency. 

Likewise, the theoretical approach and the parameters used for the Molecular 

Dynamics simulations will be described. 

 

5.1. Definition of the base fluid 

Concentrating solar power (CSP) plants work with heat exchanger fluids based on 

molten salts or thermal oils [1]. Examples of these are the Dowtherm range of fluids produced 

by The Dow Chemical Company© or Therminol, produced by the Eastman Chemical 

Company©. For their potential application in the concentrating solar power industry based on 

parabolic trough technology, all the nanofluids studied in this Doctoral Thesis were prepared 

using the heat transfer fluid commonly used in this kind of plants, supplied by the company 

Torresol Energy Investments S.A. This heat transfer fluid (HTF) is a thermal oil from the 

Dowtherm-A range that is composed of a eutectic mixture of two stable aromatic compounds 

(Figure 5.1.1): diphenyl oxide (or diphenyl ether, with the molecular formula C12H10O) and 

biphenyl (or phenylbenzene, with the molecular formula C12H10), in proportions of 73.5% and 

26.5%, respectively. Eutectic mixture means the mixture of two or more liquid components in 

proportions so that their melting point or vaporisation point is lower than that of any of its 

components in a pure state. 
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Figure 5.1.1. Image of the molecules that form the base fluid: diphenyl oxide (left) and biphenyl (right). 

 

The main aim of nanofluids is to be more efficient at exchanging or transferring heat 

since than the currently-used fluids, which present relatively low efficiency values. The 

isobaric specific heat values of solids such as copper (383 J kg-1 K-1) or gold (129 J kg-1 K-1) 

at room temperature are known to be considerably lower than those of liquids. In our case, the 

eutectic mixture presented a specific heat of 1573 J kg-1 K-1. However, also at room 

temperature, copper (401 W m- 1 K-1) or gold (318 W m-1 K-1) present significantly higher 

thermal conductivity values than the eutectic mixture (0.13 W m-1 K-1). Figure 5.1.2 shows 

the isobaric specific heat and thermal conductivity values in a temperature range between 

300 and 360 K for the eutectic mixture Dowtherm-A. 

 

Figure 5.1.2. Isobaric specific heat values (in red) and thermal conductivity (in blue) for the 

eutectic mixture Dowtherm-A. 
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Therefore, if the addition of nanoparticles in suspension produces an improvement in 

these properties, and this leads to an increase in the efficiency of the heat transfer processes, 

nanofluids acquire interesting advantages and become an alternative to the base fluid for 

application as heat transfer fluids in CSP plants. 

This Doctoral Thesis presents the results obtained for nanofluids based on the 

Dowtherm-A base fluid and using metallic nanoparticles of silver, gold and platinum as the 

nanomaterial. All the nanofluids were studied to determine their stability over time, and 

characterized experimentally by measuring their thermal and rheological properties to assess 

the degree of improvement in their efficiency as heat transfer fluids. In turn, by means of 

Molecular Dynamics simulations, dynamic and thermal properties were calculated to compare 

the theoretical results with those obtained experimentally, while structural properties were 

analysed to determine and understand the molecular arrangement of this kind of systems in 

order to rationalise what is known about them with regard to heat transfer mechanisms. 

 

5.2. Design and preparation of nanofluids 

There are basically two ways or methods for preparing nanofluids: 

 One-step preparation method. In this method, the nanomaterial is synthesized and 

directly dispersed into the nanofluid in the same preparation process as the nanofluid. 

This method generally produces nanofluids with remarkable stability and efficiency as 

it avoids problems that are inherent in nanomaterials, which tend to agglomerate 

during the drying, storage and transport stages, leading to problems in the dispersion 

stage [2-6]. 

 Two-step preparation method. This method consists of two steps: first the 

nanomaterial is synthesized before being dispersed into the base fluid in the second 

stage. This method has become the most common way of preparing nanofluids [7-13] 

thanks to the large variety of methods of synthesis and the wide range of commercial 

nanomaterials currently on the market. 
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One of the challenges to be met in the preparation of nanofluids is to minimize the 

natural tendency of the particles to agglomerate and precipitate due to the attractive 

interactions between molecules that are favourable to the interactions between the particles 

and the fluid molecules. This tendency modifies the amount of nanomaterial in suspension 

and has a direct impact on the stability and thermal properties of the nanofluids [3,14], 

generating unstable nanofluids that do not possess significantly-enhanced thermal properties. 

The characteristics of the suspended particles and the base fluid, such as their morphology, 

chemical structure or degree of agglomeration, are factors that have a strong effect on the 

stability of a nanofluid [15].  

Chemical and physical methods exist make it possible to prepared stable nanofluids. 

The most commonly used mechanisms are: 

 To control the surface charge of the nanomaterial by pH modification. The stability of 

a nanofluid is directly related with electrostatic interactions as repulsive forces can 

stabilize material in dispersion [16-18]. The isoelectric point of a colloidal system is 

the pH value at which the concentration of ions results in a zero net charge, or the pH 

at which the ζ potential is zero, and therefore the charge on the surface of the 

nanomaterial is zero. This means that to obtain stable nanofluids it is necessary to set 

the pH at the furthest possible distance from the isoelectric point without encouraging 

the reactivity of any of the species involved in the system; in other words, high ζ 

potential values are required [19, 20]. It is generally agreed that for water-based 

nanofluids a greater ζ potential value, 30 mV in absolute terms, leads to a stable 

colloidal suspension [21]. 

 Modification of the particle surface by adding surfactants. This is the most widely 

used method for obtaining stable nanofluids [22]. Surfactants are substances that have 

an effect on the interface between the surface of a particle and the medium [23], 

preventing the agglomeration of the nanomaterial by altering the hydrophobicity of the 

surface of the particle, decreasing the surface energy, generating repulsion energy, etc. 

Some of the most commonly used surfactants are sodium dodecyl sulphate or SDS 

[24], sodium dodecyl benzenesulfonate or SDBS [25], cetyltrimethylammonium 

bromide or CTAB [26], or polyvinylpyrrolidone or PVP [10], amongst others. 

Although the addition of surfactants makes nanofluids more stable, it may limit their 
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application at high temperatures as the bonds between the nanomaterial and the 

surfactant may be affected [27, 28], as well as the stability of the surfactant itself. 

 Ultrasound treatment. This mechanism allows the break-up of any agglomerates 

formed during the process of preparing the nanofluids. This leads to a greater 

concentration of nanomaterial in suspension without the formation of large 

agglomerates [12, 16, 29, 30]. 

The present Doctoral Thesis shows the preparation of nanofluids based on both 

commercial and synthesized nanoparticles using both methods of preparation, an example of 

which can be seen in Figure 5.2.1. A combination of the mechanisms described above is 

usually used to obtain stable nanofluids, so a variety of additives were used to act as phase 

transfer agents and surfactants, and ultrasound treatment was applied in the preparation of the 

nanofluids to facilitate the suspension of the nanomaterial. 

 

Figure 5.2.1. Final appearance of a nanofluid. 

 

5.2.1. Preparation of silver nanofluids 

The nanofluids based on silver nanoparticles were prepared using the two-step 

method. The nanomaterial used was commercial silver nanoparticles (purity  99%, density: 

10490 kg m-3 at 298 K, Sigma-Aldrich©) with a particle size below 100 nm, which were 

dispersed into the base fluid (eutectic mixture Dowtherm-A). Three nanofluids were prepared 

varying the concentration of the nanomaterial, 0.5 · 10-4, 1.0 · 10-4 y 5.0 · 10-4 wt.%, and the 

same percentage of polyethylene glycol (molecular weight: 400; Sigma-Aldrich©), which 

acted as a surfactant. The mixture underwent sonication treatment (three hours, with a final 
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power applied of 50 W) in a thermostatically-controlled water bath at 298 K to achieve the 

best possible dispersion of the nanomaterial. 

 

5.2.2. Preparation of gold nanofluids 

In this section it is essential to distinguish between two different preparation methods 

for the gold nanofluids. 

The first nanofluid system based on gold nanoparticles was prepared using the one-

step method. The experimental procedure for preparing these nanofluids can be summarised 

as: 

1) A solution of 10 mM of the gold precursor, tetrachloroauric acid (HAuCl4, 

purity  99.9%, Sigma-Aldrich©) is mixed into an aqueous solution with a base 

fluid solution (eutectic mixture Dowtherm-A) and tetraoctylammonium bromide 

([(C8H17)4N]Br, commonly known as TOAB, purity  98%, Sigma-Aldrich©), 

with double the weight percent in comparison with the quantity of gold. The 

TOAB acts first of all as a phase transfer agent causing the metal precursor to 

migrate from the aqueous phase to the organic phase, according to the reaction: 

𝐴𝑢𝐶𝑙4
−

(𝑎𝑞)
+ 𝑁(𝐶8𝐻17)4

+
(𝑏𝑓)

→ 𝑁(𝐶8𝐻17)4
+𝐴𝑢𝐶𝑙4

−
(𝑏𝑓)

 

2) After an initial liquid/liquid extraction, an aqueous solution of 50 mM of sodium 

borohydride (NaBH4, purity  98%, Fluka Sigma-Aldrich©) is gradually added to 

the organic phase and left under magnetic stirring. The colour of the solution is 

seen to change from dark green to brown as a result of the reduction of the 

tetrachloroauric anion to metallic gold, as indicated by the reaction: 

𝑚 𝐴𝑢𝐶𝑙4
−

(𝑏𝑓) + 3𝑚 𝑒−
(𝑏𝑓) → 4𝑚 𝐶𝑙−(𝑏𝑓) + 𝐴𝑢𝑚(𝑏𝑓)

 

At this moment, the TOAB additive plays a second role, acting as a surfactant to 

prevent the recently-formed gold nanoparticles from agglomerating. 

3) A final liquid/liquid extraction is performed: the organic phase is considered to be 

the gold nanofluid and the aqueous phase, which has a transparent appearance, is 

discarded. 
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4) Three nanofluids were prepared varying the concentration of gold nanoparticles, 

0.0025, 0.005 and 0.01 wt.%, with double the percentage by weight of TOAB and 

with five times the molar proportion of sodium borohydride. 

The second gold nanofluid system was designed in order to perform a comparison 

with the silver nanofluids described above. To this end, gold nanofluids were prepared 

following the two-step method under the same conditions as those explained above for the 

silver nanofluids, but in this case commercial nanoparticles were not used. Instead, gold 

nanoparticles were synthesised by reduction (by means of sonication [31]) with sodium citrate 

(C6H5Na3O7·2H2O, purity  99%, PanReac AppliChem©) and the same gold precursor, 

tetrachloroauric acid (HAuCl4). The nanofluids were prepared using the eutectic mixture 

Dowtherm-A as the base fluid. 

Three nanofluids were prepared with the same concentrations as the silver nanofluids, 

0.5 · 10-4, 1.0 · 10-4 and 5.0 · 10-4 wt.%, and the same percentage of polyethylene glycol. The 

mixture underwent sonication treatment (three hours, with a final power applied of 50 W) in a 

thermostatically-controlled water bath at 298 K to achieve the best possible dispersion of the 

nanomaterial. 

 

5.2.3. Preparation of platinum nanofluids 

The nanofluids based on platinum nanoparticles were prepared following the two-step 

method. The platinum nanoparticles were synthesized in an aqueous solution beginning with a 

14 mM solution with a metallic precursor, hexachloroplatinic acid (H2PtCl6, purity  38% in 

platinum, Sigma-Aldrich©), which was reduced by the reducing agent sodium borohydride 

(NaBH4, purity  98%, Fluka Sigma-Aldrich©), at a weight ratio of 1:10 with regard to the 

platinum. The reaction took place in a low-power ultrasound bath by slowly adding the 

reducing agent to control the formation of agglomerates. The reduction of the platinum can be 

deduced from the change in colour from orange (original solution) to black (final solution), 

through the reaction: 

𝐻2𝑃𝑡𝐶𝑙6 + 6𝑁𝑎𝐵𝐻4 → 6𝑁𝑎𝐶𝑙 + 𝑃𝑡 + 3(𝐵𝐻3)2 + 4𝐻2 
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Next, this aqueous solution is added to the base fluid solution (Dowtherm-A) together 

with dodecylamine (CH3(CH2)11NH2, commonly known as DDA, purity  98%, Sigma-

Aldrich©), which acts as a phase transfer agent, at a weight ratio of 1:2 with regard to the 

original platinum. The resulting solution is kept under gentle magnetic stirring for one hour 

and, after a liquid/liquid extraction, the aqueous phase, which has a transparent appearance 

(unmistakable sign that the platinum has transferred to the organic phase) is discarded. 

In this research, two mechanisms were studied for improving the stability of the 

nanofluids: the addition of surfactants and the application of ultrasound. To this end, 

following the methodology described above, three nanofluids were prepared with a platinum 

concentration of 0.005 wt.%. Two of them were treated with ultrasound (with impulses every 

two seconds for 45 minutes at 30% power, stopping for four seconds to prevent a dramatic 

increase the temperature, and a total energy transmitted of approximately 11 kJ). Second 

surfactant, 1-Octadecanethiol (CH3(CH2)17SH, commonly known as ODT, purity  98%, 

Sigma-Aldrich©) was added to the third nanofluid and to one of the two nanofluids treated 

with ultrasound at a weight ratio of 1:3 with regard to the original platinum. Finally, the three 

nanofluids were left under magnetic stirring for one hour in a thermostatically-controlled 

water bath at 298 K. 

 

5.3. Experimental characterization 

The stability of the nanofluids and the improvement in the efficiency of heat transfer 

processes, together with economic viability, are the indicators to be taken into account ahead 

of the potential use of the nanofluids in the thermosolar industry. Therefore, it is essential to 

obtain nanofluids that are stable over time as a preliminary and limiting step before 

subsequently characterizing their thermal and rheological properties in order to study possible 

improvements in efficiency. 
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5.3.1. Stability 

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [32, 33] of colloidal 

interactions dictates that a colloidal system will remain stable if and only if the repulsive 

electrostatic forces, which stem from the net charge on the surfaces of the particles, are 

greater than the Van der Waals attraction force; otherwise, the colloidal particles will group 

together and form clusters and aggregates. Furthermore and in parallel, a nanofluid can be 

described as stable when the concentration of nanomaterial in suspension remains constant 

over time [34].  

Although the stability of nanofluids is incredibly important when they are put into use, 

there are a limited number of studies that estimate the stability of a suspension, and even 

fewer in the field of nanofluids. In the present Doctoral Thesis, an assessment has been made 

of the stability of all the nanofluids by means of different techniques: 

 Ultraviolet-visible spectroscopy: a simple and direct technique that makes it possible 

to study the suspension of the nanomaterial in the heart of the fluid and to monitor it 

over time [35]. As well as being quick and easy to use, it provides the option of 

assessing and estimating the concentration of nanomaterial in suspension, although it 

is not suitable or advisable for nanofluids with a high concentration of nanomaterial 

[36]. In addition, by comparing the absorption bands of the spectra of the nanofluids 

and the base fluid, it is possible to observe whether chemical changes have taken place 

in the base fluid due to the addition of the nanomaterial. 

 Measurements of particle size and their distribution using light dispersion methods: 

analysing the size of the particles enables the formation of agglomerates and their 

behaviour over time to be studied [37, 38], nanofluids being considered more stable 

when the particle size remains constant and they present a narrow distribution of sizes. 

The particle sizes were analysed using the dynamic light scattering (DLS) technique. 

This technique is based on illuminating a sample with a laser beam and detecting the 

fluctuations in the intensity of the light when it strikes the particles, which are in 

constant movement due to Brownian motion [39, 40]. 
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Figure 5.3.1. Fluctuations in the particle size observed in the DLS technique. 

 

These fluctuations in intensity (Figure 5.3.1) are related to the translational diffusion 

coefficient 𝑫 and to the diameter of the particles by means of the Stokes-Einstein 

equation (Equation 5.3.1), which establishes that the translational diffusion coefficient 

of a spherical particle depends on its size and the temperature and viscosity of the 

medium, but not on the density and composition of the nanoparticle: 

𝑅𝐻 =
𝑘𝑇

6𝜋𝜇𝐷
 (5.3.1) 

where 𝒌 is the Boltzmann constant, 𝑻 and 𝝁 the temperature and viscosity of the 

medium, and 𝑹𝑯 the hydrodynamic radius of the particle (or Stokes radius). However, 

this radius is the sum of the size of the particle and the layer of ions and molecules 

bonded to it; thus, the DLS technique slightly overestimates the real size of a particle 

(Figure 5.3.2). 

 

 

Figure 5.3.2. Illustration of the hydrodynamic diameter and diameter of a particle. 
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The real size of a particle is analysed using transmission electron microscopy (TEM), 

which is a procedure that complements DLS in cases where it is necessary to obtain an 

accurate result of the nominal size of the nanoparticles, for example in the study of the 

size and morphology of a nanomaterial after synthesis, or for observing modifications 

in the size and shape of the nanoparticles after applying a series of heat cycles to the 

nanofluid.  

 Measurements of ζ potential: a commonly-used technique in the field of colloidal 

chemistry that enables the measurement of the electrostatic (or charge) repulsion or 

attraction between the particles, a fundamental parameter that affects stability and 

provides information about the degree of dispersion or agglomeration of the 

nanomaterial within the fluid [41, 42]. A high ζ potential value indicates that the 

electrostatic interaction between the particles of the system is greater that the Van der 

Waals forces, which leads to a high degree of stability. The published literature 

concludes that a water-based colloidal system is considered to be stable if it presents 

absolute ζ potential values above 30 mV [21, 43]. The ζ potential can be obtained 

indirectly by measuring electrophoretic mobility using the combined technique of laser 

Doppler microelectrophoresis and phase analysis light scattering (PALS), a similar 

technique to DLS. In this case, the sample is submitted to an electric field that 

provokes the movement of charged particles towards the oppositely charged pole with 

a velocity that is related to electrophoretic mobility 𝝁𝒆 (𝜇𝑒 = 𝑉
𝐸⁄  , where 𝑽 is the 

particle velocity and 𝑬 the electric field), which is in turn related to the ζ potential 

through the Henry equation (Equation 5.3.2): 

𝜇𝑒 =
2 𝜀 𝑍 𝑓(𝑘𝑎)

3𝜇
 (5.3.2) 

where 𝜺 is the dielectric constant of the medium, 𝒁 the ζ potential and 𝒇(𝒌𝒂) Henry’s 

function, which measures the ratio of the particle radius and the thickness of the 

electrical double layer, to which the Smoluchowski approach was applied: 𝑓(𝑘𝑎) =

1.5 [44, 45]. 
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To study the stability of each nanofluid prepared in this Doctoral Thesis, each of the 

properties of the samples mentioned above were monitored for a week, taking several 

measurements every day to obtain representative mean values. To this end, the following 

equipment was used: 

 A system consisting of a DH-2000-Bal deuterium-halogen light source with a 

USB200+ spectrometer, supplied by Ocean Optics©, to record the ultraviolet-visible 

spectra in the wavelength range of 350-880 nm, using glass cuvettes and recording the 

spectra in triplicate every day for a week. 

 A Malvern© Zetasizer Nano ZS to perform the measurements of DLS and ζ potential. 

Both measurements were performed in glass cuvettes and in the case of the ζ potential 

in particular using a platinum electrode, recording both analyses in triplicate every day 

for a week. 

 

5.3.2. Efficiency 

Once the physical and chemical stability of the nanofluids had been determined, the 

next step of the study focused on changes in the rheological and thermal properties of the base 

fluid due to the incorporation of the nanomaterial, and whether these changes improved its 

efficiency in heat transfer processes with regard to the base fluid with a view to using the 

nanofluids in the thermosolar industry. According to Timofeeva and co-workers [46], for a 

nanofluid to be used as a heat transfer fluid, a rather complex study is required that explains 

the changes produced in all the thermophysical properties of the base fluid after the addition 

of nanomaterials, from the interactions between the particles and the fluid to a large number 

of factors: concentration and type of nanomaterial, its size and shape, the properties of the 

base fluid, the presence of surfactants, etc. 

Therefore, the efficiency of the fluids in heat transfer processes was assessed 

according to the heat transfer coefficient, 𝒉, which is defined as ℎ = (𝑘𝑎𝜌𝑏𝐶𝑃
𝑐) (𝜇𝑑𝜎𝑒)⁄ , 

where 𝒌 is thermal conductivity, 𝝆 density, 𝑪𝒑 the isobaric specific heat, 𝝁 viscosity and 𝝈 

surface tension [47]. The exponents are empirical and theoretical constants that depend on the 

boundary conditions of the system under study; e, normally being zero when no phase change 

takes place [48]. In this Doctoral Thesis, the fluids in concentrating solar power plants are 
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considered to be found under conditions of turbulent flow and the enhancement in the 

efficiency of the nanofluids with regard to the base fluid has therefore been estimated in 

accordance with the Dittus-Boelter equation [49], which gives the ratio of the heat transfer 

coefficients of the nanofluid and the base fluid, and is considered to be a Figure of Merit. 

According to this equation, efficiency is considered to increase if the ratio of the heat transfer 

coefficients between the nanofluid and the base fluid is (ℎ𝑛𝑓 ℎ𝑏𝑓⁄ ) > 1. The heat transfer 

coefficient is calculated by means of this equation taking into consideration the previous 

expression, according to Equation (5.3.3): 

𝐹𝑜𝑀 =
ℎ𝑛𝑓

ℎ𝑏𝑓
= (

𝜌𝑛𝑓

𝜌𝑏𝑓
)

0.8

(
𝑘𝑛𝑓

𝑘𝑏𝑓
)

0.6

(
𝐶𝑝(𝑛𝑓)

𝐶𝑝(𝑏𝑓)
)

0.4

(
𝜇𝑛𝑓

𝜇𝑏𝑓
)

−0.4

 
(5.3.3) 

defining the nanofluid and the base fluid under the subscripts 𝑛𝑓 and 𝑏𝑓. 

A similar equation to that developed by Dittus-Boelter is the Mouromtseff equation 

[50, 51]. In this Equation (5.3.4), the heat transfer coefficient, represented by the Mouromtseff 

number, 𝑀𝑂, is estimated using the same thermophysical properties used for the Dittus-

Boelter equation. A nanofluid is considered to be more efficient when the ratio of the 

Mouromtseff number of the nanofluid to the base fluid is higher (𝑀𝑜𝑛𝑓
𝑀𝑜𝑏𝑓

⁄ ). 

𝑀𝑜 =
𝜌0.8𝑘0.67𝐶𝑝

0.33

𝜇0.47
 

(5.3.4) 

Other authors, such as Prasher and co-workers[52], suggest that under laminar flow 

conditions the efficiency of a nanofluid will depend only and to a large extent on two 

properties: viscosity and thermal conductivity. Thus, if the increase in dynamic viscosity is 

less than four times the increase in the thermal conductivity, the nanofluid is considered to be 

efficient, in accordance with ratio (5.3.5): 

𝐷𝑉𝐼

𝑇𝐶𝐸
=

(𝜇𝑛𝑓 − 𝜇𝑏𝑓)
𝜇𝑏𝑓

⁄

(𝑘𝑛𝑓 − 𝑘𝑏𝑓)
𝑘𝑏𝑓

⁄

≤ 4 (5.3.5) 

Therefore, to be able to apply these models, it is necessary to study the properties that 

they are comprised of: 



Roberto Gómez Villarejo 

 

 

68   
 

 Density: is a physical property that relates the mass of a substance to its volume. Since 

the density of solids is greater than that of liquids, generally speaking, adding 

nanomaterial to the base fluid will produce an increase in its density value. In turn, 

materials with high density values make heat transfer processes more efficient [47]. 

 Viscosity: a rheological property that can be defined, in simple terms, as the greater or 

lesser resistance of a fluid to flow freely. However, as seen in the equations that define 

the efficiency of a nanofluid, an increase in viscosity values is counter-productive in 

terms of efficiency and must therefore be controlled and kept to a minimum. The 

natural tendency produced by incorporating nanomaterial into the base fluid is an 

increase in viscosity values as the concentration of nanomaterial increases and the 

temperature decreases [28, 53].  

 Isobaric specific heat: defined as the amount of heat required per unit mass to raise the 

temperature by one degree. Solids present lower isobaric specific heat values than 

liquids, so, for the same temperature increase, less thermal energy is required by the 

nanofluid than the base fluid, and thus the nanofluid will present a lower isobaric 

specific heat value [54, 55]. However, the opposite trend is also plausible and some 

studies have reported that nanofluids may present improvements in this property [56, 

57]. 

 Thermal conductivity: refers to the ability of a material to transfer heat, and is the 

most important intrinsic parameter for demonstrating the potential for improvements 

in heat transfer in nanofluids. Solids present much higher thermal conductivity values 

than liquids. Therefore, incorporating nanomaterial into a fluid leads to nanofluids 

presenting high thermal conductivity values than the base fluid. In addition, amongst 

other factors, an increase in the concentration of nanomaterial and in temperature 

generally involves an increase in thermal conductivity values [58-60]. 

In order to perform the measurements of the density, viscosity, isobaric specific heat 

and thermal conductivity values of the nanofluids and the base fluid, the following equipment 

and techniques were used: 

 The density was determined by means of pycnometry at room temperature, performing 

the number of measurements required to obtain a representative mean value. The 

values for density at high temperature were estimated using the curve plotted by the 
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base fluid, obtained from the data sheet of the manufactured product and shown in 

Figure 5.3.3. 

 

 

Figure 5.3.3. Density values (in blue) and viscosity (in red) for the eutectic mixture Dowtherm-A. 

 

 Viscosity was analysed by means of a vibration system, the Vibro Viscosimeter SV-10 

from A&D Company©, coupled to a temperature sensor and a thermal bath set a room 

temperature. To perform the measurements, two sensor plates were placed into the 

fluid and submitted to a constant vibration frequency (30 Hz), generating a current 

between the two sensor plates proportional to the viscous drag of the fluid; this ratio is 

used to calculate the viscosity value. The required number of measurements of 

viscosity at room temperature were performed to obtain a representative mean, while 

the viscosity values at high temperature were estimated in the same way as those of 

density, described above (Figure 5.3.3). 

 

 Isobaric specific heat was determined by means of the temperature-modulated 

differential scanning calorimetry (TMDSC) technique, using a Q-20 calorimeter 

supplied by TA Instruments©. To carry out the measurements, a procedure was 

developed that can be summarised in the following steps: first, the temperature was 

equilibrated to 341 K to eliminate contaminants and impurities, and isothermal 

conditions were maintained for 10 minutes; next, the temperature was lowered to 

301 K and then increased to 391 K at a rate of 1 K/min; then, a modulation was 
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programmed around the temperatures studied with a amplitude of  ±1 K and a period 

of 120 seconds; finally, cooling took place at a rate of 1 K/min. To check the accuracy 

of the procedure and the equipment, the isobaric specific heat of the base fluid was 

measured and these values compared with the data provided by the supplier. The 

isobaric specific heat of each nanofluid was measured in triplicate. 

 

 Thermal conductivity was calculated by means of the light flash analysis (LFA) 

technique, using the LFA-1600 device supplied by Linseis Thermal Analysis©. This 

technique measures thermal diffusivity, which is the thermophysical property that 

defines the rate of heat propagation by conduction during changes in temperature and 

which is related to thermal conductivity through Equation 5.3.6 [61]: 

𝑘(𝑇) = 𝐷(𝑇) · 𝐶𝑃(𝑇) · 𝜌(𝑇) (5.3.6) 

To measure thermal diffusivity, 𝑫, the sample is placed in an oven at a set 

temperature. An energy pulse (laser or xenon flash) programmed to that temperature 

heats the lower side of the sample. This pulse generates a homogeneous increase in the 

energy across the whole sample and the increase in temperature of the other side of the 

sample is measured using a high-speed infra-red detector. Thermal diffusivity is 

calculated taking into consideration the thickness of the sample and the mean time of 

the amplitude of the temperature signal. Thermal conductivity 𝒌 is estimated 

according to Equation 5.3.6, having previously determined the isobaric specific heat 

𝑪𝑷 and the density 𝝆. To check the accuracy of the equipment, the thermal 

conductivity of the base fluid was measured and these values were compared with the 

data provided by the supplier. The thermal conductivity of each nanofluid was 

measured in triplicate. 
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5.4. Theoretical modelling 

5.4.1. Molecular Mechanics 

Electrons are a key element in quantum mechanics, making it possible to study 

structures and calculate their properties through the distribution of electrons and chemical 

reactivity. However, quantum mechanics calculations cannot be applied to systems with a 

large number of atoms. However, molecular mechanics ignores electrons and focuses solely 

on the arrangement or the atomic nuclei in molecules, which makes it possible to study 

macromolecular systems. Molecular mechanics calculations are based on the Born-

Oppenheimer approximation [62, 63], which, by considering that the nuclei move more 

slowly than the electrons due to the difference in their masses, makes it possible to distinguish 

the movements of nuclei and electrons. Thus, the baseline energy state of a molecule can be 

considered as a function of the coordinates of the atomic nuclei, this function being known as 

the force field. 

 

5.4.1.1. Definition of force field 

A force field is composed of a set of empirically-determined equations that define how 

the potential energy varies with the position of the atoms of a molecule. Most force fields 

used for molecular systems are composed of two main components that describe the bonding 

and non-bonding interactions of the system: 

𝐸𝑇𝑜𝑡𝑎𝑙 = 𝐸𝑏𝑜𝑛𝑑 + 𝐸𝑎𝑛𝑔𝑙𝑒 + 𝐸𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙 + 𝐸𝑉𝑑𝑊 + 𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏 
(5.4.1) 

The first three terms correspond to bonding interactions (covalent bonds, valence 

angles and dihedral angles), while the remaining terms belong to non-bonding interactions, 

which are defined as Lennard-Jones attractive and repulsive terms (Van der Waals forces) and 

Coulomb electrostatic interactions (Figure 5.4.1). 
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Figure 5.4.1. Schema of the bonding and non-bonding interactions. 

 

5.4.1.2. TraPPE force field 

The Transferable Potentials for Phase Equilibria (TraPPE) family of force fields is a 

collection of functional forms and interaction parameters that are useful for modelling 

complex chemical systems with molecular mechanics simulation techniques. TraPPE 

maintains a high degree of accuracy in the prediction of thermophysical properties when 

applied to a range of different compounds, different state points, different compositions, and 

different properties. This makes TraPPE one of the few force fields generally suitable for 

materials and industrial applications. TraPPE force fields consider that molecules interact in 

pairs via Lennard Jones centres located in the atoms they are composed of, while the 

Coulomb electrostatic and induction interactions are modelled with punctual charge 

distributions (Equation 5.4.2): 

𝑈(𝑟𝑖𝑗) = 4𝜀𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

] +
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
 

(5.4.2) 

where 𝑖 and 𝑗 are the interaction centres and 𝒓𝒊𝒋 is the distance at which the Lennard-Jones 

potential between both centres is zero (which gives an idea of the minimum separation 

distance); 𝜺𝒊𝒋 and 𝝈𝒊𝒋 are the Lennard-Jones well depth and diameter; 𝒒𝒊 and 𝒒𝒋 are the partial 

charges in the interaction centres 𝑖 and 𝑗; and 𝜺𝟎 the vacuum permittivity. 

To model the fluid and to describe the inter- and intramolecular interactions between 

the diphenyl oxide and biphenyl molecules, the TraPPE-Explicit Hydrogen (TraPPE-EH) 
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force field model was used [64]. This model, which is specific to aromatic compounds, 

considers the rings and bonds as rigid entities and involves geometric constraints for the H-C-

H and H-C-C angles, although it allows the biphenyl rings freedom of rotation around the C1-

C1’ bonds. 

In turn, to model alkane-type compounds, as in the case of surfactants that contain a 

heteroatom at any end of the chain, the TraPPE-United Atom (TraPPE-UA) model was used 

[65]. This model allows for total flexibility as it treats each of the Lennard-Jones interaction 

centres of the hydrocarbon chain located in the middle of the C-H bonds as pseudoatoms; 

meanwhile, the interaction centres of the heteroatoms (nitrogen atom of the TOAB and DDA 

amine group, and sulphur atom of the ODT thiol group) and the carbon atoms directly linked 

to them are treated as rigid units. 

For the description of the metallic nanoparticles, the parameters used in our 

simulations were adapted to the Non-bonded Dummy model, in which six particles, known as 

dummy atoms, are located around a central metallic particle in an octahedral geometry. The 

geometry of the complex is kept rigid by the by the imposition of large force constants on the 

metal-dummy bonds. However, since there are no bonds between the dummy atoms of the 

complex, these can rotate around the central metal atom. Therefore, the coordination 

geometry is not restricted so the system is free to exchange ligands. 

 

5.4.2. Classical Molecular Dynamics 

Classical Molecular Dynamics is a computer simulation technique that makes it 

possible to analyse the properties of systems of particles in equilibrium that interact with each 

other via a certain potential and evolve over time following the classical equations of motion. 

It is known as a deterministic approach, since the state of one point of the trajectory makes it 

possible to predict the state of the following one. 

The classical Molecular Dynamics technique has its origins in statistical mechanics, 

based on the definition of a classical system according to the �⃗�  coordinate and the �⃗⃗�  

momentums from the classical Hamiltonian 𝑯, expressed as: 
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𝐻 = 𝐻(𝑟 , 𝑝 ) = 𝐾(𝑝 ) + 𝑈(𝑟 ) = ∑
𝑝𝑖

2

2𝑚𝑖
+ 𝑈(𝑟 )

𝑖

 (5.4.3) 

where K(�⃗⃗� ) corresponds to kinetic energy, U(𝒓)⃗⃗  ⃗ to potential energy, �⃗⃗�  to the linear moment 

and 𝒎 to mass, for all i particles. 

Thus, by means of a set of {𝑟 , 𝑝 } values that correspond to a point of the phase space 

defined on the basis of coordinates and momentums, we can characterize and simulate the 

microscopic behaviour of a system and obtain values for different macroscopic properties, 

both statistical and dynamic. 

In mechanic statistics, thermodynamic properties are calculated by taking averages of 

the statistical set of the states of the system that configure the configuration or phase space of 

the system. Nevertheless, simultaneously determining all the possible states of the system has 

a high computational cost. To reduce this cost, the alternative method is based on following 

the dynamics of one point of the configuration through the phase space instead of taking a 

mean of all the configuration points in all the configuration space. 

Therefore, to determine a property taking into consideration all the configuration 

points of the configuration space we calculate the mean known as the thermodynamic mean 

value < A > of a thermodynamic property A (𝑟 ,𝑝 ) by: 

< 𝐴(𝑟 , 𝑝 ) >𝑧= ∫ ∫ 𝜌(𝑟 , 𝑝 )𝐴(𝑟 , 𝑝 ) 𝑑𝑟 𝑑𝑝 
∞

−∞𝑉

 
(5.4.4) 

where 𝝆(�⃗� , �⃗⃗� ) is the probability distribution given by the Boltzmann distribution, in which the 

partition function 𝒁 is the system phase space integral of the exponential factor 𝑒: 

𝜌(𝑟 , 𝑝 ) =  
𝑒−𝐻(𝑟 ,𝑝 ) 𝑘𝑏𝑇⁄

𝑍
 

(5.4.5) 

Furthermore, if we follow the dynamics of a configuration point across the phase 

space over time, the mean calculated is the dynamic mean value < A >, defined for any 

thermodynamic property A (𝑟 ,𝑝 ) from its trajectory: 
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< 𝐴(𝑟 , 𝑝 ) >𝜏= 
1

𝜏
∫ 𝐴(𝑟 (𝑡), 𝑝 (𝑡)) 𝑑𝑡

𝜏

0

 
(5.4.6) 

𝝉 being the duration of the simulation. 

As established by the ergodic hypothesis of statistical mechanics [66], the orbit of a 

representative point of a system goes through all the representative points of the phase space 

in the course of infinite time. If this is this case, for trajectories of infinite simulations, the 

dynamic mean value converges with the thermodynamic mean value. This means that the 

system reaches equilibrium and underpins the argument that Molecular Dynamics simulations 

can be used to calculate the thermodynamic mean values of a system, and both dynamic 

(determined by time correlation functions) and statistical (not dependent on time) properties. 

 

5.4.2.1. Newton’s equation of motion 

Molecular Dynamics simulations assume that particle motion is governed by Newton’s 

second law of motion (classical mechanics) [67, 68], which is a second order differential 

equation that, for a system of 𝑵 particles, is expressed as: 

𝐹 (𝑟 1 … 𝑟 𝑁) = 𝑚𝑖

𝑑2𝑟 𝑖
𝑑𝑡2

 
(5.4.7) 

where 𝒎𝒊, �⃗� i and �⃗⃗� 𝒊 are, respectively, the mass, the vector position and the net force acting on 

the particle i. In accordance with all the coordinates �⃗�  of the system, this force is determined 

by the gradient of the potential energy 𝑼(�⃗� ): 

𝐹 = −∇𝑖𝑈(𝑟 1 … 𝑟 𝑁) = −
𝜕𝑈(𝑟 1 … 𝑟 𝑁)

𝜕𝑟 𝑖
 

(5.4.8) 

As it is impossible to find a mathematical expression that represents the system’s 

evolution over time, numerical methods are required that provide an approximation to the 

solution that is as accurate as possible. In the endeavour to achieve the highest levels of 

accuracy using the lowest number of possible operations, several methods, known as 

algorithms, have been developed with different features in terms of accuracy and complexity. 
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5.4.2.2. Verlet integration algorithm 

The Verlet algorithm [69] is one of the most popular in the study of Molecular 

Dynamics for the integration of the centre of mass of one or more particles in motion. From 

the positions and velocities of the particles at a time 𝒕, it is necessary to obtain those positions 

and velocities with sufficient accuracy for a time (𝑡 + ∆𝑡), from the Taylor expansion series: 

𝑟 (𝑡 + 𝛥𝑡) = 𝑟 (𝑡) + 
𝑑𝑟 

𝑑𝑡
(𝑡)𝛥𝑡 +

1

2

𝑑2𝑟 

𝑑𝑡
(𝑡)𝛥𝑡2 + ⋯ 

= 𝑟 (𝑡) + 𝑣 (𝑡)𝛥𝑡 +
1

2
𝑎 (𝑡)𝛥𝑡2 + ⋯ 

(5.4.9) 

where �⃗⃗� (𝒕) is the vector velocity and �⃗⃗� (𝒕) is the vector acceleration. If we use �⃗� 𝒏 to indicate 

the position in step n and at time 𝒕, and use �⃗� 𝒏+𝟏 for the step n+1, at time (𝑡 + ∆𝑡), and 

truncating the Taylor series in the second order term, we obtain: 

𝑟 𝑛+1 = 𝑟 𝑛 + 𝑣 𝑛𝛥𝑡 +
1

2
(
𝐹 𝑛
𝑚

)𝛥𝑡2 + 𝑂(𝛥𝑡3) 
(5.4.10) 

Which allows us to know the velocity �⃗⃗� 𝒏+𝟏 at step n+1: 

𝑣 𝑛+1 = (𝑟 𝑛+1 − 𝑟 𝑛)/𝛥𝑡 
(5.4.11) 

Therefore, if we know position �⃗� 𝒏, the velocity �⃗⃗� 𝒏 and the force �⃗⃗� 𝒏 at step n, we can 

calculate the position �⃗� 𝒏+𝟏 and the velocity �⃗⃗� 𝒏+𝟏 at step n+1, by means of Equations 5.4.10 

and 5.4.11, which constitute the integration algorithm. 

To indicate the position at step n-1, using �⃗� 𝒏−𝟏 for a time (𝑡 + ∆𝑡), and again 

truncating the Taylor series at the second order term, we obtain: 

𝑟 𝑛−1 = 𝑟 𝑛 − 𝑣 𝑛𝛥𝑡 +
1

2
(
𝐹 𝑛
𝑚

)𝛥𝑡2 − 𝑂(𝛥𝑡3) 
(5.4.12) 

Combining expressions 5.4.10 and 5.4.12, we obtain a new algorithm that makes it 

possible to know the position (5.4.13) and calculate the velocity (5.4.14): 
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𝑟 𝑛+1 = 2𝑟 𝑛 − 𝑟 𝑛−1 + (
𝐹 𝑛
𝑚

)𝛥𝑡2 + 𝑂(𝛥𝑡4) 
(5.4.13) 

𝑣 𝑛 =
𝑟 𝑛+1 − 𝑟 𝑛−1

2𝛥𝑡
+ 𝑂(𝛥𝑡3) 

(5.4.14) 

Consequently, a new algorithm is obtained that is known as the Verlet algorithm, 

which can numerically solve second order differential equations, especially applicable to 

Molecular Dynamics. 

A variation of the Verlet algorithm is known as the leap frog (LF) algorithm [70], 

which results from defining the velocity at the midpoint of the integration step, for n+1/2 and 

n-1/2 according to the expressions: 

𝑣 𝑛+1/2 = (𝑟 𝑛+1 − 𝑟 𝑛)/𝛥𝑡 (5.4.15) 

𝑣 𝑛−1/2 = (𝑟 𝑛 − 𝑟 𝑛−1)/𝛥𝑡 
(5.4.16) 

Taking the difference between the two equations and applying the expression from the 

Verlet algorithm (5.4.14), we obtain: 

𝑣 𝑛+1/2 = 𝑣 𝑛−1/2 +
𝐹 𝑛
𝑚

𝛥𝑡 
(5.4.17) 

This variant has the advantage of allowing us to know explicitly the velocity at a 

different moment for which the position is known, so to find the velocity at time 𝒕, it can be 

approximated as: 

𝑣 𝑛 =
𝑣 𝑛+1/2 + 𝑣 𝑛−1/2

2
 

(5.4.18) 

Another variant, known as the Verlet with explicit velocities or the Verlet Velocity 

algorithm (VV) [71], proposes the benefits of calculating the position and velocity at the time 

𝒕,  beginning with two stages: in the first (5.4.19), the position is calculated at a given step, 

and in the second (5.4.20), the velocity is calculated at the midpoint of the step: 
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𝑟 𝑛+1 = 𝑟 𝑛 + 𝑣 𝑛𝛥𝑡 +
1

2
(
𝐹 𝑛
𝑚

)𝛥𝑡2 
(5.4.19) 

𝑣 𝑛+1/2 = 𝑣 𝑛 +
1

2
(
𝐹 𝑛
𝑚

)𝛥𝑡 
(5.4.20) 

From there, the force is obtained �⃗⃗�  (𝑡 + 𝛥𝑡), with which the velocity is calculated at 

the step under consideration: 

𝑣 𝑛+1 = 𝑣 𝑛+1/2 +
1

2
(
𝐹 𝑛+1

𝑚
)𝛥𝑡 

(5.4.21) 

These three algorithms are equivalents, generating identical trajectories, the difference 

between them lying in the computation time, the memory used and the accuracy of each one. 

 

5.4.2.3. Choice of integration time step 

It is of extremely important to choose the appropriate time step since it affects the 

magnitude of the error associated with the algorithm used, so there is a strong relationship 

between its accuracy and its evolution. To verify the stability of the simulation with regard to 

selected time step, it is necessary to ensure that the fluctuation of the Hamiltonian of the 

system ∆𝑯 with regard to the absolute value is: (∆𝐻 𝐻⁄ ) < 10−4. 

 

5.4.2.4. Choice of ensemble 

The aim of Molecular Dynamics simulations is to be able to study the average 

behaviour of a system of particles by performing a numerical calculation of the evolution of 

the system over time, from which it is possible to calculate time averages, which do not 

depend on the initial conditions. Thus, the time average of a property is equal to the ensemble 

average. The MD technique was originally used for the study over time of classical systems 

consisting of 𝑵 particles in a volume 𝑽.  In these simulations, the equations of motion 

conserve energy 𝑬 (established as the sum of kinetic and potential energy), so the properties 

calculated using the time average from the simulation belong to the macrocanonical statistical 
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ensemble (NVE). Later, more degrees of freedom were added to the system to perform 

simulations under other ensembles: the canonical statistical ensemble (NVT), associated with 

the Helmholtz free energy; and the isothermal-isobaric ensemble (NPT), associated with the 

Gibbs free energy. The choice of ensemble for carrying out a simulation is governed by the 

problem under consideration and is vitally important when trying to calculate the mean square 

fluctuations of thermodynamic magnitudes. In the case of this Doctoral Thesis, the calculation 

of the heat capacity at constant volume of the nanofluids led to the choice of the NVT 

ensemble as the best option. 

 

NVT ensemble 

Under the NVT ensemble, in which the number of particles remains constant 𝑵, in a 

volume 𝑽, the temperature is established as the mean temperature rather than the 

instantaneous temperature so the mean temperature of the system is kept constant during the 

simulation, 〈𝑇〉 = 𝑇0. The particle velocities of the system are stepped by a factor 𝜆 =

(𝑇0 𝑇⁄ )1/2 every few steps so the temperature of the system is kept constant at 𝑻𝟎, 𝑻 being the 

instantaneous temperature. The NVT canonical ensemble is performed by connecting the 

system in a large bath (thermostat) that sets the desired temperature 𝑻𝟎 and enables the 

particle velocities to be rescaled. Among the most widely-used thermostats is the one used in 

this Doctoral Thesis, namely the Nosé-Hoover thermostat [72, 73]. 

 

Nosé-Hoover thermostat 

This algorithm modifies Newton’s equations by introducing the friction coefficient of 

the thermostat, 𝝌𝒏: 

𝑑𝑣 𝑛
𝑑𝑡

=
𝐹 𝑛
𝑚

− 𝜒𝑛𝑣 𝑛 
(5.4.22) 

This coefficient is controlled by the first order differential equation: 

𝑑𝜒𝑛

𝑑𝑡
=

𝑁𝑓𝑘𝑏

𝑄
(𝑇 − 𝑇0) 

(5.4.23) 
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where 𝑸 is the effective mass of the thermostat, 𝑵𝒇 is the number of degrees of liberty of the 

system, T is the instantaneous temperature and T0 the temperature required in the simulation. 

 

5.4.2.5. Phases of a Molecular Dynamics simulation 

o Thermalization: the initial positions and velocities of each particle are specified. In 

systems in equilibrium, these positions and velocities are assigned randomly taking 

into consideration a Boltzmann distribution thermalized to the temperature of the 

system, given by the principle of equal energy sharing. During this stage, the 

velocities of all the particles are repeatedly rescaled to take the system to the required 

temperature and achieve net linear momentum for dynamic equilibrium. 

o Equilibration: the system reaches ergodicity after a given time and, after a significant 

number of simulation steps, in which it is not necessary to rescales the velocities, the 

Hamiltonian of the system remains constant and the system is in equilibrium. 

o Production: configurations are generated numerically integrating the classical 

equations of motion that govern the system through the use of different algorithms. 

The results (position, velocity, force, etc.) are stored for later analysis. An assessment 

is made of the time averages from the different configurations, which, calculated over 

a long enough period of time, correspond with the statistical averages from which the 

statistical and dynamic properties of interest are extracted. 

 

5.4.2.6 Boundary conditions 

Molecular Dynamics simulations involve a relatively small number of particles with 

regard to the order of magnitude of particles in a macroscopic system. This means that the cell 

volume must be chosen very carefully in order to match the theoretical density of the system 

to the experimental density and thus prevent the particles from being surrounded by a 

vacuum. Therefore, to simulate what takes place macroscopically in the heart of the fluid, it is 

necessary to choose boundary conditions that reproduce an infinite environment of particles 

surrounding the system, thus minimizing edge effects from the simulation box; that is, the 

behaviour of atoms found at the outer limits of the system deviates with regard to those in the 

heart of it. To achieve this, periodic boundary conditions (PBC) are used, whereby the 

simulation box, which is generally cubic, is considered to be a primitive cell from an infinite 
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and periodic network of identical cells. Thus, if a particle leaves its cell during the simulation, 

it is replaced by an identical particle entering through the opposite side of the system (Figure 

5.4.2). Thus, any specific particle interacts periodically with both the rest of the particles in 

the simulation box and all its repeated images in the simulation box. 

 

 

Figure 5.4.2. Image of periodic boundary conditions (PBC). 

 

Therefore, the correct treatment of the boundary conditions and the outer limits of the 

simulation system are extremely important for the simulation methods to be able to estimate 

macroscopic properties with a relatively small number of particles. 

 

5.4.2.7. Short- and long-range intermolecular interactions 

Intermolecular interactions arise from attractive and repulsive interactions between 

different molecules, the result of which affects the macroscopic properties of the matter. 

These interactions may be classified into short- and long-range interactions. 

 

 

 



Roberto Gómez Villarejo 

 

 

82   
 

Short-range interactions: 

They derive from the short-range overlap of the different electron densities existing in 

every atom. The interaction energy presents exponential behaviour with the distance between 

the particles that interact: 𝑒−𝑘𝑅, 𝒌 being a constant. 

Long-range interactions: 

They stem from the electrostatic contribution derived from the Coulomb force, 

induction and dispersion forces or the London dispersion force. The interaction energy has an 

inverse relationship with distance: 𝑅−𝑛. 

In Molecular Dynamics simulations, it is necessary to know what forces are acting on 

each particle in the system. Taking into consideration that a particle interacts with the other 

particles of the system and the images of itself, included due to the periodic boundary 

conditions, we obtain a high number of non-bonding terms in the calculation. In the case of 

Van der Waals non-bonding interactions, the Lennard-Jones potential decays rapidly with 

distance, so the calculation of this interaction cannot be justified for atoms a sufficient 

distance away, which means that only the interactions between particles included within a 

certain radius are calculated. This approximation is called the minimum image criterion [74], 

and it establishes a short radius 𝒓𝒄𝒖𝒕 with the aim of ignoring interactions separated by large 

distances, so the calculation of the interaction potential,  𝑼(𝒓), only includes those terms that 

are within the cut-off radius, taking interactions outside the cut-off distance as null values. 

This 𝒓𝒄𝒖𝒕 generally considers values between 8 and 12 Å, and introducing it makes it possible 

to reduce the computational cost of assessing the potential energy of the system. 

 

5.4.2.8. Ewald summation method 

The incorrect treatment of long-range interactions can result in the system being rather 

unstable [75]. To this end, the Ewald summation method [76] allows for the interaction of a 

particle with both the other particles in the simulation cell and with the images of itself in a 

periodic, infinite system of cells. The procedure involves transforming the sum of all the 

possible electrostatic interactions, which converges slowly and conditionally, into the sum of 

two terms that converge much more quickly, plus a constant term. 
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The Ewald summation method is based on the Coulomb expression: 

𝑈𝐶𝑜𝑢𝑙𝑜𝑚𝑏 =
1

4𝜋𝜀0
∑ ∑ ∑

𝑞𝑖𝑞𝑗

|𝑟𝑖𝑗 + 𝑛|

𝑁

𝑗=𝑖+1

𝑁

𝑖=1|𝑛|=0

 
(5.4.24) 

where 𝑵 is the number of particles contained by each cell, 𝒒 are the charges associated with 

the particles 𝑖 and 𝑗, 𝒓 is the distance separating the two particles, and 𝒏 the number of vectors 

of a periodic network 𝑛 = (𝑛𝑥𝐿𝑥, 𝑛𝑦𝐿𝑦, 𝑛𝑧𝐿𝑧), 𝑳𝒊 being the length of each dimension (x,y,z) 

of the cell. 

This equation is conditionally convergent, meaning that its result depends on the order 

in which the terms are added, and as mentioned above, it has a slow convergence rate. The 

Ewald summation method separates the sum into two series, one in real space and the other in 

reciprocal space: 

1

𝑟
=

𝑓(𝑟)

𝑟
+

1 − 𝑓(𝑟)

𝑟
 

(5.4.25) 

The first term corresponds physically to surrounding each charge in the system with a 

neutralizing distribution of charges with equal magnitude and the opposite sign. This 

distribution corresponds to a Gaussian function that converges quickly and is responsible for 

interactions in real space: 

𝑈𝑟𝑒𝑎𝑙 =
1

4𝜋𝜀0
∑ ∑ ∑ 𝑞𝑖𝑞𝑗

𝑒𝑟𝑓𝑐 (𝛼|𝑟𝑖𝑗 + 𝑛|)

|𝑟𝑖𝑗 + 𝑛|

𝑁

𝑗=𝑖+1

𝑁

𝑖=1|𝑛|=0

 
(5.4.26) 

𝒆𝒓𝒇𝒄 being the complementary error function: 

1 − 𝑒𝑟𝑓𝑐(𝑥) =
2

𝜋1/2
∫ 𝑒−𝑡2

𝑑𝑡
∞

𝜋

 
(5.4.27) 

The second term counteracts the neutralizing distribution of the first by means of an 

imaginary charge distribution of opposite sign to those of the real space. The series changes 

slightly with distance so its Fourier transform may be used (5.4.28). This sum is performed in 

reciprocal space and also converges more quickly than the original sum. 
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𝑈𝑟𝑒𝑐í𝑝 =
1

𝜀0𝑉
∑

1

𝑘2
𝑒

−
𝑘2

4𝛼2 |∑𝑞𝑗𝑒
−𝑖𝑘𝑟𝑗

𝑁

𝑗=1

|

2

𝑘>0

 
(5.4.28) 

where 𝒌 are the reciprocal vectors given by 𝑘 = 2𝜋𝑛 𝐿⁄  and 𝑳 is the wavelength of the cell. 

The value of 𝜶 determines the amplitude of the Gaussian. Its value must be chosen within a 

range that is high enough for many of the terms of the real space series to be negligible above 

a certain cut-off radius and low enough for the number of terms in the reciprocal space to be 

reduced. 

In addition, three terms are added due to the different contributions. The first term 

𝑼𝒔𝒆𝒍𝒇 is added to eliminate the interaction of the Gaussian with itself that takes place in the 

sum in real space: 

𝑈𝑠𝑒𝑙𝑓 = (𝛼 𝜋⁄ )1/2 ∑
𝑞𝑖

2

4𝜋𝜀0

𝑁

𝑖=1

 
(5.4.29) 

The second term 𝑼𝒅𝒊𝒑 is added in the event of the system being in vacuum to counter 

the dipole moment of the unit cell as it is not neutralized by image charges on the surface: 

𝑈𝑑𝑖𝑝 =
1

6𝑉𝜀0
|∑𝑞𝑖𝑟𝑖

𝑁

𝑖=1

|

2

 
(5.4.30) 

 

The final term 𝑼𝒄𝒉𝒂𝒓𝒈𝒆 is added when working with closed systems to correct the lack 

of neutrality of the system: 

𝑈𝑐ℎ𝑎𝑟𝑔𝑒 =
1

8𝜋𝑉𝛼2𝜀0
|∑𝑞𝑖

𝑁

𝑖=1

|

2

 
(5.4.31) 

By incorporating these terms, the general expression of the Coulomb electrostatic 

potential becomes the sum of five contributions: 

𝑈𝐶𝑜𝑢𝑙𝑜𝑚𝑏 = 𝑈𝑟𝑒𝑎𝑙 + 𝑈𝑟𝑒𝑐𝑖𝑝 + 𝑈𝑠𝑒𝑙𝑓 + 𝑈𝑑𝑖𝑝 + 𝑈𝑐ℎ𝑎𝑟𝑔𝑒 
(5.4.32) 
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The Ewald summation method is the most accurate way to include all the long-range 

effects, although it is computationally expensive. Formally, it is of 𝑵𝟐 order, although if the 

value of 𝜶, the number of vectors 𝒌 and the truncation of the pairs in real space are adjusted 

appropriately, it could be reduced to an 𝑁3/2 order. 

 

5.4.3. Analysis of the Molecular Dynamics simulations 

The interest in determining the properties of a system by means of Molecular 

Dynamics simulations lies in comparing the results obtained with the experimental ones for 

the same properties. Thus, from the statistical averages obtained for the different 

configurations, calculated using the time averages over a sufficiently long simulation time, it 

is possible to analyse the structural, dynamic, transport and thermal properties of the 

simulated systems. 

 

5.4.3.1. Analysis of structural properties 

The analysis of structural properties by means of Molecular Dynamics simulations 

enables us to know how the base fluid molecules are arranged around the nanomaterial. Two 

structural properties were analysed: 

I. The radial distribution function (RDF), 𝒈𝜶𝜷(𝒓), can be defined as the likelihood of 

finding a particle 𝛼 at a distance 𝒓 from another particle 𝛽 taken as the origin with 

regard to the likelihood in a homogeneous distribution [77, 78]: 

𝑔𝛼𝛽(𝑟) =
1

4𝜋𝑟2𝜌𝛼

𝑑𝑁𝛼𝛽(𝑟)

𝑑𝑟
 (5.4.33) 

where 𝝆𝜶 is the density of 𝛼 atoms, and 𝑵𝜶𝜷 represents the number of 𝛼 atoms within 

a sphere with radius 𝒓 whose centre is the 𝛽 atom. 

From the position of each atom, a simulation calculates the distance at which all the 

neighbouring atoms are found, repeating the procedure for all the atoms. Thus, the 

integration on a sphere with a specific radius will give an average of the number of 

neighbouring particles each atom has (Figure 5.4.3). The same information can be 

obtained experimentally using x-ray diffraction techniques [79]. 
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Figure 5.4.3. Radial distribution function (RDF) plot [80]. 

 

The number of central atoms of a specific type around another chosen as the centre 

can be calculated using the integration number 𝑵𝜶𝜷(𝒓), resulting from the integration 

of the RDF signals: 

𝑁𝛼𝛽(𝑟) = ∫ 𝑔𝛼𝛽(𝑟)4𝜋𝑟2𝜌𝛼 𝑑𝑟
𝑟

0

 
(5.4.34) 

 

II. The spatial distribution function (SDF) 𝒈𝜶(�⃗� ) provides information about the spatial 

distribution of the atoms and affords a view of the regions where there is a high 

probability of finding a type of atom 𝛼 in a point of space defined by the vector �⃗�  [81]: 

𝑔𝛼(𝑟 ) =
𝜌𝛼(𝑟 )

𝜌𝛼
 (5.4.35) 

where 𝝆𝜶 and 𝝆𝜶(�⃗� ) correspond to the density of the atoms 𝛼 in a homogeneous 

distribution and to the density of the atoms 𝛼 in the position defined by the vector �⃗�  in 

a system of specific spatial coordinates.  
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5.4.3.2. Analysis of dynamic or transport properties 

Transport properties define the way a system responds to perturbation. When the 

concentration gradient is responsible for this perturbation, it is related with the movement of a 

particle through a medium, namely diffusion. Therefore, it is possible to calculate the 

diffusion coefficient of a particle, or translational diffusion coefficient, 𝑫, using Einstein’s 

equation (5.4.36), taking into consideration the position of a particle 𝑖 over time �⃗� (𝒕): 

𝐷𝑖 = lim
𝑡→∞

〈|𝑟𝑖⃗⃗ (𝑡) − 𝑟𝑖⃗⃗ (0)|
2〉

6𝑡
 

(5.4.36) 

the term 〈|𝑟𝑖⃗⃗ (𝑡) − 𝑟𝑖⃗⃗ (0)|2〉 being the mean square displacement (MSD). 

 This theoretically-calculated diffusion coefficient is related with the diffusivity 

obtained experimentally, defined as the velocity at which heat can be transferred from one 

molecule to a neighbouring one. 

 

5.4.3.3. Analysis of thermal properties 

 Thermal or heat energy spreads through a system due to the temperature gradient. 

Specific heat relates this change in temperature with the amount of heat stored inside a 

substance, specific heat being defined as the amount of energy (heat) required to raise the 

temperature of a unit mass by one degree. If we consider conditions at constant pressure, the 

property studied will be the isobaric specific heat. Therefore, from this definition, Molecular 

Dynamics simulations are used to estimate the total energy of the system at certain 

temperatures, and from these temperatures the isobaric specific heat of each system can be 

obtained.  

The results obtained for the diffusion coefficient and isobaric specific heat values are 

of use for calculating thermal conductivity, 𝒌, by means of Equation 5.3.6. 
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6. Analysis and discussion of the results obtained 

An analysis is presented below of the results obtained for the nanofluids prepared in 

this Doctoral Thesis. These pertain to the experimental characterization and address, first, the 

monitoring of stability over time, and then the degree of improvement in the efficiency of heat 

transfer processes by means of studying their thermal and rheological properties. Furthermore, 

an evaluation will be carried out of the results of the theoretical analysis using Molecular 

Dynamics (MD) simulations to estimate thermal and transport properties, and structural 

properties to discover how the molecules of both the base fluid and the various surfactants are 

arranged around the metal nanoparticles. All the nanofluids studied were prepared using the 

eutectic mixture Dowtherm-A as the base fluid, the objective being to improve the thermal 

properties of this fluid that is commonly used in CSP plants. 

Thus, the first section presents the results for nanofluids based on commercial silver 

nanoparticles prepared following the two-step method. These nanofluids were analysed 

experimentally and theoretically and the results obtained were published in May 2017 under 

the title “Ag-based nanofluidic system to enhance heat transfer fluids for concentrating 

solar power: Nano-level insights”, in the journal Applied Energy, whose impact factor in 

2017 was 7.900, according to Journal Citation Reports (JCR). This article is shown in Annex 

2 of this Doctoral Thesis. 

In the second section, a study was performed of nanofluids prepared following a one-

step method, synthesizing the gold nanoparticles and preparing the nanofluid in a single 

process. The nanomaterial synthesized was characterized to verify that gold nanoparticles had 

indeed been obtained. In turn, the nanofluids were characterized using both experimental and 

theoretical approaches. In this nanofluid system, tetraoctylammonium bromide (TOAB) was 

used as a surfactant and phase transfer agent, and its participation in the system was studied 

by analysing the structural properties obtained with MD simulations. The results obtained for 

the nanofluids based on gold nanoparticles were published in May 2017 under the title 

“Preparation of Au nanoparticles in a non-polar medium: obtaining high-efficiency 

nanofluid for Concentrating Solar Power. An experimental and theoretical perspective”, in 

the Journal of Material Chemistry A, whose impact factor in 2017 was 9.931, according to 

Journal Citation Reports (JCR). This article is shown in Annex 3 of this Doctoral Thesis. 
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The next section focuses on the nanofluids prepared following the two-step method 

and based on synthesized platinum nanoparticles. The nanomaterial was also characterized to 

check that the desired material had been synthesized, and then the nanofluids were analysed 

experimentally and theoretically. In this particular case, the application of ultrasound 

treatment and the combined use of the surfactants dodecylamine (DDA) and 1-

octadecanethiol (ODT) were analysed experimentally, and the participation of the surfactants 

was studied by analysing the structural properties obtained through MD simulations. The 

results obtained for the nanofluids based on platinum nanoparticles were published in October 

2018 under the title “Towards the improvement of the global efficiency of Concentrating 

Solar Power plants by using Pt-based nanofluids: The internal molecular structure effect”, 

in the journal Applied Energy, whose impact factor in 2017 was 7.900, according to Journal 

Citation Reports (JCR). This article is shown in Annex 4 of this memory. 

The final nanofluid system prepared was based on synthesised gold nanoparticles but, 

unlike the previous nanofluid, a different preparation method was followed, this time using 

the two-step method and the same preparation procedure to that used for the silver based 

nanofluids. The results obtained from the comparison of the nanofluids based on gold and 

silver nanoparticles were published in December 2018 under the title “Experimental 

characterization and theoretical modelling of Ag and Au-nanofluids: A comparative study 

of their thermal properties”, in the Journal of Nanofluids, whose impact factor in 2015 was 

0.900, according to Journal Citation Reports (JCR). This article is shown in Annex 5 of this 

Doctoral Thesis. In this section, a comparison was also performed of nanofluids prepared 

following the same procedure but varying the nanomaterial synthesized: gold and silver, 

mentioned above, and copper and nickel nanofluids, reported in the literature. 

The final section presents the relationship of the results obtained for all the nanofluids 

prepared and studied in this Doctoral Thesis, and an analysis of the system presenting the best 

features with regard to its potential use as a heat transfer fluid in CSP plants. 
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6.1. Nanofluids based on silver nanoparticles 

These nanofluids were prepared based on commercial silver nanoparticles (with a 

particle size smaller than 100 nm) that were dispersed into the eutectic mixture Dowtherm-A 

used as the base fluid. Using the two-step preparation method (see Section 5.2), three 

nanofluids were prepared varying concentrations of nanomaterial (see Section 5.2.1). Each 

nanofluid was characterised experimentally, studying its chemical stability over time and its 

thermal and rheological properties in order to assess the degree of improvement in their 

efficiency in heat transfer processes. Furthermore, a theoretical analysis of the nanofluid 

system was performed by means of Molecular Dynamics simulations to estimate its transport 

and thermal properties, as well as its structural properties to determine how the molecules 

from the base fluid are organised around the silver nanoparticles. 

The nomenclature used to refer to the nanofluids will be 0.5·10-4 wt.% Ag, 1.0·10-4 

wt.% Ag y 5.0·10-4 wt.% Ag, and Dowtherm-A to refer to the base fluid. 

 

6.1.1. Monitoring of stability 

The results obtained by means of the study using visible and near-infrared 

spectroscopy, Vis-NIR, (that is, between 400 nm and 1800 nm) show that the addition of 

silver nanoparticles does not produce modifications in the base fluid and therefore does not 

have a negative impact on the stability of the system. Figure 6.1.1 shows the Vis-NIR spectra 

for the nanofluids and the base fluid. At low wavelengths, a wide band appears in the spectra 

for the nanofluids, which is typical of colloidal systems due to the light dispersion caused by 

the presence of nanoparticles [1, 2]  

Furthermore, the analysis of particle sizes, shown in Figure 6.1.2, reveals that the 

nanomaterial tends to agglomerate from the time when the nanofluids are prepared until, after 

approximately the second day, the particle size values start to become fairly constant, 

suggesting that these nanofluids reach a stable condition after a few days. 
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Figure 6.1.1. Vis-NIR spectra for the silver nanofluids and the base fluid. 

 

 

Figure 6.1.2. Particle size measurements of the silver nanofluids using the DLS technique. 

 

6.1.2. Study of efficiency 

Table 6.1 shows the results obtained at room temperature for density and viscosity, 

and the differences observed with regard to the base fluid. As expected, the incorporation of 

the nanomaterial leads to an increase in the values of both properties with regard to the base 

fluid, greater increases being observed when more nanomaterial is added. [3]. The increase in 

density was very slight, with a maximum increase of 0.22% for the nanofluid with the highest 

concentration of nanomaterial. In turn, greater variations were found in the viscosity values, 
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up to 4.5%, but this increase is acceptable for the application being considered here, as will be 

discussed below. 

 

Table 6.1. Density and viscosity values obtained and the variation in each for the silver 

nanofluids and the base fluid. 

Sample ρ / kg·m-3 
variation in  

density / % 
µ / mPa·s 

variation in  

viscosity / % 

Dowtherm-A 1056.0 ± 1.5 - 4.02 ± 0.06 - 

0.5 ·10-4 wt.% Ag 1057.5 ± 0.5 0.14 4.14 ± 0.07 2.98 

1.0 ·10-4wt.% Ag 1057.9 ± 0.5 0.18 4.17 ± 0.06 3.77 

5.0 ·10-4wt.% Ag 1058.3 ± 1.5 0.22 4.21 ± 0.08 4.54 

 

The isobaric specific heat and thermal conductivity of the nanofluids based on silver 

nanoparticles and the base fluid were measured in a temperature range between room 

temperature and 360 K. As Figure 6.1.3 shows, the presence of silver nanoparticles leads to 

the nanofluids presenting higher values than the base fluid for both properties. At 350 K, the 

nanofluid with the highest concentration of nanomaterial presents an improvement of around 

7.4% in isobaric specific heat and of approximately 5.7% in thermal conductivity.  

(A)
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(B)

 

Figure 6.1.3. Values for (A) isobaric specific heat and (B) thermal conductivity for the silver 

nanofluids and the base fluid. 

 

With the values obtained experimentally for these four properties, an estimation was 

made of the degree of improvement in the efficiency of heat transfer processes using the 

Dittus-Boelter equation (Equation 5.3.3), which has been defined above (see Section 5.3.2). 

The ratio of the heat transfer coefficients of the nanofluids and the base fluid are shown in 

Figure 6.1.4. An improvement can be observed of approximately 5.3% at 350 K for the 

nanofluid with the highest concentration of silver nanoparticles. 

 

Figure 6.1.4. Ratio of heat transfer coefficients of the silver nanofluids and the base fluid. 
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6.1.3. Theoretical analysis 

For the purpose of comparison with the results obtained experimentally, Molecular 

Dynamics simulations were performed to estimate thermodynamic properties (isobaric 

specific heat, thermal diffusivity and thermal conductivity), and to determine the structural 

properties related with the arrangement of the base fluid molecules around the silver 

nanoparticles. 

 

6.1.3.1. Molecular Dynamics simulations 

The Molecular Dynamics simulations were performed with the DL POLY code [4], 

using the NVT canonical ensemble, the Nosé-Hoover thermostat and periodic boundary 

conditions. The initial configuration was built with the PACKMOL code [5], generating a 

cubic box with such dimensions to enable the experimental density of the base fluid to remain 

constant at 298 K (1056 kg m-3), for which a representative concentration of 5.0·10-4 wt.% Ag 

was chosen, taking into consideration computational costs. The time step chosen was 0.5 fs, 

saving the structures generated every 100 time-steps, with a simulation time of 1 ns. To apply 

the Ewald summation [6], 9 Å was chosen as the cut-off distance, taking into account 

electrostatic interactions. 

As explained earlier in this Doctoral Thesis (see Section 5.4.1.2), the intra- and 

intermolecular interactions of the base fluid molecules were described using the TraPPE force 

field. The parameters used to represent the silver nanoparticle were adapted to the non-bonded 

dummy model, with six dummy atoms located around a central silver nanoparticle in an 

octahedral geometry [7]. 

 

6.1.3.2. Analysis of dynamic and thermal properties 

To estimate the isobaric specific heat value, calculations were performed of the total 

energy of the system at temperatures ranging from 50 to 500 K. The plot of total energy 

versus temperature presents a linear trend, where the value of the slope corresponds with the 

isobaric specific heat value for both the nanofluid and the base fluid (Figure 6.1.5). For the 

base fluid, the value of the slope is 1.94·103 J kg-1 K-1, while the slope value obtained for the 
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nanofluid was 2.15·103 J kg-1 K-1. Although these values are somewhat higher than those 

obtained experimentally, qualitatively the theoretical results follow the same trend 

(𝐶𝑃𝑛𝑓
>  𝐶𝑃𝑏𝑓

) as that observed experimentally, whereby the silver nanofluids presented a 

higher isobaric specific heat value than the base fluid. 

 

Figure 6.1.5. Plot and linear fit of the theoretical values obtained for total energy versus 

temperature for the silver nanofluid and the base fluid. 

 

In turn, and following the procedure described in Section 5.4.3.2, in order to calculate 

thermal conductivity, it is necessary to estimate thermal diffusivity beforehand. To this end, 

and in accordance with Einstein’s equation (Equation 5.4.36), the translational diffusion 

coefficient is calculated using the mean square displacement (MSD). The plots of MSD 

versus time for the three directions of space for both the nanofluid and the base fluid at 300 K 

are shown in Figure 6.1.6. In both cases, the mean MSD follows a linear relationship with 

time after approximately 3 ps. We can extract the diffusion coefficient value from the slope of 

this line and, by applying Equation 5.3.6; we obtain a thermal conductivity value of 

0.125 W m-1 K-1 for the nanofluid, and 0.107 W m-1 K-1 for the base fluid. The values 

obtained theoretically are slightly lower than the experimental values [8, 9], but qualitatively 

the same trend is followed in both cases: the nanofluid presents a higher thermal conductivity 

value than the base fluid (𝑘𝑛𝑓 > 𝑘𝑏𝑓). 
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Figure 6.1.6. Mean square displacement (MSD) obtained theoretically for the silver nanofluid and 

the base fluid. The MSD for the three directions in space x, y, z are described by the colours red, 

green and blue respectively, while the resulting MSD is described in the colour black. 

 

6.1.3.3. Analysis of structural properties 

The interaction between the silver nanoparticle and the oxygen of the diphenyl oxide 

was analysed in a temperature range between 100 and 500 K in order to observe any 

movement of the diphenyl oxide molecules around the silver nanoparticle. Figure 6.1.7 shows 

the RDFs for the Ag-O pair. The change in temperature can be observed not to affect the 

position of the band centred at 2.2 Å, which corresponds with a strong Ag-O interaction. 

Thus, a set temperature of 300 K was used for the theoretical study of this system.  

To determine how many diphenyl oxide and biphenyl molecules were found around 

the silver nanoparticle, an analysis was carried out of the RDFs of the Ag-O and Ag-C 

interactions at 300 K, shown in Figure 6.1.8. In the case of the Ag-O pair, an intense, well-

defined peak is observed centred around 2.2 Å that is assigned to two oxygen atoms, so the 

silver nanoparticle is surrounded by two diphenyl oxide molecules. This sharp peak indicates 

a strong affinity of the oxygen towards the metal atom [10]. In turn, the study of the Ag-C 

pair presents three peaks: a sharp peak at a distance of 2.9 Å, and two more gentle ones at 

4.2 Å and 5.2 Å, which are assigned to 8, 16 and 8 carbon atoms, respectively. This 

presupposes the presence of the two expected diphenyl oxide molecules (closer to the metal) 

and a biphenyl molecule. 



Roberto Gómez Villarejo 

 

 

104   
 

 

Figure 6.1.7. RDFs obtained for the Ag-O pair in the temperature range 100-500 K. 

 

 

 

Figure 6.1.8. RDFs obtained for the Ag-O pair (red) and Ag-C pair (turquoise) at 300 K. 

 

 

In turn, by analysing the SDF, a more specific three-dimensional vision was obtained 

of how the base fluid molecules are distributed in an inner layer around the silver nanoparticle 

at a distance of 6 Å. The SDF (Figure 6.1.9.A) reveals the presence of two diphenyl oxide 

molecules and a biphenyl molecule around the silver nanoparticle (central atom in blue 

colour). The oxygen atoms are shown in red colour, oriented towards the silver nanoparticles 

with the carbon atoms bonded directly to them in the blue colour, the aromatic carbons in 

turquoise and the hydrogen atoms in grey. Figure 6.1.9.B shows a plot of this result to show 

how the molecules described above are arranged. 
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(A) (B) 

  

 

 

Figure 6.1.9. (A) SDF of the silver nanofluid system. (B) Three-dimensional model of the SDF. 

The silver nanoparticle is represented in the colour blue, the oxygen from the diphenyl oxide in 

red, the carbon atom from the aromatic rings directly bonded to the oxygen in blue, and the 

remaining carbon atoms from the aromatic rings in turquoise, with the hydrogen atoms in grey. 

 

According to the background and previous studies [11], the presence of diphenyl oxide 

molecules generating a certain organisation around the nanoparticle could be the reason for 

the enhanced heat transfer processes observed experimentally. In this case, the silver 

nanoparticle interacts with the two diphenyl oxide molecules and with only one from the 

biphenyl and it is plausible that this organisation entails a slight improvement in the efficiency 

of the transfer of heat, in accordance with the results obtained after the experimental 

characterization. 

 

6.2. Nanofluids based on gold nanoparticles 

With the aim of using a different method of preparation to the previous case (one-step 

method) and to start the studies into the participation of the surfactants, the study of these new 

nanofluids based on gold nanoparticles was proposed. 
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To prepare the nanofluids based on gold nanoparticles following a one-step method 

(see Section 5.2), it was necessary to first synthesize the gold nanoparticles, and then 

characterize them to confirm that the nanomaterial had indeed been synthesized as expected. 

It was then dispersed into the eutectic mixture Dowtherm-A used as the base fluid. Following 

the one-step method, three nanofluids were prepared varying the concentration of the 

nanomaterial and using tetraoctylammonium bromide (TOAB) as both the surfactant and 

phase transfer agent, as described above (see Section 5.2.2). This was the first approach to 

using this kind of stabilizing additives. Thus, each nanofluid prepared and the action of the 

surfactant were studied and characterised experimentally, addressing their physical and 

chemical stability over time and their thermal and rheological properties with the purpose of 

assessing the degree of improvement in their efficiency in heat transfer processes. 

Furthermore, a theoretical analysis of the nanofluid system was performed by means of 

Molecular Dynamics simulations to estimate its transport, thermal and structural properties to 

determine how the molecules from both the base fluid and the surfactant are organised around 

the gold nanoparticles, and to learn about the role that the surfactant plays in the system. 

The nomenclature used to refer to the nanofluids will be 0.25·10-2 wt.% Au, 0.50·10-2 

wt.% Au and 1.00·10-2 wt.% Au, and Dowtherm-A to refer to the base fluid. 

 

6.2.1. Characterization of gold nanoparticles 

As a preliminary step, it is essential to characterize the synthesized nanomaterial “in 

situ” during the nanofluid preparation process itself to confirm that the expected nanomaterial 

has indeed been obtained. Below, the results obtained with the techniques used to characterize 

the synthesized gold nanoparticles are shown. 

X-ray photoelectron spectroscopy (XPS) was used to analyse the oxidation state and 

the chemical bonding state of the gold atoms. The result, shown in Figure 6.2.1, reveals the 

presence of two peaks at bonding energy values between 83.8 and 87.5 eV, which correspond 

to the 4f7/2 and 4f5/2 orbitals of the gold. The difference between the two signals is at around 

3.7 eV, which confirms the presence of gold in the zero-oxidation state, that is, metallic gold 

nanoparticles [12, 13]. 
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Figure 6.2.1. Signal obtained for the 4f orbital of the gold by XPS. 

 

Moreover, the synthesized nanomaterial was analysed using x-ray diffraction (XRD) 

to obtain information about its crystalline structure. Figure 6.2.2 shows the XRD pattern 

obtained. Of note is the presence of three peaks at 2θ values of 38.24, 44.45 and 76.67º, which 

are characteristic of metallic gold and are assigned to the (111), (200) and (220) families of 

planes respectively, which correspond with the Fm-3m cubic space group [14, 15].  

 

 

Figure 6.2.2. XRD pattern obtained for the synthesized gold nanoparticles. 
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Transmission electron microscopy (TEM) was used to analyse the size and shape of 

the nanoparticles. Figure 6.2.3.A. presents the distribution of sizes found, showing particle 

sizes between 5 and 25 nm with a mainly spherical morphology [16], as seen in Figure 

6.2.3.B. 

 

 (A) 

 

 

(B) 

 

 

Figure 6.2.3. (A) Size distribution and (B) TEM image of the synthesized gold nanoparticles.  
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6.2.2. Monitoring of stability 

Immediately after each nanofluid was prepared, UV-Vis spectra were recorded in the 

wavelength interval between 400 and 900 nm. Figure 6.2.4 shows the spectra recorded, those 

of the nanofluids being clearly different to those of the base fluid as a result of photonic 

absorption and light scattering processes caused by the presence of the gold nanoparticles in 

suspension [1, 17].  

 

Figure 6.2.4. UV-Vis spectra of the base fluid and the gold nanofluids at time zero. 

 

In addition, the variation in the intensity of the signal obtained at λ=520 nm was 

studied for one week for all the nanofluids, the results being shown in Figure 6.2.5. A 

decrease can be observed in the extinction coefficient values obtained during the first few 

days, which suggests that agglomeration and precipitation phenomena take place that lead to a 

reduction in the amount of suspended nanomaterial. This decrease in the extinction coefficient 

is more marked in the case of the two nanofluids with the highest concentration of 

nanomaterial. In turn, from the third day on, when the signal remains practically constant, 

these nanofluids can be considered to be stable. In the case of the nanofluid with the lowest 

concentration of nanomaterial, the decrease takes place more slowly over time, possibly due 

to the agglomeration processes slowing down since there is less material in the medium when 

it is prepared. The decay in the extinction coefficient is seen to be gentler over time. 
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Figure 6.2.5. Variation in the extinction coefficient of the gold nanofluids at λ=520 nm versus time. 

 

In turn, the particle size measurements are shown in Figure 6.2.6. Small variations in 

the particle size are observed for the nanofluid with the lowest concentration of nanomaterial, 

with a slight tendency to increase due to agglomeration processes, which, in accordance with 

the previous study, indicates that this nanofluid undergoes continual change. The nanofluid 

with the highest concentration of nanomaterial presents sequences of increased and decreased 

particle size, which suggests successive agglomeration and precipitation processes, possibly 

due to the high concentration of nanomaterial. These processes, however, maintain the 

particle size fairly constant after the first few days, during which the larger sized nanomaterial 

precipitates. This would be in agreement with the relatively stable extinction coefficient 

observed in the previous section. In the case of the nanofluid with an intermediate 

concentration of nanomaterial, a greater dispersion of sizes is observed but the values are 

centred on 900 nm.  

Consequently, agglomeration and precipitation phenomena are common features of 

these nanofluids, which is normal since they are dynamic systems producing variations in the 

size of the particles, which affects the amount of nanomaterial in suspension and the stability 

of the nanofluids. However, it is possible to state that after a week the nanofluids seem to 

present acceptable stability, since no dramatic changes take place in either the extinction 

coefficient or the particle size. 
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Figure 6.2.6. Particle size measurements of the gold nanofluids using the DLS technique. 

 

 

  

Figure 6.2.7. ζ potential values obtained for the gold nanofluids versus time. 

 

Finally, Figure 6.2.7 shows the results obtained for the ζ potential of each nanofluid. 

At the end of the week of characterisation, the nanofluids present a ζ potential value of around 

-30 mV. This is the value commonly used in the literature as the threshold value for stability 

in water-based colloidal systems [18], which are considered stable when the absolute ζ 

potential value is higher than 30 mV. Thus, the ζ potential values are seen to decrease 

throughout the week until reaching values of around or lower than -30 mV, which is 

indicative of the nanofluids prepared reaching a stable state. This is in agreement with the 
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results from the measurements of extinction coefficient and particle size. However, the time 

required to reach that stable state is not the same in every case: the nanofluids with the highest 

concentration of nanomaterial require a longer time for the repulsive electrostatic interactions 

to be significant enough as to confer stability on the system. 

 

6.2.3. Study of efficiency 

 The density values for each nanofluid, measured at room temperature, and the increase 

observed with regard to the base fluid are presented in Table 6.2 and in Figure 6.2.8.A. Table 

6.2 shows that the addition of gold nanoparticles and surfactant produces a slight increase in 

the density values, greater increases being seen when more nanomaterial is added, from an 

increase of 0.04% for the nanofluid with the lowest concentration of nanomaterial to a 

variation of 0.16% for the fluid containing the highest amount of nanomaterial. Figure 6.2.8.A 

shows how the density of the nanofluids and the concentration of nanomaterial have a linear 

relationship. Therefore, in this system, to relate the concentration of nanomaterial with the 

thermal properties in a more reliable way, volume fractions 𝝓 were estimated using the 

density values by means of the equation 𝛷 = (𝜌𝑛𝑓 − 𝜌𝑏𝑓)/(𝜌𝑛𝑝 − 𝜌𝑏𝑓), where 𝝆 is the 

density and the subscripts 𝒏𝒇, 𝒃𝒇 and 𝒏𝒑 correspond to the nanofluid, base fluid and 

nanoparticle, respectively; the latter with a value of 19380 kg·m-3 [19]. However, as observed 

in the stability analysis, it is clear to see that the nanofluids prepared present agglomeration 

phenomena, so it is more appropriate to define the system by means of its effective volume 

fraction 𝝓𝒆𝒇𝒇 [20], which is defined as 𝛷𝑒𝑓𝑓 =  𝛷(𝑎0 𝑎⁄ )3−𝐷, 𝒂𝟎 being the radius of the 

agglomerates and 𝒂 the radius of the original nanoparticles (both values obtained by DLS and 

TEM), and 𝑫, the fractal index, normally 1.8 for nanofluids [20-22]. The results of the 

calculation of volume fraction and effective volume fraction are shown in Table 6.2. 
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Table 6.2. Values obtained for density, variation with regard to the base fluid, the estimation of 

volume fraction and effective volume fraction for the gold nanofluids and the base fluid. 

Sample ρ / kg·m-3 variation in density / % Φ / vol.% Φeff / vol.% 

Dowtherm-A 1059.5 ± 0.3 - 0 0 

0.25 ·10-2 wt.% Au 1059.9 ± 0.3 0.04 0.0022 0.34 

0.50 ·10-2 wt.% Au 1060.5 ± 0.2 0.09 0.0079 1.55 

1.00 ·10-2 wt.% Au 1061.2 ± 0.3 0.16 0.0098 0.86 

 

                                                                                  (A) (B) 

 

Figure 6.2.8. (A) Density and (B) viscosity values obtained for the gold nanofluids and the base 

fluid, and the fitted theoretical models. 

 

Thus, from this moment on, the nomenclature used to refer to the nanofluids will be 

related to the effective volume fraction and, thereby, the nanofluids 0.25·10-2 wt.% Au, 

0.50·10-2 wt.% Au and 1.00·10-2 wt.% Au will hereinafter be called Φeff = 0.34 vol. % Au, 

Φeff = 1.55 vol. % Au y Φeff = 0.86 vol. % Au. 

Furthermore, dynamic viscosity was measured since it is a property of particular 

interest in applications involving heat transfer such as concentrating solar power. The 

viscosity values measured for the nanofluids and how these varied with regard to the base 

fluid values, also measured at room temperature, are shown in Table 6.3. It shows that the 
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nanofluid with the highest effective volume fraction presents viscosity values that are 3% 

lower, which is a positive result if we take into account that, despite containing more 

nanomaterial than the silver nanofluids mentioned above, the gold nanofluids present smaller 

changes in viscosity, which is advantageous in terms of their efficiency. 

 

 

Table 6.3. Viscosity values obtained for the gold nanofluids and the difference with regard to the base fluid. 

Sample µ / mPa·s variation in viscosity / % 

Dowtherm-A 3.71 ± 0.03 - 

Φeff  = 0.34 vol.% Au 3.76 ± 0.04 1.35 

Φeff  = 1.55 vol.% Au 3.82 ± 0.04 2.96 

Φeff  = 0.86 vol.% Au 3.78 ± 0.03 1.88 

 

Figure 6.2.8.B shows the dynamic viscosity values obtained versus the effective 

volume fraction in addition to their fit to Einstein’s viscosity model (Equation 4.6) and to 

Brinkman's model (Equation 4.7), both defined in Chapter 4: Review of the background. A 

deviation from both models is observed at high volume concentrations due to an increase in 

the interactions between the particles as a result of the high level of agglomeration, which is 

not taken into consideration in both the studied models. At low volume concentrations, the 

experimental values show a good fit to the models. 

Furthermore, isobaric specific heat was measured at temperatures ranging between 

approximately 298 K and 360 K. This property is, together with thermal conductivity, of 

particular interest in these systems. The isobaric specific heat values obtained are shown in 

Figure 6.2.9. It shows that only the nanofluid with an intermediate volume concentration 

presents values above that of the base fluid, an improvement of approximately 5.3% being 

found at 365 K. 
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Figure 6.2.9. Isobaric specific heat values obtained for the gold nanofluids and the base fluid. 

 

Studies exist in the literature that report that nanofluids present enhanced isobaric 

specific heat values with regard to the base fluid, although this behaviour is unusual because 

lower values for this property are generally found in solids than in liquids [23-25]. However, 

studies have reported that some nanofluid systems give rise to certain internal structures 

produced by interactions between the metal and base fluid molecules that can lead to 

improvements in this property [26, 27]. In this case, we can deduce that there is an optimal 

concentration of nanomaterial in suspension that facilitates the formation of an internal 

structure that creates ideal conditions with regard to the number of interactions between 

particles and that results in an increase in the specific heat. 

In turn, with regard to the thermal conductivity results obtained, we can confirm that, 

in general terms, the three nanofluids present significantly improved thermal conductivity 

values with regard to the base fluid, as shown in Figure 6.2.10.A, and that the thermal 

conductivity shows a tendency to increase with temperature and with the effective volume 

concentration. In addition, Figure 6.2.10.B shows the values of the ratio 𝑘𝑛𝑓 𝑘𝑏𝑓⁄ , a dramatic 

improvement in thermal conductivity of up to 70% at 363 K being obtained for the nanofluid 

with the highest effective volume fraction. 
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(A) (B) 

 

Figure 6.2.10. Values obtained for (A) thermal conductivity and (B) the ratio with regard to the base 

fluid for the gold nanofluids. 

 

In turn, the thermal conductivity results obtained were analysed in accordance with the 

effective volume fraction with several theoretical models (see Chapter 4. Review of the 

background), as shown in Figure 6.2.11. This analysis suggests the formation of aggregates 

may not be solely responsible for the increase in thermal conductivity. The values obtained 

experimentally are rather different to those predicted by the classical model by Hamilton and 

Crosser (Equation 4.2) and by the modified model when aggregates of nanomaterial are 

included (Equation 4.3). However, the experimental results show a better fit when we use the 

Koo and Kleinstreuer model (Equation 4.5), which takes into consideration the effect of 

Brownian motion on the nanoparticles, as reflected in Figure 6.2.11. This suggests that the 

participation of Brownian motion may be largely responsible for the dramatic improvement in 

thermal conductivity observed in these nanofluids experimentally.  

Finally, to assess the improvement in efficiency of the nanofluids with regard to the 

base fluid, three criteria were used that have been define previously in this thesis (see Section 

5.3.2): the Dittus-Boelter equation (Equation 5.3.3) and the ratio of the Mouromtseff number 

of the two fluids (Equation 5.3.2), suggested for systems under turbulent flow conditions; and 

the Prasher criterion (Equation 5.3.4) used for laminar flow conditions.  
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Figure 6.2.11. Thermal conductivity values obtained experimentally and the values predicted by the 

models presented. 

 

The ratio of the heat transfer coefficients of the nanofluids and the base fluid versus 

temperature in accordance with the Dittus-Boelter equation are shown in Figure 6.2.12.A. It 

shows that all the gold nanofluids present an improvement in efficiency in heat transfer 

processes and that the nanofluid with the highest effective volume fraction is the most suitable 

for use as a heat transfer fluid, achieving an improvement of up to 36% in the heat transfer 

coefficient. Using the ratio of the Mouromtseff number of each fluid provides very similar 

results to those obtained by means of the Dittus-Boelter equation. Figure 6.2.12.B shows that 

improvement in the heat transfer efficiency of the gold nanofluid with the highest volume 

fraction is approximately 40%. 

Finally, Prasher’s criterion considers that a nanofluid presents improved efficiency 

when the increase in viscosity is less than four times the improvement in thermal 

conductivity. According to this approximation, all the nanofluids meet this criterion, as can be 

seen in Figure 6.2.12.C. 
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(A)           (B) 

  

 (C) 

 

 

 

Figure 6.2.12. Estimation of the degree of efficiency of the gold nanofluids using (A) the Dittus-

Boelter equation, (B) the Mouromtseff number and (C) Prasher’s criterion. 

 

6.2.4. Theoretical analysis 

The study of this nanofluid system by means of Molecular Dynamics simulations 

focused on two matters: (A) the estimation of the thermal properties of interest to compare 

them with the experimental data; and (b) the study of the role played by the surfactant in this 

system by analysing structural properties, providing a better understanding of how the base 

fluid and surfactant molecules are arranged around the gold nanoparticles. 

 

6.2.4.1. Molecular Dynamics simulations 

The Molecular Dynamics simulations were performed with the DL POLY code [4], 

using the NVT canonical ensemble, the Nosé-Hoover thermostat and applying periodic 
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boundary conditions. The initial configuration was built with the PACKMOL code [5], 

generating cubic boxes with such dimensions to enable the experimental density of the base 

fluid to remain constant at 298 K (1056 kg m-3), for which a representative concentration of 

0.1·10-2 wt.% Au was chosen, taking into consideration computational costs. The time of each 

simulation was 1 ns, setting a time-step of 0.5 fs and saving the structures generated for the 

analysis of trajectories every 100 time-steps. In each case, a cut-off distance of 9 Å was 

established and the Ewald summation method was applied [6] for the electrostatic reactions. 

The TraPPE-EH force field was used to describe the intra- and intermolecular 

interactions between the base fluid molecules, while the TraPPE-UA force field was used for 

the interactions of the TOAB surfactant (see Section 5.4.1.2).The parameters of the non-

bonded force field that describe the gold nanoparticle, represented by fourteen gold atoms 

arranged in a symmetrical space group (Fm-3m), were adapted from earlier studies [28]. 

 

6.2.4.2. Analysis of dynamic and thermal properties 

An analysis of the slope of the plot of the total energy of the system at temperatures 

ranging from 50 to 600 K shows the isobaric specific heat value of both the nanofluid and the 

base fluid (Figure 6.2.13). For the base fluid, the slope value 1.94·103 J kg-1 K-1, while a slope 

value of 3.70·103 J kg-1 K-1 was obtained for the gold nanofluid. Although these values are 

higher than those obtained experimentally, they follow the same trend: (𝐶𝑃𝑛𝑓
> 𝐶𝑃𝑏𝑓

). 

Thermal conductivity was estimated following the procedure described in Section 

5.4.3.2. To this end, the translational diffusion coefficient was calculated from the mean 

square displacement (MSD) using Einstein’s equation (Equation 5.4.36). The diffusion 

coefficient values for the gold nanofluid and the base fluid were calculated for temperatures 

ranging between 50 and 600 K. Figure 6.2.14 shows the thermal conductivity values obtained 

from the diffusion coefficient values using Equation 5.3.6. At temperatures above 100 K, an 

improvement is produced in the thermal conductivity values of the gold nanofluid with regard 

to the base fluid, values four times higher being observed at high temperatures. Therefore, the 

same trend is obtained theoretically and experimentally: the gold nanofluid presents higher 

thermal conductivity values than the base fluid (𝑘𝑛𝑓 > 𝑘𝑏𝑓). 
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Figure 6.2.13. Plot and linear fit of the theoretical values obtained for total energy versus 

temperature for the gold nanofluid and the base fluid. 

 

 

Figure 6.2.14. Thermal conductivity values obtained theoretically for the gold nanofluids 

and the base fluid. 

 

 

6.2.4.3. Analysis of structural properties 

To know how all the molecules in the system are arranged around the gold 

nanoparticles, the RDFs of three interactions of the gold were analysed: with the oxygen from 

the diphenyl oxide (Au-O), with the carbon atoms from the aromatic rings (Au-C), and with 
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the nitrogen atoms from the amine group of the TOAB surfactant (Au-N). These interactions 

were studied at a range of temperatures between 50 and 600 K and up to a cut-off distance of 

10 Å, which corresponds to an inner layer around the gold nanoparticle. Figure 6.2.15 shows 

the RDFs studied. In the case of the Au-O pair, a dynamic movement of diphenyl oxide 

molecules is observed. The first peak for diphenyl oxide appears after 100 K and is centred at 

a distance of around 5 Å with regard to the gold nanoparticle. When the temperature 

increases, the number of diphenyl oxide molecules changes: there are two molecules between 

100 and 300 K and four at temperatures from 400 to 600 K. For the Au-C interaction, the 

intense peak is centred at 5.8 Å for the complete range of temperatures. The peak begins to 

lose its well-defined structure as the temperature increases. Finally, the Au-N interaction 

shows that two surfactant molecules move closer to the gold nanoparticle at low temperature, 

a sharp peak being visible at 7.4 Å at 300 K. However, when the temperature rises, the peak 

moves further away and there is a decrease in the number of surfactant molecules, only one 

remaining at a distance of 8.5 Å at temperatures between 400 and 600 K. 

The results of the RDFs clearly show the effects on the system of the temperature, 

which produces a rearrangement of both the base fluid and the surfactant molecules. At 

300 K, the first movement takes place in the system, both the surfactant and diphenyl oxide 

molecules moving closer to the metal and forming an inner layer with two molecules of each 

species. When the temperature increases even more, the molecules move for a second time: 

the interaction between the gold nanoparticle and the surfactant loses intensity in the inner 

layer, only one surfactant molecule remaining and four diphenyl oxide molecules. This 

increase in the number of diphenyl oxide molecules is positive in terms of efficiency, giving 

rise to an increase in the thermal properties observed experimentally and theoretically. The 

surfactant, therefore, plays a vital role in the heat transfer process: its closer proximity to the 

nanoparticles when the temperature increases facilitates the entry of more diphenyl oxide 

molecules into an inner layer. 
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      RDF Au-O         RDF Au-C        RDF Au-N 

   

Figure 6.2.15. RDFs obtained for the Au-O, Au-C and Au-N pairs at different temperatures. 

 

To gain a clearer understanding of the system, its spatial distribution function (SDF) 

was calculated. Figure 6.2.16 shows the SDFs and the three-dimensional image of the 

arrangement of the molecules in an inner layer at 10 Å at 300 K and 600 K, representative 

temperatures of the dynamics of the system. The gold nanoparticle (gold colour) is 

surrounded by diphenyl oxide and biphenyl molecules (the image shows oxygen atoms in red 

bonded to carbon atoms in blue, and aromatic carbon atoms in turquoise) and surfactant 

molecules (grey chain with the nitrogen of the amine group in orange). At 300 K, the 

arrangement of the diphenyl oxide and surfactant molecules around the gold nanoparticle is 

2/2, while the ratio at 600 K is 4/1. 
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Figure 6.2.16. SDFs of the gold nanofluid system at (A) 300 K and (B) 600 K. Three-dimensional 

image of the SDF at (C) 300 K and (D) 500 K. The gold nanoparticle is shown in gold, the oxygen 

atoms of the diphenyl oxide molecules in red (with the carbon atoms from the aromatic ring bonded 

directly to them in blue), the remaining aromatic carbon atoms in turquoise, with the hydrogen 

atoms in grey, while the surfactant chain is represented by the colour silver, with the nitrogen from 

the amine group of the TOAB surfactant in orange. 

  

The movement of the surfactant molecules at a wide range of temperatures (50 - 

600 K) is shown below (Figure 6.2.17). At low temperatures, there are more surfactant 

molecules and they are located very close to the central metal atom. At 300 K, two surfactant 

molecules surround the gold cell. This is the temperature at which the surfactant molecules 

are closest to the gold nanoparticle, providing a high level of stability. When the temperature 

rises, the number of surfactant molecules decreases and they move away from the metal, 

allowing the diphenyl oxide molecules to enter.  

T = 300 K (A)

 

(B) T = 600 K 

 

T = 300 K (C) 

 

(D) T = 600 K  
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T = 50 K T = 100 K T = 200 K 

   

T = 300 K 

  

T = 400 K 

T = 500 K 

  

T = 600 K 

 

Figure 6.2.17. Movement of the TOAB surfactant around the gold nanoparticle at different temperatures. 

 

Therefore, among all the possible mechanisms that can affect thermal conductivity, it 

would be logical to think that Brownian motion plays an important role in the dramatic 

increase obtained, and that the participation of the surfactant affects the free movement of the 

nanomaterial at low temperatures, leading to a lower number of collisions between particles 

and more energy being required to increase the temperature of the system. This would explain 

the isobaric specific heat values obtained by the nanofluid with regard to the base fluid. 

However, high temperatures promote the rearrangement of the surfactant molecules, 
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liberating the nanomaterial and facilitating its movement, which leads to an increase in 

thermal conductivity. This is consistent with the results obtained experimentally, the thermal 

conductivity of the nanofluids showing a tendency to increase with temperature. 

 

6.3. Nanofluids based on platinum nanoparticles 

The nanofluid system based on platinum nanoparticles was prepared following the 

two-step method (see Section 5.2). The platinum nanoparticles were synthesised and 

characterised to confirm that the nanomaterial was synthesized as expected. The nanoparticles 

were then dispersed into the eutectic mixture of diphenyl oxide and biphenyl used as the base 

fluid. In this study, in light of the positive results obtained with the gold nanofluids where the 

use of surfactants was analysed, three nanofluids were prepared with the same concentration 

of nanomaterial but with modifications of two parameters: the surfactants, in this case using 

ODT and DDA (which also acts as a phase transfer agent); and the application of ultrasound 

treatment (see Section 5.2.3). Table 6.4 shows the nomenclature established to refer to each 

nanofluid and the treatment applied to them. Thus, each nanofluid prepared was studied and 

characterised experimentally, taking into account its physical and chemical stability and its 

thermal and rheological properties with the purpose of assessing the degree of improvement in 

its efficiency in heat transfer processes and validating the action of each surfactant and/or the 

ultrasound treatment. In addition, the theoretical analysis by means of MD simulations was 

based on analysing the structural properties of the nanofluid system when only one surfactant 

was used and when the two were used in combination in order to study the molecular 

organisation of each surfactant and of the base fluid molecules around the platinum 

nanoparticles. 

Table 6.4. Platinum nanofluids prepared and the treatment applied to each. 

Nanofluid Dowtherm-A + DDA ODT Ultrasound 

Pt-Nf + DDA + ODT       x 

Pt-Nf + DDA + U     x   

Pt-Nf + DDA + ODT + U       
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6.3.1. Characterization of platinum nanoparticles 

The platinum nanoparticles were synthesised in a previous step to the preparation of 

the nanofluid. Thus, it was essential to characterise the particles to confirm that the 

nanomaterial obtained was synthesized as expected. The results obtained by means of the 

techniques used to characterize the synthesized platinum nanoparticles are shown below. 

An analysis was performed using XPS of the oxidation state and the chemical bonding 

state of the platinum nanomaterial synthesized. Figure 6.3.1 shows the spectrum obtained, 

revealing the presence of two peaks at binding energy values between 70.8 and 74.2 eV, 

which correspond to the 4f7/2 and 4f5/2 orbitals of the platinum. The difference between the 

two peaks at 3.4 eV suggests that the solid obtained is platinum in a zero oxidation state; that 

is, metallic platinum nanoparticles, as has been reported previously [29].  

In turn, the x-ray diffraction results provided information about the crystalline 

structure of the platinum nanoparticles synthesized. Figure 6.3.2 shows the XRD pattern 

obtained. Of note is the presence of three peaks at 2θ angles of 40.25, 46.81 and 68.36º, which 

are characteristic of platinum nanoparticles and are assigned to the (111), (200) and (220) 

families of planes respectively, belonging to the Fm-3m cubic space group [30, 31]. 

 

 

Figure 6.3.1. Signal obtained for the 4f orbital of the platinum by XPS. 
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Figure 6.3.2. XRD pattern obtained for the platinum nanoparticles synthesized. 

 

Finally, the size and shape of the platinum nanomaterial was analysed by means of 

TEM. Figure 6.3.3. shows that the nanomaterial is mainly spherical in shape, the particles 

ranging in size between 5 and 35 nm. We can therefore conclude that the method of synthesis 

used produced spherical metallic platinum nanoparticles. 

 

 

 

(A) 
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(B) 

 

 

Figure 6.3.3. (A) Size distribution and (B) TEM image of the synthesized platinum nanoparticles.  

 

 

6.3.2. Monitoring of stability 

The UV-vis spectra recorded immediately after preparing each nanofluid suggest the 

presence of platinum nanomaterial in suspension in the cases where ultrasound treatment was 

used, shown by the band at 400 nm in Figure 6.3.4.A. In turn, Figure 6.3.4.B shows the 

spectra of the nanofluids without the base fluid spectrum. The nanofluids treated with 

ultrasound present a band at approximately 390-500 nm with a higher intensity than the base 

fluid due to the highly dispersed nanomaterial in suspension as a result of the ultrasound 

treatment [1, 2]. In turn, the nanofluid that did not undergo ultrasound treatment does not 

present this signal, which suggests that the nanomaterial in this fluid was not dispersed and 

that the application of ultrasound is vitally important for these nanofluids. 
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(A) 

(B) 

Figure 6.3.4. (A) UV-Vis spectrum of the platinum nanofluids and the base fluid at time zero; 

(B) UV-Vis spectrum of the platinum nanofluids without the base fluid spectrum at time zero. 

 

In turn, the analysis of the radiation extinction coefficient at a set wavelength 

(λ=390 nm, the most intense peak) for one week is shown in Figure 6.3.5. It shows that in the 

case of the two nanofluids treated with ultrasound, the extinction value remains constant after 

the second day, indicative of the amount of nanomaterial in suspension remaining constant. 

The nanofluid prepared without ODT, however, presented a sharp decay in the extinction 

value between the first and second days, suggesting that the presence of a second surfactant 

prevents the sudden agglomeration and precipitation of the nanomaterial immediately after the 

nanofluid is prepared. After this time, the concentration of suspended material remains fairly 

unchanged. Furthermore, the nanofluid that was not treated with ultrasound does not present 

nanomaterial in suspension, so a second surfactant is totally unnecessary in this case. 

Therefore, the ultrasound treatment is essential in order to disperse the nanomaterial more 

effectively, and following this treatment the presence of a second surfactant (ODT) helps the 

system to maintain the nanomaterial in suspension.  
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Figure 6.3.5. Variation in the extinction coefficient of the platinum nanofluids at λ=390 nm 

versus time. 

 

In the study of the size of the particles (Figure 6.3.6) of the Pt- Nf + DDA + ODT 

nanofluid, highly dispersed data is observed, with sizes ranging between 500 and 2000 nm 

after the fifth day, which illustrates that the small amount of suspended nanomaterial in the 

system generates signals of high dispersion. In turn, the application of ultrasound to the other 

two nanofluids generated aggregates of a constant size of approximately 600-800 nm (larger 

in the case of the Pt-Nf + DDA + U + ODT nanofluid) after the second day, which would 

suggest that these two nanofluids reach a stable condition. 

 

Figure 6.3.6. Particle size measurements of the platinum nanofluids using the DLS technique. 
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To complete the study of stability, Figure 6.3.7 shows the ζ potential values obtained 

for each nanofluid during one week. The nanofluid that did not undergo ultrasound treatment 

presents ζ potential values of around 0 mV, which, once again, is clear evidence that this 

nanofluid system is unstable. The other two nanofluids present ζ potential values of 30 mV for 

Pt-Nf + DDA + U and around 60 mV for Pt-Nf + DDA + U + ODT, which shows that both 

systems present good stability as a result of the nanomaterial being well dispersed by the 

ultrasound treatment and due to the surfactants preventing its agglomeration and precipitation. 

 

 

Figure 6.3.7. ζ potential values obtained for the platinum nanofluids versus time. 

 

 

Thus, from the characterization performed, the two nanofluids treated with sonication 

were considered to be stable and were therefore characterized for their thermal properties and 

analysed from a theoretical perspective. On the other hand, the results of the UV-Vis spectra, 

particle size and ζ potential values showed that the Pt-Nf + DDA + ODT nanofluid is totally 

unstable and, therefore, it was not characterized for its thermal and rheological properties. 
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6.3.3. Study of efficiency 

The density and viscosity values, measured at room temperature, are shown in Table 

6.5. The two nanofluids contain the same amount of both the platinum nanomaterial 

(0.005 wt.%) and DDA, but one also contains ODT, the second surfactant. Both nanofluids 

present the same slight increase in density of around 0.18%. The nanofluid prepared using the 

two surfactants, DDA and ODT, presents a greater increase in viscosity, of 3.9%. Meanwhile, 

the one containing only DDA shows an increase of 3.2% in viscosity compared with the base 

fluid. 

 

Table 6.5. Density and viscosity values obtained and the variation in each for the platinum 

nanofluids and the base fluid. 

Sample ρ / kg·m-3 
variation in  

density / % 
µ / mPa·s 

variation in  

viscosity / % 

Dowtherm-A 1058.8 ± 0.8 - 3.76 ± 0.03 - 

Pt-Nf + DDA + U 1060.8 ± 0.4 0.19 3.88 ± 0.03 3.19 

Pt-Nf + DDA + U + ODT 1060.3 ± 0.6 0.18 3.91 ± 0.02 3.98 

 

Furthermore, the isobaric specific heat and thermal conductivity were measured at 

temperatures ranging between room temperature and 363 K. Figure 6.3.8 shows a slight 

increase in isobaric specific heat for the Pt- Nf + DDA + U + ODT nanofluid with regard to 

the base fluid, giving a mean improvement value of approximately 1.2% for the whole range 

of temperatures. However, the Pt-Nf + DDA + U nanofluid presents isobaric specific heat 

values that are much lower than those of the base fluid, an expected trend according to the 

literature [24, 25]. The difference between the two nanofluids is the presence of ODT, which 

somehow generates an internal structure within the solid (and let us remember a smaller 

particle size), which produces a tendency to show the properties of a semi-solid, resulting in 

its isobaric specific heat values being higher than those of the base fluid [26, 27]. 
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Figure 6.3.8. Isobaric specific heat values obtained for the platinum nanofluids and the base fluid. 

 

Figure 6.3.9 shows the thermal conductivity values obtained and the ratio 𝑘𝑛𝑓 𝑘𝑏𝑓⁄ . It 

shows that at temperatures above about 325 K both nanofluids present thermal conductivity 

values higher than the base fluid. At high temperature (363 K), the Pt-Nf + DDA + U 

nanofluid presents an improvement of 17%, while the Pt-Nf + DDA + U + ODT nanofluid 

would seem to be more promising as a heat transfer fluid as it achieves a significant 

improvement of approximately 37%. 

(A) (B) 

 

Figure 6.3.9. Values obtained for (A) thermal conductivity and (B) the ratio with regard to the 

base fluid for the platinum nanofluids. 
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The estimation of the improvement in efficiency was performed using the ratio of the 

heat transfer coefficients of the nanofluid and the base fluid in accordance with the Dittus-

Boelter equation (Equation 5.3.3), typical for systems in turbulent flow conditions. Figure 

6.3.10 shows that, at 363 K, the Pt-Nf + DDA + U system achieves an improvement in 

efficiency of 5%, while the Pt-Nf + DDA + U + ODT system presents an improvement of 

20%. Hence, the conclusion can be drawn that the presence of ODT has a significant, positive 

effect on the heat transfer coefficient, and consequently on the efficiency of the nanofluid 

with regard to the base fluid. 

 

 

Figure 6.3.10. Estimation of the degree of efficiency of the platinum nanofluids using the Dittus-

Boelter equation. 

 

 

6.3.4. Theoretical analysis 

The main advantage of the theoretical analysis of this nanofluid system revolves 

around determining how each surfactant participates and influences the increase in thermal 

properties. To this end, Molecular Dynamics simulations were used to study and analyse the 

structural properties of these systems in order to determine how the surfactant and base fluid 

molecules are arranged around the platinum nanoparticles, and to discover how the 

organisation of the molecules changes with temperature. 
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6.3.4.1. Molecular Dynamics simulations 

The Molecular Dynamics simulations were performed with the DL POLY code [4], 

using the NVT canonical ensemble, the Nosé-Hoover thermostat and applying periodic 

boundary conditions. The initial configuration was built with the PACKMOL code [5], 

generating cubic boxes with such dimensions to enable the experimental density of the base 

fluid to remain constant at 298 K (1056 kg m-3), for which a representative concentration of 

0.005 wt.% of platinum was chosen, taking into consideration computational costs. The time-

step established was 0.5 fs, saving the generated structures to analyse the trajectories every 

100 time-steps, the time for each simulation being 1 ns. In each case, a cut-off distance of 9 Å 

was established and the Ewald summation method was applied [6] for the electrostatic 

reactions. 

The TraPPE-EH force field was used to describe the intra- and intermolecular 

interactions between the base fluid molecules, while the TraPPE-UA force field was used for 

the interactions of each surfactant (DDA and ODT) (see Section 5.4.1.2). 

The representation of the metal nanoparticle is based on fourteen platinum atoms 

arranged in a Fm-3m symmetrical space group [32], while the non-bonded force field 

parameters were adapted from previously set parameters [33]. 

 

6.3.4.2. Analysis of structural properties 

In this section, Molecular Dynamics simulations are used to analyse the possible 

structures formed within the nanofluid system due to the presence of one surfactant (DDA) or 

the two together (DDA + ODT), and how these structures are related with the increase in the 

thermal property values.  

 Analysis of the structure of the Pt-Nf + DDA system 

This nanofluid system was studied to analyse the participation in isolation of the DDA 

surfactant and how it is arranged, together with molecules from the base fluid, around the 

platinum. To this end, the interactions were analysed of the platinum (established as the centre 

of mass of a unit cell) with the oxygen from the diphenyl oxide (Pt-O) and with the nitrogen 

(accepting that the interaction is produced by the amine group) from the DDA surfactant (Pt-
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N) at three temperatures: 100, 300 and 500 K. These interactions were studied up to a cut-off 

distance of 9 Å, which corresponds with an inner layer around the platinum nanoparticle. The 

Pt-O and Pt-N interactions at the three temperatures mentioned above are shown in Figure 

6.3.11. 

                RDF Pt-O            RDF Pt-N 

  
 

 

Figure 6.3.11. RDFs obtained for the Pt-O and Pt-N pairs of the Pt-Nf + DDA nanofluid system at 

different temperatures. 

 

In the case of the Pt-O pair, at 100 K, a sharp peak is seen centred at 5 Å and a second 

gentle peak at 7 Å, both of which are assigned to a total of six oxygen atoms corresponding to 

six diphenyl oxide molecules. When the temperature rises to 300 K, the two peaks combine, 

the new peak corresponding to a total of seven oxygen atoms belonging to seven diphenyl 

oxide molecules. However, at 500 K the peak is less intense, the number of diphenyl oxide 

molecules around the platinum nanoparticle decreasing from seven to five. The Pt-N 

interaction reveals that the peak centred at 5 Å becomes less intense as the temperature rises, 

which is a result of the number of surfactant atoms, and therefore the number of surfactant 

molecules, around the platinum nanoparticle. At 100 K and 300 K, the peak consists of six 

nitrogen atoms; hence six surfactant molecules are surrounding the nanomaterial in a first 

layer.  However, at 500 K, a seventh surfactant molecule is incorporated. 

The analysis of the SDFs (Figure 6.3.12) of this system show how as the temperature 

rises the surfactant molecules (defined by the nitrogen atoms in orange) encapsulate the 
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platinum nanoparticle (grey atom) impeding its interaction with the diphenyl oxide molecules 

(the oxygen is shown in red and the carbon from the aromatic ring bonded to it in blue). In 

addition, the increase in temperature leads to decreased resolution of the image due to the 

movement of molecules, a reflection of the change in intensities of the RDFs, which is 

indicative of a dynamic system. 

 

(A) 

T = 100 K 

(B) 

T = 300 K 

(C) 

T = 500 K 

   

Figure 6.3.12. SDFs of the Pt-Nf + DDA nanofluid system at different temperatures. The platinum 

nanoparticle is shown in grey, the oxygen molecules from the diphenyl oxide in red (with the carbon 

atoms from the aromatic ring directly bonded to them on blue) and the nitrogen from the amine 

group of the DDA surfactant in orange. 

 

 

When the nanofluid system is prepared with only one surfactant (DDA), the 

favourable interaction between the platinum and the nitrogen leads to the surfactant molecules 

predominating a first layer around the nanomaterial, limiting the interaction with the diphenyl 

oxide molecules responsible for heat transfer. This produces a slight increase in the values of 

the thermal properties of the nanofluid with regard to the base fluid. Figure 6.3.3. shows how 

the presence of the chains of DDA molecules located around the platinum generates 

significant steric hindrance effects that make it difficult for the diphenyl oxide molecules to 

approach the metal, which would appear to limit the flow of heat. 
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(A) T = 100 K (B) T = 300 K 

 

 

(C) T = 500 K 

 

Figure 6.3.13. Movement of the surfactant molecules of the Pt-Nf + DDA nanofluid system at 

different temperatures. The chain of the DDA surfactant is shown in black with the nitrogen 

from the amine group in orange. 

 

 Analysis of the structure of the Pt-Nf + DDA + ODT system 

When the second surfactant was incorporated into the system, an analysis was 

performed of the interactions between the platinum nanoparticle (established as the centre of 

mass of a unit cell) and the atoms from the base fluid molecules and both surfactants at the 

same temperatures as in the previous case. Thus, the study included the Pt-O interaction 

between the platinum and the oxygen from the diphenyl oxide of the base fluid, and the 

interaction between the nanomaterial and the surfactants by means of the Pt-N pair (accepting 

that the interaction is with the nitrogen from the amine group of the DDA) and the Pt-S pair 
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(accepting that the interaction is with the sulphur from the thiol group of the ODT). These 

interactions were studied up to a distance of 9 Å, corresponding with an inner layer around the 

platinum nanoparticle. The radial distribution functions for the Pt-O, Pt-N and Pt-S pairs at 

the three temperatures stated above are shown in Figure 6.3.14.  

In the case of the Pt-O pair, at 100 K, a first sharp peak can be seen centred at 5 Å, 

which corresponds to two oxygen atoms, followed by a series of less intense peaks. Up to a 

distance of 9 Å, seven oxygen atoms can be counted, so seven diphenyl oxide molecules can 

be found in a first layer around the platinum nanoparticle. As the temperature increases, the 

peak at 5 Å loses intensity, becomes wider and the series of peaks is combined with it, 

resulting in a total of six and seven diphenyl oxide molecules at 300 K and 500 K 

respectively. 

        RDF Pt-O               RDF Pt-N           RDF Pt-S 

   

Figure 6.3.14. RDFs obtained for the Pt-O, Pt-N and Pt-S pairs of the Pt-Nf + DDA + ODT 

nanofluid system at different temperatures. 

 

Regarding the Pt-N interaction, at 100 K, there is a sharp, well-defined peak at 5 Å 

and another centred at 8 Å, corresponding to a total of three DDA molecules. At 300 K, the 

second peak disappears and the signal at 5 Å corresponds to three nitrogen atoms, meaning 

that at this temperature the three DDA molecules are all at the same distance from the 

nanomaterial. However, at 500 K, this peak quickly loses intensity, meaning the number of 

DDA molecules around the nanomaterial decreases to two.  

The Pt-S interaction, to study the participation of the second surfactant, follows a 

similar trend to the Pt-N pair. At 100 K, the RDF shows a sharp, well-defined peak centred at 
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5.4 Å corresponding to three sulphur atoms from three ODT molecules. The signal becomes 

less intense as the temperature rises, revealing three sulphur atoms at 300 K and two at 500 K. 

The analysis of the SDFs (Figure 6.2.15) makes it possible to see how the presence 

and participation of the DDA (shown in orange) and ODT (shown in yellow) surfactants 

diminishes as the temperature increases, which is indicative of a dynamic system. 

(A) 

T = 100 K 

(B) 

T = 300 K 

(C) 

T = 500 K 

   

Figure 6.3.15. SDFs of the Pt-Nf + DDA + ODT nanofluid system at different temperatures. The 

platinum nanoparticle is shown in grey, the oxygen molecules from the diphenyl oxide in red (with the 

carbon atoms from the aromatic ring directly bonded to them on blue), the nitrogen from the amine 

group of the DDA surfactant in orange, and the sulphur from the thiol group of the ODT in yellow. 

 

The results are in agreement with those observed in the RDFs, when the peaks become 

broader as the temperature increases. In this case, the ODT chains are longer than the DDA 

chains and therefore the number of DDA molecules in this system decreases considerably in 

comparison with the previous system. The web of chains formed by the molecules of the two 

surfactants may create “free spaces” that make it easier for the diphenyl oxide molecules (the 

oxygen atoms shown in red and the carbon atoms from the aromatic rings bonded to the 

oxygen atoms in blue) to move closer to the platinum. This would create certain directionality 

in the structures, which, as stated in the literature [11], is related with the improvement in the 

thermal properties of this kind of nanofluid systems.  

 

 



Chapter 6 – Analysis and discussion of the results obtained 

 

 

  141 
 

(A) T = 100 K

 

(B) T = 300 K 

 

 (C) T = 500 K  

 

 

 

 

Figure 6.3.16. Movement of the surfactant molecules of the Pt-Nf + DDA + ODT nanofluid 

system at different temperatures. The surfactant chains are shown in black, the nitrogen from the 

amine group of the DDA in orange, and the sulphur from the thiol group of the ODT in yellow. 

 

Figure 6.3.16 shows how, as the temperature rises, the presence of the surfactant 

chains (in black) poses an impediment to interact with other surfactant molecules, but does 

not impede the active participation of more diphenyl oxide molecules. Therefore, it has been 

shown theoretically that at high temperatures the presence of two surfactants generates stable 

structures in which diphenyl oxide molecules, responsible for a possible improvement in the 

thermal properties, are predominant. These results are in agreement with those obtained 

experimentally, where the use of two surfactant generated nanofluids that are stable over time 

and the present significant improvements in efficiency with regard to the base fluid, which 

means that this nanofluid is potentially of great interest for use as a heat transfer fluid in 

concentrating solar power plants. 
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6.4. Comparison of nanofluids prepared following the two-step 

method 

After observing the positive performance of the nanofluids based on gold 

nanoparticles, in the sense that they quickly become stable over time and present significant 

increases in thermal conductivity and efficiency as heat transfer fluids, it was decided to 

simplify the system described in Section 6.2. Thus, a nanofluid system was prepared based on 

gold nanoparticles but, in this case, following the two-step preparation method with gold 

nanoparticles synthesized in an aqueous medium before being dispersed into the base fluid 

(and not in situ in the heart of the base fluid as described in Section 6.2) and without using the 

TOAB surfactant. In turn, in order to be able to compare the two nanofluid systems, the same 

procedure described for the nanofluids based on silver nanoparticles was followed (see 

Section 5.2.1) to prepare these new nanofluids based on gold nanoparticles.  

Thus, to prepare these nanofluids, gold nanoparticles were synthesized in an aqueous 

medium and then dispersed into the eutectic mixture Dowtherm-A, used as the base fluid (see 

Section 5.2). Thus, three nanofluids were prepared, varying the concentration of nanomaterial 

(see Section 5.2.2). 

The nomenclature established to refer to the nanofluids will be Au 0.5, Au 1.0 and 

Au 5.0, and Dowtherm-A to refer to the base fluid. 

 

6.4.1. Monitoring of stability 

The chemical stability of these nanofluids was analysed after their preparation by 

means of UV-Vis spectroscopy in the range between 400 and 900 nm. Figure 6.4.1 shows the 

UV-Vis spectra for the nanofluids and the base fluid. It is possible to observe that the addition 

of gold nanoparticles does not modify the base fluid and consequently does not have a 

negative effect on the chemical stability of the system. The presence of the nanoparticles is 

observed as a wide band predominantly at low wavelengths, typical of colloidal nanoparticle 

suspensions [1, 2]. 
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Figure 6.4.1. UV-Vis spectra of the base fluid and the gold nanofluids at time zero. 

 

The analysis of particle size, shown in Figure 6.4.2, suggests the strong agglomeration 

of the nanomaterial in all the nanofluids, values of 1600 nm being obtained with a wide range 

of sizes, which makes these nanofluids rather unstable. 

 

 

Figure 6.4.2. Particle size measurements of the gold nanofluids using the DLS technique. 
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6.4.2. Study of efficiency 

As in the previous cases, to analyse the efficiency of the nanofluids, their density, 

dynamic viscosity, isobaric specific heat and thermal conductivity were measured. Table 6.6 

show the density and viscosity values obtained for the gold nanofluids prepared and the 

variation with regard to the base fluid. It is clear that the addition of nanomaterial produces an 

increase in the values of both properties, which are higher when greater amounts of 

nanomaterial are added [3]. In comparison with the results described above for the nanofluids 

based on silver nanoparticles, a significant increase of around 1.3% is seen in density for the 

nanofluid with the highest concentration of gold nanoparticles. In addition, the increase in 

viscosity is very similar to that observed in the silver nanofluids, the values rising by 4.3% in 

the case of the nanofluid with the highest concentration of nanomaterial. 

 

Table 6.6. Density and viscosity values obtained and the variation in each for the gold 

nanofluids and the base fluid. 

Sample ρ / kg·m-3 
variation in density 

/ % 
µ / mPa·s 

variation in 

viscosity / % 

Dowtherm-A 1056.0 ± 1.5 - 4.025 ± 0.006 - 

Au 0.5 1065.7 ± 0.4 0.92 4.116 ± 0.006 2.26 

Au 1.0 1068.4 ± 0.5 1.17 4.143 ± 0.004 2.93 

Au 5.0 1069.6 ± 0.6 1.28 4.201 ± 0.004 4.37 

 

Measurements were taken of the isobaric specific heat and thermal conductivity of the 

nanofluids based on gold nanoparticles and the base fluid at temperatures ranging between 

room temperature and 360 K. As Figure 6.4.3.A shows, the values of the isobaric specific heat 

of nanofluids are close to the values for the base fluid, without improving them, a trend 

previously reported in the literature [24, 25]. 
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(A) 

 

(B) 

 

Figure 6.4.3. Values obtained for (A) isobaric specific heat and (B) thermal conductivity for 

the gold nanofluids and the base fluid. 

 

Regarding thermal conductivity (Figure 6.4.3.B), the nanofluids present a slight 

improvement with regard to the base fluid, although the behaviour observed is erratic, 

possibly due to the low levels of stability of these nanofluids. A declining trend is also 
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observed with temperature, similar to the base fluid. For the nanofluid with the highest 

concentration, an improvement is obtained of approximately 3% at 343 K. 

The efficiency as a heat transfer fluid of the nanofluids based on gold nanoparticles 

with regard to the base fluid is estimated using the ratio of the heat transfer coefficients in 

accordance with the Dittus-Boelter equation (Equation 5.3.3). Figure 6.4.4 shows the results 

obtained, and in this case the addition of gold nanoparticles does not lead to an improvement 

in the efficiency, as none of the nanofluids comply with (ℎ𝑛𝑓 ℎ𝑏𝑓)⁄ > 1. 

 

Figure 6.4.4. Values of the ratio of heat transfer coefficients of the gold nanofluids and the 

base fluid. 

 

 

6.4.3. Theoretical analysis 

In order to perform a comparison with the silver-based nanofluids from a theoretical 

approach too, Molecular Dynamics simulations were performed to estimate their thermal 

(isobaric specific heat) and structural properties to understand the how the base fluid 

molecules are arranged around the gold nanoparticles. 
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6.4.3.1. Molecular Dynamics simulations 

The parameters and conditions established for these simulations are the same as those 

used in Section 6.1.3.1, including the representative concentration of gold nanoparticles 

(5.0·10-4 wt.% Au). 

 

6.4.3.2. Analysis of thermal properties 

To determine the isobaric specific heat value, calculations were performed of the total 

energy of the system at a range of temperatures between 50 and 500 K. The plot of both 

magnitudes presents a linear relationship where the value of the slope corresponds to the 

isobaric specific heat value. Figure 6.4.5 shows this linear trend, for both the nanofluid and 

the base fluid, with slope values of 2.01·103 J kg-1 K-1 and 1.94·103 J kg-1 K-1, respectively. 

Although these values are higher than those obtained experimentally, the values obtained 

theoretically and experimentally follow the same trend: (𝐶𝑃𝑛𝑓
> 𝐶𝑃𝑏𝑓

). 

 

Figure 6.4.5. Plot and linear fit of the theoretical values obtained for total energy versus 

temperature for the gold nanofluid and the base fluid. 

 

6.4.3.3. Analysis of structural properties 

To determine the number of diphenyl oxide and biphenyl molecules arranged around 

the gold nanoparticle, the RDFs of the Au-O and Au-C interactions at 300 K were analysed. 

Figure 6.4.6 shows both RDFs and, in the case of the Au-O pair, a sharp, well-defined peak is 
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observed centred around 2.2 Å that is assigned to a single oxygen atom, so the gold 

nanoparticle is surrounded by only one diphenyl oxide molecule. However, a smaller peak 

appears at a distance of approximately 5.7 Å corresponding to another oxygen atom belonging 

to another diphenyl oxide molecule found on the border of the first and second layer. In turn, 

the RDF of the Au-C pair presents three peaks: a sharp peak at a distance of 2.9 Å, and two 

smaller ones at 4.2 Å and 5.7 Å, which are assigned to 8, 16 and 8 carbon atoms, respectively. 

This presupposes that there are two diphenyl oxide molecules (one in the first layer closer to 

the metal and another in an intermediate layer) and two biphenyl molecules. 

 

 

Figure 6.4.6. RDFs obtained for the Au-O (red) and Au-C (turquoise) pairs at 300 K. 

 

In turn, by analysing the SDF, a three-dimensional, more precise view was obtained of 

how the base fluid molecules are distributed around the gold nanoparticle, deduced from the 

analysis of the RDFs at a distance of 8 Å. The SDF (Figure 6.4.7) shows the presence of two 

diphenyl oxide molecules (at varying distances) and another two biphenyl molecules around 

the gold nanoparticle (central atom in gold). The oxygen atoms are shown in red, oriented 

towards the gold nanoparticles with the carbon atoms bonded to them in blue, the aromatic 

carbons in turquoise and the hydrogen atoms in grey. Figure 6.4.7.B shows an image of this 

result to show how the molecules described above are arranged. 

The arrangement of the diphenyl oxide molecules, oriented towards the metal 

nanoparticle, may be responsible for the possible improvement in heat transfer processes [11]. 

In this case, the gold nanoparticle interacts with a diphenyl oxide molecule in a first layer and 

with another molecule in an intermediate layer. This arrangement does not appear to be a 

favourable distribution for improving the efficiency of the heat transfer process, and is in 

agreement with the results obtained after the experimental characterization. 
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(A) (B) 

 

 

Figure 6.4.7. (A) SDF of the gold nanofluid system. (B) Three-dimensional model of the SDF. 

The gold nanoparticle is shown in gold, the oxygen from the diphenyl oxide in red, the carbon 

atom from the aromatic rings directly bonded to the oxygen in blue, and the remaining carbon 

atoms from the aromatic rings in turquoise, with the hydrogen atoms in grey. 

 

6.4.4. Comparative analysis of the Ag/Au and Cu/Ni nanofluid systems 

At this point it is interesting to carry out a comparative analysis (considering the 

experimental procedure, stability, efficiency of the nanofluids and the theoretical study) of the 

results obtained for the nanofluids based on gold nanoparticles and those based on silver 

nanoparticles (see Section 6.1 and Section 6.4) prepared using the two-step method, and the 

results reported in the earlier study by Navas and co-workers into copper and nickel 

nanofluids [34]. Navas et al. prepared the nanofluids following the same procedure and the 

study was performed within the same research group as this Doctoral Thesis. 

All the nanofluids were prepared with the same method, concentrations, addition of 

additives and the application of sonication (see Section 5.2.1). The nomenclature established 

to refer to the nanofluids according to the nanomaterial will be Cu- Nf, Ag-Nf, Ni-Nf and Au-

Nf, and according to the concentration of nanomaterial (Cu/Ag/Ni/Au) 0.5, (Cu/Ag/Ni/Au) 

1.0 and (Cu/Ag/Ni/Au) 5.0, and Dowtherm-A to refer to the base fluid. 
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6.4.4.1. Monitoring of stability 

In addition, Figure 6.4.8 shows the results of the particle size analysis obtained for all 

the nanofluids. The nanofluids based on copper and silver nanoparticles present an 

exponential growth in the particle size, which remains constant after the second / third day 

with a small range of particle sizes. However, the nanofluids based on nickel nanoparticles 

present large and fairly homogeneous particle sizes, while the gold-based nanofluids present 

quite large but very disperse particles sizes. This suggests that agglomeration and 

precipitation phenomena are more acute in these two systems than in the previous ones. In 

view of these results, the nanofluids based on copper and silver nanoparticles present greater 

stability than those based on gold and nickel. 

 

 

Figure 6.4.8. Particle size measurements of the nanofluids based on copper, silver, gold and nickel 

nanoparticles using the DLS technique [34]. 
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6.4.4.2. Study of efficiency 

Figure 6.4.9 shows the density and viscosity results obtained. In the case of density 

(Figure 6.4.9.A), an increase of approximately 0.2% was obtained with regard to the base 

fluid for the nanofluids with the highest concentration of silver, copper and nickel 

nanoparticles. However, in the case of the gold-based nanofluids, the increase is 

approximately 1.2%, which is in agreement with the density values for pure metals, as gold 

has a density value that is approximately double. With regard to viscosity (Figure 6.4.9.B), a 

similar trend is observed among the four nanofluids: the more nanomaterial added, the greater 

the increase in viscosity. In the case of the nanofluids with the highest concentration of each 

metal nanomaterial, a variation of around 4.5% was obtained for the gold and silver 

nanofluids, the nickel nanofluid presented a change in viscosity of approximately 6.1%, while 

the copper nanofluid achieved an increase of 7.9%.  

 

(A) 

 

(B) 

Figure 6.4.9. Values obtained for (A) density and (B) viscosity for the nanofluids based on copper, 

silver, gold and nickel nanoparticles [34]. 

 

Regarding their thermal properties, isobaric specific heat and thermal conductivity 

were measured at temperatures ranging between room temperature and 360 K. Figure 6.4.10 

shows the results obtained for the isobaric specific heat of all the nanofluids. The nanofluids 

based on copper and silver nanoparticles present values higher than those of the base fluid, 
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with improvements of approximately 15% and 7.4% respectively for the nanofluids with the 

highest concentration of nanoparticles at approximately 350 K. However, the nanofluids 

based on gold and nickel nanoparticles present isobaric specific heat values that are similar to 

the base fluid, and no improvement in this property was found. The experimental trend 

obtained was: 

𝐶𝑃𝐶𝑢−𝑁𝑓
>  𝐶𝑃𝐴𝑔−𝑁𝑓

>  𝐶𝑃𝑏𝑓
>  𝐶𝑃𝐴𝑢−𝑁𝑓

>  𝐶𝑃𝑁𝑖−𝑁𝑓
 

 

Figure 6.4.10. Isobaric specific heat values obtained for the nanofluids based on copper, silver, 

gold and nickel nanoparticles [34]. 

 

In addition, Figure 6.4.11 shows the thermal conductivity results obtained for all the 

nanofluids. The nanofluids based on copper nanoparticles show a significant increase in 

thermal conductivity with regard to the base fluid, as do the gold- and silver-based nanofluids, 

whose increases are not as pronounced. In the case of the nanofluids with the highest 

concentration of nanoparticles, an improvement was obtained at 350 K of approximately 14% 

for copper and 5.7% in the case of silver. The nanofluid with the highest concentration of gold 

nanoparticles presented an improvement of 3.1% at 343 K. Finally, the nickel-based 
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nanofluids, far from presenting values similar to those of the base fluid, have thermal 

conductivity values that are notably worse. The experimental trend obtained was: 

𝑘𝐶𝑢−𝑁𝑓 >  𝑘𝐴𝑔−𝑁𝑓 >  𝑘𝐴𝑢−𝑁𝑓 >  𝑘𝑏𝑓 >  𝑘𝑁𝑖−𝑁𝑓 

 

Figure 6.4.11. Thermal conductivity values obtained for the nanofluids based on copper, silver, 

gold and nickel nanoparticles [34]. 

 

Finally, to estimate the efficiency, the ratio of the heat transfer coefficient of the 

nanofluid and the base fluid was used, in accordance with the Dittus-Boelter equation 

(Equation 5.3.3). The results shown in Figure 6.4.12 pertain to the data obtained at room 

temperature. Only the nanofluids based on copper nanoparticles present a significant 

improvement (of approximately 11%) in their heat transfer coefficient, and thus their 

efficiency. The nanofluids based on silver nanoparticles present practically no improvement 

(not reaching 3%) at this temperature, although enhancements are found at high temperatures 

(see Figure 6.1.4). Meanwhile, the nanofluids based on gold and nickel nanoparticles do not 

improve the efficiency of the base fluid in any cases, and therefore they are not suitable for 

use as heat transfer fluids. Thus, according to the experimental results we can establish the 

following sequence:  
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ℎ𝐶𝑢−𝑁𝑓 >  ℎ𝐴𝑔−𝑁𝑓 >  ℎ𝑏𝑓 >  ℎ𝐴𝑢−𝑁𝑓 >  ℎ𝑁𝑖−𝑁𝑓 

 

Figure 6.4.12. Values obtained for the ratio between the heat transfer coefficients of the 

nanofluids based on copper, silver, gold and nickel nanoparticles at room temperature [34]. 

 

6.4.4.3. Theoretical analysis: structural properties 

For each nanofluid system, a study was conducted of the RDFs of the interactions of 

each metal with the diphenyl oxide and biphenyl molecules of the base fluid (see Figure 6.1.8 

and Figure 6.4.6) [34]. Then, by analysing the RDFs and SDFs, we obtain a view of how the 

base fluid molecules are arranged around each metal, as shown by the image in Figure 6.4.13.  

The literature reports that the directionality in the interaction between a metal and the 

oxygen from diphenyl oxide may benefit heat transfer processes [11]. If we take into account 

the diphenyl oxide/biphenyl ratio, Figure 6.4.13 shows that the arrangement of base fluid 

molecules around the copper atom is 3/1, and 2/1 in the case of silver. The cases of gold and 

silver may a priori seem to be the same; however, the presence of a diphenyl oxide molecule 

in an intermediate layer between the first and the second layers creates a more favourable 

situation for the gold (2/2) than for the nickel (1/1). 
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(A)

 

(B)

 

(C) 

 

(D) 

 

Figure 6.4.13. Three-dimensional image of the SDFs of the nanofluids based on (A) copper, (B) silver, 

(C) gold and (D) nickel nanoparticles at 300 K. The metal nanoparticles are shown by the colours brown 

(copper), rock blue (silver), gold (gold) and green (nickel), the oxygen from the diphenyl oxide in red, 

the carbon from the aromatic rings bonded directly to the oxygen in blue, and the remaining carbon 

atoms from the aromatic rings in turquoise, with the hydrogen atoms in grey [34]. 

 

Therefore, according to the theoretical study and taking into account this arrangement, 

the order of the nanofluid systems with regard to the most promising situation for heat 

transfer processes is: 

𝐶𝑢 − 𝑁𝑓 > 𝐴𝑔 − 𝑁𝑓 > 𝐴𝑢 − 𝑁𝑓 > 𝑁𝑖 − 𝑁𝑓 

And this sequence is the same as the one obtained for the estimation of the heat 

transfer coefficient using the experimental results. Thus, both approaches (experimental and 

theoretical) used to analyse these nanofluid systems are in agreement in terms of the results 

reached. This result indicates that the nanofluid based on copper nanoparticles and prepared in 



Roberto Gómez Villarejo 

 

 

156   
 

the eutectic mixture of diphenyl oxide and biphenyl is a promising system for use as a heat 

transfer fluid in concentrating solar power. 

 

6.5. Ratio of the nanofluids prepared: analysis as heat transfer fluids 

As explained in Section 6.1, the nanofluids based on commercial silver nanoparticles 

were prepared following the two-step method, which is the simplest and most direct way of 

obtaining nanofluids. These nanofluids, despite presenting good stability, present an increase 

in efficiency with regard to heat transfer processes of approximately 5.3% at 350 K in the case 

of the nanofluid with the highest concentration of silver nanoparticles. This increase is 

negligible, limiting its possible application in the thermosolar industry. 

Similar to the case of the silver-based nanofluids in terms of the preparation 

procedure, control parameters and the nanomaterial concentration, a study was conducted into 

gold-based nanofluids, prepared in this case by synthesizing the nanomaterial in an aqueous 

medium before dispersing it into the base fluid, as dictated by the two-step preparation 

method. However, these nanofluids did not present either the levels of stability or same 

improvements in efficiency as the previous nanofluids, resulting in them not being 

recommendable for use. 

In addition, the nanofluids based on platinum nanoparticles were also prepared 

following the two-step method: the platinum nanoparticles were synthesized in an aqueous 

medium before being dispersed into the base fluid. In addition, this case involved the use of 

surfactants (DDA and ODT), which enhanced the stability of the nanomaterial, and sonication 

treatment to facilitate the dispersion of the nanomaterial into the base fluid. Thus, the 

nanofluids based on synthesized platinum nanoparticles presented a significant increase in 

thermal conductivity (at high temperatures, the nanofluid named Pt-Nf + DDA + U presented 

an improvement of 17%, while the Pt-Nf + DDA + U + ODT nanofluid showed an increase of 

approximately 37%), which entailed a substantial improvement in their efficiency: at 363 K, 

the Pt-Nf + DDA + U system showed an improvement of 5%, compared with approximately 

20% for the Pt-Nf + DDA + U + ODT system. The conclusion can be drawn that the presence 

of ODT clearly has a beneficial impact on the heat transfer coefficient, and therefore the 

efficiency of the nanofluid with regard to the base fluid. Consequently, the use of these 
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nanofluids as heat transfer fluid in the thermosolar industry would appear to be of great 

interest. 

However, when the gold nanoparticles are synthesized in the same preparation process 

as the nanofluid, in situ within the base fluid (one-step method) and the TOAB surfactant is 

also added, the nanofluids present optimal temporal stability and a dramatic increase in 

thermal conductivity: an improvement of approximately 70% at 363 K for the nanofluid with 

the highest effective volume fraction of gold nanoparticles. This has a direct effect on the 

efficiency of heat transfer processes, resulting from an improvement of up to 36% in the heat 

transfer coefficient, meaning that these nanofluids present the most positive properties for 

their application in CSP plants as heat transfer fluids. 

This result is evidence that the one-step method, whereby the nanomaterial is 

synthesized in situ in the heart of the base fluid, is the best way to prepare nanofluids. 

Regarding the role of the surfactants, both the experimental results and those provided by the 

theoretical approach in the cases of the gold- and platinum-based nanofluids are confirmation 

that the presence of some kind of additive is necessary to improve the stability of the 

nanofluids. Their use results in a greater amount of nanomaterial in suspension, which 

consequently improves the efficiency of the heat transfer processes.  

Thus, for the gold-based nanofluids prepared following the one-step method to be of 

greater interest for use as a heat exchange fluid, it was necessary to study ways of modifying 

their stability after successive heat cycles that are as similar as possible to those they would be 

subjected to in a CSP plant. The nanofluid with the highest volume concentration of gold 

nanoparticles was subjected to thermal cycles of up to 573 K, after which it was cooled to 

room temperature. After each cycle, the nanomaterial agglomeration processes were analysed 

using UV-Vis spectroscopy and the particle sizes by means of the DLS and TEM techniques.  

Increases in temperature produce a higher number of collisions between the nanofluid 

particles, breaking up the agglomerates that may have formed at room temperature and 

generating an increase in the extinction coefficient as a result of the greater amount of 

nanomaterial in suspension (Figure 6.5.1.A). As a consequence, the size of the particles 

decreases due to the break-up of the agglomerates after each cycle and, although they increase 

slightly in size with cooling (Figure 6.5.1.B), this is positive in terms of both stability and the 

improvement in efficiency. 
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           (A)              (B) 

  
Figure 6.5.1. (A) Extinction coefficient at λ=520 nm and (B) particle size values of the gold-

based nanofluid and the base fluid after each thermal cycle at 573 K. 

  

 

Figure 6.5.2. TEM images of the gold nanofluid obtained after the heat cycles. 

  

The TEM images in Figure 6.5.2 show the presence of an agglomerate of gold 

nanoparticles of between 10 and 20 nm, with a distribution and spherical shape similar to 

those observed after the nanofluid preparation process (Figure 6.2.3.B), suggesting that the 

thermal cycles cause the nanomaterial to change shape, which is positive in terms of stability. 
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7. Conclusions 

In the present Doctoral Thesis, four kinds of nanofluids have been prepared, 

experimentally characterized and studied from a theoretical perspective. All the nanofluids 

were prepared using the eutectic mixture of diphenyl oxide and biphenyl as the base fluid and 

can be described as follows: nanofluids based on commercial silver nanoparticles and 

prepared following the two-step method; nanofluids based on synthesized gold nanoparticles 

prepared following both the one-step and two-step methods; and nanofluids based on 

synthesized platinum nanoparticles following the two-step method. A study was also 

performed of how the surfactants participate in the stability of the nanofluids and in their 

possible increase in efficiency in heat transfer processes. 

In those cases, in which the nanomaterial was synthesized, x-ray photoelectron 

spectroscopy (XPS), x-ray diffraction (XRD) and transmission electron microscopy (TEM) 

showed that the results obtained were those desired: gold and platinum nanoparticles with a 

mainly spherical morphology and with optimal size distribution. 

The first experimental study of the nanofluids prepared is related with monitoring their 

physical and chemical stability over time. In light of the results obtained, the following 

conclusions can be drawn: 

 The addition and dispersion of metal nanoparticles does not lead to physical and 

chemical modifications in the base fluid. 

 The use of surfactants (TOAB in the case of nanofluids based on synthesized gold 

nanoparticles prepared following the one-step method; and ODT for the nanofluids 

based on platinum nanoparticles) keeps the size of the particles constant for a few days 

after the nanofluids are prepared, these nanofluids presenting high ζ potential values 

and a slight decrease in their extinction coefficient, measured by means of UV-Vis 

spectroscopy. This leads to the nanofluids presenting good stability over time and is 

evidence of the value of using surfactants. 

 The application of ultrasound treatments significantly enhances the dispersion of the 

nanomaterial in the heart of the base fluid. The combination of ultrasound and 

surfactants improves the suspension of the nanomaterial and the stability of the 

nanofluids. 
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Regarding the characterization of the nanofluids prepared, addressing their thermal 

and rheological properties to estimate their degree of efficiency as heat transfer fluids, it can 

be concluded that: 

 The addition of metal nanoparticles and additives such as phase transfer agents and 

surfactants leads to slight increases in the density values of the nanofluids with regard 

to the base fluid, and the more nanomaterial added, the greater these increases.  

 The addition of the components mentioned above also generates changes in the 

viscosity values of the nanofluids with regard to the base fluid. An increase in the 

viscosity of the nanofluids is undesirable in terms of efficiency; however, no 

significant increases in this property we obtained. The nanofluids with the highest 

concentrations of silver and gold nanoparticles, both prepared following the two-step 

method, presented the highest increases in viscosity, approximately 4.5% and 4.3% 

respectively.  

 In general, nanofluids show enhanced isobaric specific heat values in comparison with 

the base fluid. The improvement is more noticeable in the cases of the nanofluids with 

the highest concentration of silver nanomaterial, the improvement reaching 7.4%. The 

nanofluid with the intermediate volume fraction of gold nanoparticles, prepared 

following the one-step method, also presents an improvement in this property, in this 

case of 5.3%. 

 Regarding the thermal conductivity values, the nanofluid with the highest 

concentration of silver nanomaterial shows an improvement of approximately 5.7% at 

350 K; in turn, the active participation of the two surfactants and the ultrasound 

treatment results in an improvement in the thermal conductivity of the nanofluids 

based on synthesized platinum nanoparticles: at 363 K, the nanofluid with the two 

surfactants presents an increase of 37% while the nanofluid with just one surfactant 

shows an improvement of 17%. In any case, the highest increase in thermal 

conductivity was obtained for the nanofluid with the highest volume fraction of 

synthesized gold nanoparticles prepared following a one-step method; it presented a 

dramatic increase of up to 70% at 363 K. 

 Finally, the nanofluids studied were seen to show improved heat transfer coefficients 

with regard to the base fluid: at high temperatures, the nanofluid with the highest 

concentration of commercial silver nanoparticles, the nanofluid prepared following the 
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one-step method with the highest volume fraction of synthesized gold nanoparticles, 

and the nanofluid based on synthesized platinum nanoparticles prepared with two 

surfactants and treated with ultrasound showed increases in efficiency of 5.3 %, 36% 

and 20%, respectively. 

In light of the results obtained, considering the method of preparation, the nanofluids 

prepared following the one-step method presented greater stability than those prepared in two 

steps, proof of which is a comparison of the nanofluid systems based on synthesized gold 

nanoparticles. Furthermore, the combination of using surfactants with ultrasound treatment 

generates increased dispersion and suspension of the nanomaterial, as shown by the 

nanofluids based on synthesized platinum nanoparticles. 

Regarding their thermal and rheological properties and their degree of efficiency, the 

gold nanofluids prepared using the one-step method show the largest increase in thermal 

conductivity and a significant increase in isobaric specific heat; in turn, incorporating 

nanomaterial and surfactant leads to an admissible increase in viscosity and there is, therefore, 

an interesting improvement in the heat transfer coefficient. Thus, this nanofluid system can be 

considered to be the one offering the biggest advantages for its future application as a heat 

transfer fluid in concentrating solar power plants. In addition, the study of these nanofluids 

after successive heat cycles reaching 573 K shows that degradation of the nanofluid does not 

occur after the increase in temperature and that the particle size remains constant, suggesting 

that its use in this technology is perfectly viable. 

Finally, the theoretical study using Molecular Dynamics simulations of the nanofluid 

systems leads to the following conclusions: 

 The calculation of thermal and transport properties shows a trend that is in line with 

the results obtained experimentally. The theoretical calculation of the isobaric specific 

heat of the gold and silver nanofluids and the base fluid follows the same sequence as 

that obtained in the experimental characterization: the nanofluids present higher 

isobaric specific heat values than the base fluid. In turn, by calculating the diffusion 

coefficient, thermal conductivity values were calculated for the same nanofluids, an 

identical trend being observed to that obtained experimentally: the gold and silver 

nanofluids present higher thermal conductivity values than the base fluid. 
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 The analysis of the radial and spatial distribution functions shows that nanofluids 

behave like dynamic systems, movement of the molecules of the base fluid and 

surfactant being produced with changes in temperature. 

 The possible improvement in thermal properties and the degree of efficiency in heat 

transfer is associated with the number of diphenyl oxide molecules belonging to the 

base fluid arranged around the metallic nanoparticle, which generates order in the 

system. Thus, when the temperature of the system rises, the same tendency is observed 

in the case of the gold and platinum nanofluids: the number of diphenyl oxide 

molecules increases leading to enhanced thermal properties. The experimental 

comparison performed of the improvement in the degree of efficiency of copper and 

nickel nanofluids reported in the literature with the silver and gold nanofluids, all 

prepared following the two-step method, leads to a relationship between this 

improvement and the number of diphenyl oxide molecules around the metal; the more 

diphenyl oxide molecules, the higher the degree of improvement in the efficiency. 

 The role played by the surfactants in the nanofluid systems studied is fundamental. In 

the case of the gold nanofluid system, the TOAB surfactant is arranged around the 

gold nanoparticle, preventing the agglomeration of the nanoparticles and making the 

system stable. As the temperature increases, there is a decrease in the number of 

surfactant molecules around the nanoparticle, thus allowing for the entry of diphenyl 

oxide molecules, which, as mentioned above, improves the heat transfer processes. In 

the case of the two surfactants used in the platinum-based nanofluids, the analysis of 

their structural properties shows that, even at high temperatures, closed structures are 

generated when there is only DDA in the system. However, the incorporation of the 

second surfactant (ODT) produces competition between the two, which causes or 

enables the diphenyl oxide molecules to move closer to the metal, generating an 

improvement in thermal properties. 

Summing up these conclusions, we can show that nanofluids based on metal 

nanoparticles with optimal temporal stability have been designed and prepared. Their 

characterization, both experimental and theoretical, by means of Molecular Dynamics 

simulations, has shown that nanofluids were produced with dramatically improved thermal 

properties and heat transfer coefficient with regard to the base fluid, which was a thermal oil 

commonly used in concentrating solar power plants at high temperature. Therefore, the 
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nanofluids analysed show great potential for use as new heat transfer fluids in this kind of 

thermosolar plants, justifying the starting hypothesis and satisfactorily achieving the main 

objective of this Doctoral Thesis. 

Recently, within the field of nanofluids, graphene- and carbon-based nanomaterials 

such as carbon nanotubes have burst onto the scene. They have generated a great deal of 

interest and the opportunity has arisen to combine a wide range of nanomaterials to produce 

nanofluids with enhanced thermal properties. In this section and following the line established 

in this Doctoral Thesis, it is worth pointing out that a possible task for the future is the 

preparation of nanofluids based on boron nitride nanotubes using the eutectic mixture of 

diphenyl oxide and biphenyl as the base fluid. Boron nitride nanotubes are generating a great 

deal of interest in all fields of science thanks to their promising thermal properties, such as 

high thermal conductivity values due to the preferential heat conduction in the dimensions of 

space defined by their morphology. Thus, boron nitride nanotubes are emerging as a 

promising nanomaterial for the preparation of nanofluids. Initial progress in this respect was 

made during a pre-doctoral stay in the Université Rennes I under the supervision of 

Dr. Patrice Estellé. During this stay, the characterization was performed of the rheological 

properties of nanofluids based on boron nitride nanotubes using Dowtherm-A as the base 

fluid and Triton X-100 as the surfactant. The results obtained suggest that it would be of great 

interest to continue researching this nanomaterial with the aim of producing stable nanofluids 

with improved performance for future application in the high temperature thermosolar 

industry. 
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Province Name Company Year Technology 

Alicante Enerstar Pleniuam/FCC/Mitsui 2013 PTC 

Badajoz 

La Risca Acciona/Mitsubishi Corp. 2009 

PTC 

Extresol-1 

COBRA 

2009 

Extresol-2 2010 

Extresol-3 
2013 

Casablanca 

La Florida 
Renovables SAMCA 2010 

La Dehesa 

Astexol II Elecnor/Eiser/Aries 2012 

Olivenza 1 Ibereolica 2012 

Orellana Acciona 2012 

Termosol 1 
Nextera-FPL 

2012 

Termosol 2 2013 

Cáceres 

Majadas Acciona/Mitsubishi Corp. 2010 

PTC 

Solaben 2 

Abengoa Solar 

2012 
Solaben 3 

Solaben 1 
2013 

Solaben 6 

Cádiz 
Valle-1 

Torresol Energy 2011 PTC 
Valle-2 

Ciudad 

Real 

Ibersol Iberdrola 2009 

PTC 

Manchasol-1 
COBRA 

2010 

Manchasol-2 2011 

ASTE 1A 
Elecnor/Eiser/Aries 2012 

ASTE 1B 

Helios 1 
Abengoa Solar 2012 

Helios 2 
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Córdoba 

Palma del Río II 
Acciona/Mitsubishi Corp. 

2010 

PTC 

Palma del Río I 2011 

Solarcor 1 
Abengoa Solar/JGC Corp. 2012 

Solarcor 2 

Guzmán Pleniuam/FCC/Mitsui 2012 

La Africana Ortiz/TSK/Magtel 2012 

Granada 

Andasol 1 
RREEF/ANTIN/COBRA 

2008 

PTC Andasol 2 2009 

Andasol 3 S.Millenium/Ferrostaal/Rhein.E 2011 

Lleida 
Termosolar 

Borges 
Abantia/Comsa EMTE 2012 PTC+Biomass 

Murcia 
Puerto Errado I 

Novatec 
2008 PTC 

Puerto Errado II 2012 Fresnel 

Sevilla 

PS 10 

Abengoa Solar 

2007 Solar Tower 

with saturated 

steam 
PS 20 2009 

Solnova 1 

2010 PTC Solnova 3 

Solnova 4 

Gemasolar Torresol Energy 2010 
Solar Tower 

with molten salts 

Lebrija 1 Valoriza/Siemens 2011 

PTC 

Helioenergy 1 
Abengoa Solar/EON 

2011 

Helioenergy 2 2012 

Morón Ibereolica 2012 

Arenales RREEF/STEAG/OHL 2013 

 

PTC: Parabolic trough collectors or concentrators. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Annex 2 

Ag-based nanofluidic system to enhance heat transfer 

fluids for concentrating solar power: Nano-level insights 





Applied Energy 194 (2017) 19–29
Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier .com/locate /apenergy
Ag-based nanofluidic system to enhance heat transfer fluids for
concentrating solar power: Nano-level insights
http://dx.doi.org/10.1016/j.apenergy.2017.03.003
0306-2619/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding authors.
E-mail addresses: javier.navas@uca.es (J. Navas), antsancor@us.es (A. Sánchez-Coronilla).

187
Roberto Gómez-Villarejo a, Elisa I. Martín b, Javier Navas a,⇑, Antonio Sánchez-Coronilla c,⇑, Teresa Aguilar a,
Juan Jesús Gallardo a, Rodrigo Alcántara a, Desiré De los Santos a, Iván Carrillo-Berdugo a,
Concha Fernández-Lorenzo a

aDepartamento de Química Física, Facultad de Ciencias, Universidad de Cádiz, E-11510 Puerto Real, Cádiz, Spain
bDepartamento de Ingeniería Química, Facultad de Química, Universidad de Sevilla, E-41012 Sevilla, Spain
cDepartamento de Química Física, Facultad de Farmacia, Universidad de Sevilla, E-41012 Sevilla, Spain
h i g h l i g h t s

� Ag-based nanofluid improves the heat
transfer process in Concentrating
Solar Power.

� The isobaric specific heat and thermal
conductivity were improved.

� MD calculations were performed to
reach a better understanding of the
nanofluid.

� The arrangement of the base fluid
around the nanoparticles is revealed
from MD results.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 6 October 2016
Received in revised form 21 February 2017
Accepted 2 March 2017

Keywords:
Concentrating solar power
Nanofluidics
Heat transfer process
Molecular dynamics
a b s t r a c t

One of the possible research lines for improving the Concentrated Solar Power (CSP) technology is the
enhancement of the thermophysical properties of the Heat Transfer Fluids (HTF) used. This enhancement
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diphenyl oxide and biphenyl. The base fluid is a heat transfer fluid commonly used in concentrating solar
power plants. The nanofluids were shown to have improved thermal properties, the heat transfer coeffi-
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1. Introduction

One of the challenges facing society today is the need to meet
the growing demand for energy while minimalizing the environ-
mental impact on the planet [1]. Solar energy is a renewable source
of energy that can be used to a large extent to this end [2]. In fact,
global solar radiation flux can reach values of c.a. 900–1000W/m2

on summer days [3]. In this regard, the conversion of solar energy
into electricity is of interest, and concentrating solar power (CSP)
systems play an important role as the thermal energy converters
used in electric power generation [4,5]. To do this, high tempera-
tures (400–500 �C or higher) must be reached and CSP systems
achieve this by concentrating solar radiation on special receivers,
converting solar radiation into thermal energy [2,6]. The different
kinds of receivers are designed to capture the maximum amount
of radiation reaching them, and they can be classified according
to their focus geometry as point- and line-focus concentrators.
Examples of focus concentrators are solar tower systems and para-
bolic dishes, while line-focus concentrators include linear Fresnel
and parabolic-trough collectors (PTCs) [6,7]. Among these, PTCs
are the systems generating the most commercial interest [4,7].
The PTC solar field can be integrated in a steam turbine plant either
directly, through a direct steam generator (DSG technology), or
indirectly, by heating thermal oil for generating steam in a heat
exchanger (HTF technology) [6].

As a result, different lines of research are trying to improve the
global efficiency of the plants by taking on board the new knowl-
edge gained. One line of research is related with improving the
thermal properties of the heat transfer fluid (HTF) used in CSP
plants based on parabolic cylinder collectors. These collectors
are responsible for storing and transporting the heat generated
[7–9]. Improving the thermophysical properties of the fluids used
is of particular interest for enhancing the heat transfer processes
that take place in these plants as this should result in an increase
in their overall efficiency. In this sense, the use of nanofluids has
been shown to be an interesting option for enhancing the thermal
properties of base fluids [7–14]. Nanofluids are colloidal
suspensions of nanometric particles in a base fluid. Suspending
nanoparticles in an HTF has been shown to improve such proper-
ties as its thermal conductivity, heat transfer coefficient or iso-
baric specific heat [10,11,15–18]. In turn, an increase in thermal
conductivity is known to make HTFs more efficient. However,
there are not many studies in the literature about nanofluids
based on the HTFs used in CSP plants because most of the studies
are based on fluids for low-temperature applications such as
water or ethylene glycol. Furthermore, with the HTFs used in CSPs
it is necessary to use low concentrations of nanoparticles. These
analyses are not common in the literature since heat transfer
may take place through particle-particle contact [19] and so high
concentrations of nanoparticles are normally used. But the use of
high concentrations also has the drawback of significant increases
in viscosity.

Thus, the review of the literature reveals that CSP is one of the
most interesting alternatives to conventional energy sources
nowadays, and that there are advantages to be gained from the
use nanofluids in CSP for high temperature applications. In this
sense, the study of new nanofluids prepared with heat transfer flu-
ids other than water or ethylene glycol is of great interest, partic-
ularly if these fluids are to have a future commercial use. The use of
nanofluids within the heat transfer energy market is forecast to
increase by over 2 billion dollars in the future, making it a promis-
ing field of study [20,21]. Thus, effective nanofluids that can opti-
mise the use of a resources such as solar energy are candidates
for consideration as value-added materials that produced a
decreased impact on the environment [22,23].
18
This study has used nanofluids based on a eutectic mixture of
biphenyl (C12H10) and diphenyl oxide (C12H10O), a HTF used in
CSP plants. These fluids are not usually studied, unlike conven-
tional ones, such as water or ethylene glycol (typical heat transfer
fluids) [24]. Commercial Ag was used in three low concentrations.
Metal nanoparticles were chosen because several studies have
reported that they increase thermal conductivity [10,15,25–28],
while low concentrations were used to prevent significant
increases in viscosity. Also, several studies have reported
improvements in some thermal properties of nanofluids with low
concentrations of metal nanoparticles. For example, Patel et al.
reported a significant increase in the effective thermal conductivity
of nanofluids with Au, using toluene as the base fluid [26]. To
determine how adding nanoparticles affected the base fluid, some
properties of the nanofluids prepared were characterized, includ-
ing their chemical and physical stability, density, viscosity, isobaric
specific heat and thermal conductivity. In addition, to understand
the molecular behaviour of this kind of nanofluid systems, molec-
ular dynamics simulations were performed. The highest experi-
mental concentration of Ag in the base fluid (5.0 � 10�4 wt.%) was
chosen. The isobaric specific heat, diffusivity and thermal conduc-
tivity values were obtained and compared with the experimental
values, a good correlation being observed. Finally, the structural
properties of the nanofluid system were obtained by analysing
their radial distribution functions (RDF) and spatial distribution
functions (SDF). The analysis of the theoretical results showed that
the interaction between the metal and base fluid plays an impor-
tant role in enhancing the thermal properties of these systems.
The synergy between the experimental and theoretical results in
order to understand the thermal behaviour in the nanofluid system
is a new approach for the study of this kind of systems. Clearly, this
approach is original, and the explanation of the macroscopic prop-
erties based on nano-level interactions is a real advance in the
analysis of nanofluids.

2. Material and methods

2.1. Experimental

The nanofluids used in this study were prepared following a
two-step method [29]. The first step involves synthesizing the
nanomaterial to be used and the second consists of dispersing
the nanomaterial in the fluid base. The base fluid was a commercial
heat transfer fluid composed of the eutectic mixture of biphenyl
(C12H10, 26.5%) and diphenyl oxide (C12H10O, 73.5%), supplied by
The Dow Chemical Company�, model Dowtherm A. These com-
pounds have practically the same vapour pressures so the mixture
can be treated as if it were a single compound. The nanomaterials
used were commercial Ag nanoparticles (purity �99%, density
10,490 kg m�3 at 298 K, Sigma-Aldrich) with a particle size of
<100 nm.

To prepare the nanofluids, an initial nanofluid was prepared
with a mass concentration of 0.01 wt.%. They were prepared using
100 mL of the base fluid, the quantity of nanoparticles to obtain the
stated concentration and the same amount of polyethylene glycol
(PEG, MW: 400, Sigma-Aldrich). A sonication method was used
to obtain the colloidal suspension of nanoparticles. It was applied
for 3 h (�50 W output power) using a Sonics Vibra Cell VCX 750
sonicator, controlling the evaporation of the base fluid. Aliquots
were taken from the initial nanofluid to prepare nanofluids with
a mass concentration of 0.5 � 10�4, 1.0 � 10�4 and 5.0 � 10�4 wt.%,
adding base fluid until reaching 100 mL. Next, the nanoparticles
were dispersed again following the procedure described above.

Several properties of the nanofluids prepared were character-
ized. Their chemical stability was analysed using Vis-NIR
8
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spectroscopy. The spectra were recorded in the visible range using
an equipment assembled in our laboratory. The system was com-
posed of a halogen lamp (model DH-2000-BAL) supplied by Ocean
Optics� as the illumination source, and a USB2000+ spectrometer
supplied by Ocean Optics�. The NIR absorption spectra were
recorded using a system assembled in our laboratory. The system
consisted of an incandescent lamp emitting as a black body at
2400 K as the illumination source; a DK240 monochromator, sup-
plied by CVI-Spectral Products�; and a Ge photodiode as a detec-
tor. The physical stability of the nanofluids was also analysed by
means of particle size measurements using the dynamic light scat-
tering technique. The measurements were recorded for about a
week. Several measurements were performed each day, each one
in triplicate. A Malvern� zetasizer Nano Z system was used to per-
form these measurements.

To assess whether the base fluid was enhanced by adding the
nanoparticles, the ratio of the heat transfer coefficients (h) was
used as the Figure of Merit (FoM). This ratio was calculated using
the Dittus-Boelter correlation, according to the equation

FoM ¼ hnf

hbf
¼ qnf

qbf

 !0:8
knf
kbf

� �0:6 Cpðnf Þ
Cpðbf Þ

� �0:4 lnf

lbf

 !�0:4

ð1Þ

where h is the heat transfer coefficients, q is the density, k the ther-
mal conductivity, Cp is the isobaric specific heat, and l is the
dynamic viscosity [15,30,31]. The subscripts nf and bf refer to the
nanofluid and base fluid, respectively. Typically, when hnf =hbf > 1,
the efficiency of the system is considered to improve. Thus, the
properties required to obtain this FoM were measured. The density
was measured using a pycnometer and a Select� thermal bath to
control the temperature. The dynamic viscosity was also measured
using Malvern� SV-10 viscometer. Both density and viscosity mea-
surements were performed in triplicate. The isobaric specific heat
measurements were performed using a Temperature Modulated
Differential Scanning Calorimeter (TMDSC), supplied by TA Instru-
ments�, model Q-20. A program was created to perform the mea-
surements and can be summarized as: (i) the temperature was
equilibrated at 341 K to remove contaminants and kept isothermal
for 10 min; (ii) the samples were equilibrated at 301 K and then (iii)
ramped to 391 K at 1 K/min; (iv) a modulation was programmed
around the studied temperatures with an amplitude of ±1 K and a
period of 120 s; (v) finally, cooling was performed at 1 K/min. The
isobaric specific heat of the base fluid was measured to test the
method used with regard to the values reported by the supplier.
In addition, the thermal conductivity was measured using the Laser
Flash technique (LFA 1600 equipment, supplied by Linseis Thermal
Analysis�). This technique measures thermal diffusivity, which is
the thermo-physical property that defines the speed of heat propa-
gation by conduction during changes of temperature; the higher the
thermal diffusivity, the faster the heat propagation. Thermal diffu-
sivity (D) is related to thermal conductivity, isobaric specific heat
and density, according to

kðTÞ ¼ DðTÞ � CpðTÞ � qðTÞ ð2Þ
All the thermal measurements were performed in triplicate.

2.2. Computational methods

2.2.1. Force field
The TraPPE-EH force field [32,33] was used to describe the

intra- and intermolecular interactions of the HTF (diphenyl
oxide/biphenyl blend). It treats aromatic rings and directly con-
nected atoms as rigid entities. The phenyl rings were treated as
rigid but were allowed to rotate with regards to each other around
the C1AC10 bond of the biphenyls. The parameters used in our sim-
ulations to describe the metal nanoparticle were adopted from the
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literature [34] and were adapted to a Non-Bonded Dummy Model
[35,36] consisting of six particles, referred to as ‘dummy atoms’,
placed around a central metal particle in an octahedral geometry.
The geometry of the dummy complex itself is kept rigid by the
imposition of large force constants on the metal-dummy bonds.
However, as there are no bonds between the dummy complex
and the surrounding ligands, overall rotation of the six-centre
frame about the nucleus is possible, and no internal forces are
associated with such rotation. Therefore, the coordination geome-
try is not constrained to the geometry of the dummy model used,
but rather, the system is free to exchange ligands.

The TraPPE-EH force field and the Non-Bonded Dummy Model
use Lennard-Jones (LJ) and Coulomb potentials to represent the
non-bonded interactions

uðrijÞ ¼ 4eij
rij

rij

� �12

� rij

rij

� �6
" #

þ qiqj

4pe0rij
ð3Þ

where rij, eij, rij, qi, qj, and e0 are the distance between interaction
sites i and j, the LJ well depth, the LJ diameter, the partial charges
on interaction sites i and j, and the permittivity of vacuum, respec-
tively. The Lorentz-Berthelot combining rules were used to deter-
mine LJ parameters for unlike interactions.

2.2.2. Simulation details
Molecular dynamics simulations were performed with the

DLPOLY code [37] in the canonical ensemble (NVT) using a Nose-
Hoover thermostat and periodic boundary conditions. The initial
configurations are constructed with the PACKMOL code [38] pro-
viding cubic boxes in which the length of the box sides are chosen
to keep the density of the experimental HTF at 298 K
(1056 kg m�3). In each of the simulations performed, the box con-
tained a metal nanoparticle, 117 diphenyl oxides and 48 biphenyls.

A time step of 0.5 fs was used and the simulation runs lasted for
1 ns. For the trajectory analysis, structures were saved every 100
time steps. A cut-off distance of 9 Å was applied in all cases and
the Ewald sum methodology [39] applied to account for the elec-
trostatic interactions.

Finally, structure images were obtained using ChemCraft 1.6
[40].

3. Results and discussion

3.1. Nanofluid stability

The analysis of the physical stability of these nanofluids is a
great interest for the typical applications of these systems and
for concentrating solar power. Hence, the physical stability of the
nanofluids was studied by measuring their particle sizes using
the dynamic light scattering (DLS) technique. These measurements
were performed for approximately one week, taking several mea-
surements each day and in triplicate. The results are shown in
Fig. 1. The values recorded were higher than the nominal values
of the nanoparticles because with the DLS technique the particle
size obtained corresponds to the hydrodynamic diameter, which
is determined as the sum of the particle diameter and the Debye
length. The Debye length is the thickness of the diffuse layer, a
layer of species between the surface of the nanoparticle and the
slipping plane that moves with the nanoparticle within the base
fluid. For this reason, the value obtained using this technique
always overestimates the size of the particles [41]. In this sense,
the particle size increased quickly but then remained practically
stable, except in the case of the nanofluid with the highest concen-
tration. This nanofluid started with a higher value at time zero and
a steadier increase was produced. The final size recorded was pro-
portional to the concentration of nanoparticles. Particles bigger



Fig. 2. Vis-NIR spectra for the nanofluids prepared and the base fluid.

Fig. 3. Density and viscosity values obtained for nanofluids prepared versus
nanoparticle mass concentration.

Fig. 1. Particle size measurements using the dynamic light scattering technique for
the nanofluids prepared.
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than those shown in Fig. 1 were not recorded for any of the
nanofluids. Thus, these results suggest that the nanoparticles
added to the base fluid agglomerate after a certain time and then
remain stable, except for the fluid with the highest concentration,
which the data obtained would suggest is less stable.

The chemical stability of the nanofluids was also analysed. That
is, whether adding nanoparticles led to any chemical modification
in the nanoparticles themselves or in the base fluid. To study this,
Vis-NIR spectra were recorded in a range between 400 and
1800 nm and are shown in Fig. 2. It shows that the nanofluids have
a wide band up to approximately 700 nm, which is typical for col-
loidal suspension systems, in which it is common for light to be
dispersed when it strikes the nanoparticles. Furthermore, this pro-
cess is known to mainly take place at short wavelengths [42,43].
All the spectra show two bands at approximately 1135 and
1679 nm. These bands are observed in the spectrum for the base
fluid so they can be assigned to the fluid itself, the addition of
nanoparticles having no effect. No other bands are observed in
the spectra. So, this suggests that no chemical changes took place
in the samples because the effects observed in the spectra of the
nanofluids are assigned to the dispersion of the light due to the
presence of the nanoparticles.

3.2. Density

The density of nanofluids has a significant effect on their ther-
mal properties. For example, high density materials are known to
make heat transfer more efficient [44]. Thus, the density of the
nanofluids was measured in accordance with the nanoparticle
mass concentration. The density of the base fluid used was also
measured to check the goodness of the method followed. A devia-
tion below 0.1% was found between the mean value (1056 kg m�3)
and the value provided by the supplier (1055.7 kg m�3). Fig. 3
shows the density values obtained. It shows an increase in the den-
sity of up to 0.23% for the nanofluid with the highest nanoparticle
content.

3.3. Viscosity

The viscosity values of a heat transfer fluid are vital data. In the
case of nanofluids, incorporating nanoparticles into a fluid would
be expected to lead to an increase in viscosity. This is counter-
productive in terms of the efficiency of the processes involved as
it can affect matters such as the pumping pressure or lead to pos-
sible drops in pressure. Therefore, it is necessary to control any
possible increase in viscosity. Thus, the viscosity of the nanofluids
prepared was measured to establish its influence on their heat
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transfer efficiency. The viscosity of the base fluid was also
measured to check the goodness of the method followed. A
deviation below 0.7% was found between the mean value
(4.03 � 10�3 kg m�1 s�1) and the value provided by the supplier
(4.06 � 10�3 kg m�1 s�1). Fig. 3 shows the viscosity values obtained
for the nanofluids prepared. They show an increase of up to 4.5%
for the fluid with the highest concentration of Ag. In turn, an
increase in viscosity is observed with higher concentrations of
nanoparticles, which is coherent with results reported in the liter-
ature [45]. This often occurs because a greater number of nanopar-
ticles increases the interaction between them, producing an
increase in viscosity [46]. It is worth noting that the increase in vis-
cosity with the nanoparticle concentration is not linear, as the
Einstein model predicts [47], especially for the nanofluids with
low concentrations of nanoparticles. This behaviour implies some
particle-particle interaction, which is not considered in the
Einstein viscosity model.
3.4. Isobaric specific heat

The isobaric specific heat values for the nanofluids prepared
were measured between approximately room temperature and
360 K to determine how the presence of Ag nanoparticles affected
the base fluid. Fig. 4A shows that an increase in the isobaric specific
heat was observed for all the nanofluids prepared. The increase
was as high as 7.4% for the nanofluid with the highest concentra-
tion of nanoparticles. In this sense, it is known that the specific
0



Fig. 4. (A) Isobaric specific heat values measured for the nanofluids versus temperature and nanoparticle mass concentration and (B) isobaric volumetric specific heat values
calculated.
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heat of solids is lower than that of liquids, so the specific heat of
the nanofluids would be expected to be lower than that of the base
fluid [44,48,49], and decreases expected at higher nanoparticle
mass concentrations [44,45,50–54]. But set against this reasoning,
cases have been reported where the opposite behaviour is
observed. That is, the specific heat increases with the concentra-
tion of nanoparticles [51,52,55–57], as is the case here when add-
ing Ag nanoparticles to the base fluid (see Fig. 4A). In this regard,
Shin et al. [58,59] suggested that this behaviour is due to the for-
mation of an internal structure within the nanofluid due to the
interaction between the nanoparticles and the base fluid and
depending on the nature of both, as we will demonstrate here by
means of theoretical molecular dynamics calculations.

As reported previously, the heat transfer rate, _q, in a heat
exchanger depends on the temperature gradient, DT, on the volu-
metric flux, _V , and on the isobaric volumetric specific heat, CpV,
according to _q ¼ _VCpVDT. Thus, to determine how the incorpora-
tion of the Ag nanoparticles affected the heat transfer of the base
fluid, the isobaric volumetric specific heat was determined from
CpV ¼ qCp, and measuring the density, q. Due to the low concentra-
tion of nanoparticles in the nanofluids, the evolution of the isobaric
volumetric specific heat values was similar to that of the isobaric
specific heat values, as Fig. 4B shows. There was an increase of
7.6% for the nanofluid with the highest concentration of
nanoparticles.
3.5. Thermal conductivity

The thermal conductivity of the nanofluids was measured at
different temperatures using the Laser Flash technique, which
measures thermal diffusivity and estimates the conductivity from
the density and isobaric specific heat values, as is shown above
(see Eq. (2)). The thermal conductivity of the base fluid was also
measured to check the goodness of the method used. A difference
of round 1.5% was found between the base fluid value at room tem-
perature (0.136 Wm�1 K�1) and the value given by the supplier
(0.138Wm�1 K�1). The thermal conductivity values obtained for
the nanofluids are shown in Fig. 5A together with the data given
by the supplier for the base fluid. It shows a clear increase in the
thermal conductivity of the nanofluids. It is also possible to
observe that the base fluid and nanofluids followed a similar ten-
dency in that the thermal conductivity values decreased as the
temperature increased, possibly due to the low concentrations of
nanoparticles used. In addition, the thermal conductivity values
increased with the concentration of nanoparticles, which is coher-
ent with other studies in the literature [60].
191
To perform a quantitative assessment of the increase in the
thermal conductivity of the nanofluids, the thermal conductivity
enhancement was determined (TCE, %) according to the equation,
TCE ð%Þ ¼ 100½ðknf � kbf Þ=kbf �, where k is the thermal conductivity
and the sub-indexes nf and bf refer to the nanofluid and the base
fluid. The values used for the base fluid were calculated at the exact
temperature at which the thermal conductivity of the nanofluids
was calculated using the values supplied by the supplier. Fig. 5B
shows the values obtained for the enhancement of the thermal
conductivity. The enhancement is slight for the nanofluids with a
low concentration of nanoparticles, but much greater as the con-
centration increases, and also greater at higher temperatures. The
enhancement in the thermal conductivity reached around 6.0% in
the case of the nanofluids with a nanoparticle mass concentration
of 5.0 � 10�4 wt.%. In this case, the increase in the thermal conduc-
tivity values of the Ag nanofluids has two possible explanations.
The first is the high thermal conductivity of the silver nanoparticles
compared with other metals (k = 429Wm�1 K�1 at 298.15 K) [61].
The second is the presence of the nanoparticles themselves since,
as reported previously, this is an even more important factor than
the thermal conductivity of the nanoparticles [10,62], if there are
interactions between the particles. These interactions were also
observed by means of the viscosity values reported, which do not
follow a linear tendency with the concentration of nanoparticles,
which suggests that there are interactions between particles. It is
also possible to relate the values measured with interactions
between the fluid base and the nanoparticles, as will be shown
below using theoretical molecular dynamics calculations.

3.6. Performance of the nanofluids

To analyse the possible enhanced efficiency of the nanofluids,
the Dittus-Boelter equation was used as the Figure of Merit, as sta-
ted above. This FoM offers the ratio between the heat transfer coef-
ficient of the nanofluid and the base fluid (hnf/hbf), as is shown in
Eq. (1). Values for this ratio above 1 imply enhanced efficiency of
the nanofluid compared with the base fluid. Thus, the FoM was
calculated for the nanofluids at the temperatures at which the iso-
baric specific heat and the thermal conductivity were measured.
The density and viscosity values were estimated from the evolu-
tion with temperature of the values reported by the supplier and
considering the values measured for the nanofluids at around room
temperature. Fig. 6 shows the values obtained for the nanofluids. It
shows that the efficiency of the nanofluids improved in nearly all
cases, with the exception of the lowest concentration which, shows
values around 1 and a different tendency to the others. The nano-
fluid with the highest nanoparticle concentration showed the



Fig. 7. Plot of the energy vs temperature for the base fluid (black) and Ag-nanofluid
(blue). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. (A) Thermal conductivity values measured and (B) thermal conductivity enhancement for the nanofluids versus temperature and nanoparticle mass concentration.

Fig. 6. Values of the ratio of the heat transfer coefficients (FoM) of the nanofluids.
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greatest enhancement, up to 6%, although it was also the least
stable. The efficiency of the intermediate nanofluid improved by
over 3%. The efficiency increased as the temperature rose until
around 350 K, and this nanofluid also had good stability, as was
shown above.

Thus, the nanofluids prepared can be tested in a CSP system for
their use in this kind of solar energy technology. To reduce the cost
of producing electricity with CSP technology is one known strategy
to increase the overall efficiency of the plants. One way of achiev-
ing this is to improve the thermophysical properties of the HTFs
used in the solar field. Our nanofluids improve the thermophysical
properties of the base fluid, such as its thermal conductivity, iso-
baric specific heat, and heat transfer process, leading to an
enhanced efficiency and a reduction in the costs of the CSP plants.
Therefore, testing the nanofluids for use in CSP plants would seem
very worthwhile.

3.7. Theoretical analysis: isobaric specific heat

Based on the results of the experimental characterization, a the-
oretical study of the Ag-nanofluid system and an analysis of its
behaviour with regard to the base fluid were considered of great
interest. Thus, molecular dynamics calculations were performed
with the experimental nanoparticle mass concentration of
5.0 � 10�4 wt.% for Ag. This concentration was chosen to ensure
the representativeness of the nanoparticle in the nanofluid taking
into account the cost of the computation.

The molecular dynamics calculations were performed in a tem-
perature range of c.a. 50–500 K for the calculation of the isobaric
specific heat. The plot of the total energy versus temperature
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(Fig. 7) shows a linear tendency for both the base fluid and the
Ag-nanofluid system. The isobaric specific heat values deduced
from the slopes of these plots were 2.15 � 103 and 1.94 � 103 J kg�1 K�1

for the Ag-nanofluid and the base fluid, respectively. These values
are slightly higher than those obtained experimentally but follow
the same qualitative tendency, Cp(Ag-nanofluid) > Cp(base fluid).
Comparing the isobaric specific heat values obtained would sug-
gest that the Ag-nanofluid system is more likely to produce effi-
cient heat transfer processes than the base fluid, possibly
because the structural reorganization of the base fluid molecules
around the Ag plays an important role, as will be discussed below.
3.8. Theoretical analysis: diffusivity and thermal conductivity

The translational diffusion coefficients of the base fluid and
Ag-nanofluid were computed according to the Einstein relation
by calculating the mean square displacement (MSD). This transla-
tional diffusion coefficient is the thermal diffusivity used typically
in experimental studies, as is discussed above. Thus, the diffusion
coefficients are obtained by the following equation:

Di ¼ lim
t!1

hj ri
!ðtÞ � ri

!ð0Þj2i
6t

ð4Þ

where hj ri
!ðtÞ � ri

!ð0Þj2i is the mean square displacement (MSD).
The plot of the mean square displacement (MSD) versus time

for the base fluid and the Ag-nanofluid at 300 K is shown in
Fig. 8, as well as their components in the x, y, and z directions. After
2



Fig. 8. Plot of the mean square displacement (MSD) vs time for the system
modelled. The MSD components in the x, y and z directions are shown in red, green
and blue, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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approximately 3 ps the mean square displacement varies in line
with time for the systems. The diffusion coefficients are obtained
from the slope of this plot and by applying Eq. (4). The thermal
conductivity was obtained using Eq. (2) from the values for the dif-
fusion coefficient, the density and the isobaric specific heat, obtain-
ing 0.125 and 0.107 Wm�1 K�1 for the Ag-nanofluid and the base
fluid, respectively. These thermal conductivity values are lower
than those obtained experimentally (see Fig. 5), an underestima-
Fig. 9. (A) RDF for AgAO in the range 100–500 K. (B) RDFs between the
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tion that has been reported before in studies involving TraPPE force
fields in molecular dynamics simulations [63,64]. Therefore,
qualitatively, our thermal conductivity results can be considered
to follow the same experimental tendency k(Ag-nanofluid) > kBase fluid,
confirming again that this thermal property is enhanced by the
presence of silver.

Thus, both the thermal conductivity and the isobaric specific
heat values obtained by classical molecular dynamics follow the
same tendency and coincide with the experimental results, which
validates the theoretical method proposed.
3.9. Theoretical analysis: structural properties

To gain a better understanding of the nanofluid system at a
molecular level, the radial distribution function (RDF) and spatial
distribution function (SDF) were analysed. A detailed analysis of
these functions makes it possible to identify and discuss the inter-
action sites between the Ag and the base fluid.

The analysis of the RDFs of the AgAO, AgAC and AgAH pairs
showed very little variation with regard to temperature. Fig. 9A
is shown as an example of the RDFs for the AgAO pair in the tem-
perature range from 100 to 500 K. For greater clarity, the inset in
this figure shows the superimposed RDFs at the different temper-
atures and in all of them the peak is centred at approximately
2.2 Å. There are no significant modifications with temperature so
for the discussion of RDFs and SDFs, the trajectories corresponding
to the nanofluid systems at 300 K were chosen.
AgAO, AgACO, AgAC and AgAH pairs in the Ag-nanofluid system.



Fig. 10. (A) SDFs from the Ag-nanofluid. (B) Structure around the Ag in the nanofluid system.

Fig. 11. Trajectory in three dimensions and the projection of the trajectory to XY, YZ, and XZ planes.

1 For interpretation of color in Fig. 10, the reader is referred to the web version of
this article.
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For the Ag-nanofluid system, the analysis of the RDF of the
AgAO pair shows an intense and well-defined peak centred around
2.2 Å (Fig. 9B) due to two O atoms belonging to two diphenyl oxide
molecules. This intense peaks indicates strong orientation binding
[65]. Regarding the C atoms, two types of C can be distinguished.
The C atoms linked to the O atoms of the diphenyl oxide (CO)
and the ring carbons (C), from the diphenyl oxide and the biphenyl.
In this regard, for the AgACO pair (Fig. 9B), a fairly wide, intense
peak is observed at 3.2 Å that integrates to 4 C atoms; that is,
two C atoms for each diphenyl oxide. On the other hand, for the
AgAC pair (Fig. 9B), the RDF shows a more intense peak and two
less intense shoulders centred at 2.9, 4.2 and 5.2 Å that correspond
with 8, 16 and 8 C atoms, respectively. Regarding the analysis of
the RDF of the AgAH (Fig. 9B), two peaks and a shoulder appear
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centred at 2.4, 3.8 and 5.4 Å, respectively. The first low intensity
peak at 2.4 Å corresponds to one H atom and the remaining peaks
to 31 atoms, so these peaks correspond to 32 ring H atoms. It is
noteworthy that the integration is calculated until 6 Å. At distances
beyond 6 Å, wide low-intensity peaks appear so the discussion was
based on the first layer of base fluid molecules around the metal.

By analysing the SDF it is possible to determine how the base
fluid molecules are arranged around the Ag. Fig. 10A shows the
SDF for the Ag-nanofluid system in a radius of 4 Å with the Ag in
the centre (purple colour1). This range was chosen to enable a
4



Fig. 12. (A) Angle formed by each oxygen with the metal and the centre of the ring. (B) Dihedral angle formed by each oxygen with the metal, the centre of the ring of
biphenyl, and one of their C atoms. (C) Angle formed by each oxygen with regard to the metal and the x, y and z axes. (D) Angle formed between the benzene ring of the
biphenyl and the x, y and z axes along its trajectory.
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greater clarity of the image of the first layer around the Ag. The red
coloured spatial distribution is assigned to O atoms, blue
corresponds to the C atoms linked to the O atoms of the diphenyl
oxide (CO), and the sky-blue SDFs correspond to the ring C atoms
from the benzene rings of diphenyl oxide and biphenyl. The H atoms
were not included in the analysis of the SDF to keep the image clear.
Fig. 10A shows that the two O atoms (red) from the diphenyl oxide
molecules are oriented towards the Ag in the centre. In this sense, it
follows that the first layer of base fluid molecules around the
metal is composed of two diphenyl oxide molecules, with the
oxygen atoms oriented towards the Ag, which is on a benzene ring
of the biphenyl (Fig. 10B and multimedia Video 1). It may be consid-
ered that this two-molecule layer of diphenyl oxide and a ring of
biphenyl wrap around the Ag forming a cluster that provides
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stability to the nanofluid system (see multimedia Video 1). It would
therefore seem reasonable to think that the arrangement of the first
layer of base fluid molecules around the metal is responsible for the
enhanced thermal properties of the nanofluid. This structural
arrangement (Fig. 10B) must generate a directionality of movement
that involves effective heat transport, leading to increased thermal
conductivity compared with the base fluid [66], as was shown
experimentally.

3.10. Theoretical analysis: trajectory and internal movements

To test the hypothesis of the directionality of movement, the
trajectory of the Ag in the nanofluid system was plotted. Fig. 11
shows the trajectory in three dimensions and the projection of
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the trajectory to XY, YZ, and XZ planes. It is possible to observe that
the movement is slightly longer in the Y axis than in the Z and X
axes.

Similarly, this trajectory is associated with an internal move-
ment of the particles of this first-layer cluster, which is analysed
below. This analysis focuses on the rotation of the O atoms of the
two diphenyl oxide molecules with regard to the metal, and on
the torsion with regard to the benzene ring of the biphenyl mole-
cule. To study the rotation with regard to the metal, Fig. 12A shows
the histogram of the angle formed by each oxygen (O1 and O2 in
the inset in Fig. 12A) with the metal and the centre of the ring. It
shows that the angles fluctuate around the mean value along the
whole trajectory, in a range between 120–150� for O1 and 110–
130� for O2, which would describe a slight fluttering movement
of the O atoms (see inset Fig. 12A). Regarding the torsion of the
O atoms with respect to the benzene ring, Fig. 12B shows the
histogram of the dihedral angle formed by each O atom with the
metal, the centre of the ring of biphenyl, and one of their C atoms
(inset Fig. 12B). As this figure shows, the angles of rotation of the O
atom around the metal range between 50 and 150� for O1 and �50
and 150� for O2. A comparison of the range of rotation and torsion,
c.a. 20� and 100� respectively, indicates that rotation of the O
atoms around the metal is more restricted in the direction of the
benzene ring. The fact that the O atoms cannot displace the ben-
zene ring in its rotational movement around the metal reveals
the stability of this first-layer cluster. Finally, Fig. 12C shows the
histogram of the angle formed by each O atom with regard to
the metal and the x, y and z axes of the box. It shows that on the
x axis (Fig. 12C) bigger jumps are produced in the angle of rotation
of both O atoms as a consequence of the more limited movement of
the first-layer cluster through the nanofluid system in this spatial
direction. Focussing on O1, the OAAg-(x-axis) angle is seen to
alternate between 60 and 100�, while the O2, in a complementary
manner, varies between 140 and 120� at the beginning of the tra-
jectory and alternates with 170�. However, the jumps in the angle
of rotation with regard to the y and z axes are more attenuated. On
the y axis (Fig. 12B), the OAAg-(y-axis) angles vary between c.a.
120 until 60� for the O1, while for the O2 the variation is from c.
a. 130 to 100�. Regarding the z axis (Fig. 12C), the OAAg-(z-axis)
angle for the O1 during most of the trajectory remains around
30�, while for O2 it is 110� decreasing to 70� in the 500–700 ps
interval.

Finally, an analysis was performed of the angle formed between
the benzene ring of the biphenyl and the x, y and z axes along its
trajectory (Fig. 12D). The aperture of the angles with the y and z
axes increases constantly along the trajectory, reaching nearly
70� in both cases. However, besides not showing a constant
aperture along the trajectory, the angle with regard to the x axis
only changes c.a. 20�. This result suggests that during the trajec-
tory, the benzene ring should swing around the metal and its range
of movement must be limited by the presence of two diphenyl
oxide molecules. Consequently, this result is consistent with the
discussion above and highlights the stability of the first-layer
cluster.

Two multimedia files have been included in the Supplementary
Material to help clarify all the internal movements of the first-layer
cluster and its movement with regard to the coordinates system of
the box.

The results in Figs. 11 and 12 and the structural results of the
SDFs and RDFs make it possible to establish that the first layer
encourages the directionality of the movement in the heart of
the nanofluid. This movement, preferably in one direction, can
favour effective heat transport and an increase in the thermal con-
ductivity of the nanofluid with regard to the base fluid. To our
knowledge, this is the first time that an analysis of this kind has
been performed on this type of nanofluid systems.
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4. Conclusions

In this study, nanofluids based on a heat transfer fluid com-
posed of a eutectic mixture of diphenyl oxide and biphenyl and
Ag nanoparticles were prepared. These systems were analysed
from both theoretical and experimental perspectives.

The characterization revealed that no chemical changes were
produced in the base fluid when nanoparticles were added. An
increase in density and viscosity was also observed in all the
nanofluids prepared. Regarding their thermal properties, the
nanofluids showed an increase in both isobaric specific heat and
thermal conductivity. In turn, the heat transfer coefficient was
improved by up to 6% with regard to the base fluid according to
a FoM based on the Dittus-Boelter correlation. Consequently, the
nanofluids based on Ag nanoparticles enhance heat transfer effi-
ciency, which could lead to the improved overall efficiency of
CSP plants, in which this kind of fluids is often used as a HTF.

The molecular dynamics results follow the experimental ten-
dency. Thus, the thermal conductivity and the isobaric specific heat
follow the same tendency and coincide with the experimental
results. The structural analysis showed the existence of a first-
layer structure composed of two diphenyl oxide molecules and
one biphenyl molecule around the Ag. This structural arrangement
leads to a directionality of the movement. This movement can
favour effective heat transport and an increase in thermal conduc-
tivity with regard to the base fluid. This kind of analysis has not
been performed before for this kind of nanofluid systems.

The approach based on experimental and theoretical results,
and the explanation of the macroscopic properties from the analy-
sis of the nano-level interactions included in this manuscript is
clearly new and original.

Finally, the thermal properties, such as thermal conductivity,
isobaric specific heat, and the heat transfer process, of the nanoflu-
ids prepared in this study were improved, and consequently they
could be tested in a CSP system. Their use may lead to the
improved efficiency of these plants, and therefore the cost of
producing electricity can be reduced.
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Preparation of Au nanoparticles in a non-polar medium: 

obtaining high-efficiency nanofluid for Concentrating Solar 

Power. An experimental and theoretical perspective 





Journal of
Materials Chemistry A

PAPER
Preparation of A
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This paper presents the preparation of Au nanoparticles in a non-polar medium, which is a fluid composed

of the eutectic mixture of biphenyl and diphenyl oxide commonly used in Concentrating Solar Power (CSP)

plants. The nanofluids prepared showed enhanced thermal properties, presenting thermal conductivity

values 70% higher than those of base fluids, and isobaric specific heat values up to 10% higher. In turn,

an increase of up to 36% was observed in their heat transfer coefficient, which is their efficiency as

a heat transfer fluid (HTF). Also, the stability of the nanofluids was analysed using UV-vis spectroscopy,

and particle size and z potential. The nanofluids with lower concentrations agglomerate slowly, which is

considered stable for this application. Thus, these nanofluids are a promising, interesting alternative to

the HTF often used in CSP plants. Also, molecular dynamics calculations were performed to better

understand how the Au-nanofluid behaves in the presence of a surfactant within a temperature range

between 50 and 600 K. The isobaric specific heat and thermal conductivity values followed the same

experimental tendency. The analysis of the radial distribution functions (RDFs) and spatial distribution

functions (SDFs) showed that, as the temperature rose, an exchange took place between the surfactant

and diphenyl oxide molecules in the first layer of molecules around the metal. This movement

incorporated a directionality that may play a part in the enhanced thermal properties. The surfactant

participates as an active component within the Au-nanofluid, contributing to efficient heat transfer

processes.
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1. Introduction

One of the main goals of modern society is to nd solutions for
the growing demand for energy while minimizing the impact
that energy sources have on the environment.1 To this effect,
one of the options generating most interest is Concentrating
Solar Power (CSP).2,3 One line of research aimed at improving
the efficiency of this kind of plants involves improving the
thermal properties of the HTF used in CSP plants, which will
lead to improvements in the heat transfer processes taking
place. In this sense, the use of nanouids seems to be an
interesting alternative for improving the thermal properties of
base uids.4–6 Many studies of nanouids have reported
improvements in properties such as isobaric specic heat5,7–11 or
thermal conductivity.5,8,12–14 However, there are few studies
about nanouids using the typical HTFs used in CSP applica-
tions as a base uid.

Therefore, this study involved the preparation of nanouids
based on the HTF used in CSP plants, which is the eutectic
J. Mater. Chem. A, 2017, 5, 12483–12497 | 12483
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mixture of biphenyl (C12H10) and diphenyl oxide (C12H10O).
Gold nanoparticles were used to prepare the nanouids because
metal nanoparticles are known to increase the thermal
conductivity of base uids.5,11,13–15 Au nanoparticles were
synthesized within the uid itself using a phase transfer
surfactant to provide the nanouid with greater stability. The
synthesized nanoparticles were characterised to check the
method followed, and an analysis was performed to determine
the physical and chemical stability of the nanouids. Properties
related to the performance of the nanouids such as density,
viscosity, isobaric specic heat and thermal conductivity were
also analysed, a huge increase in thermal conductivity of about
70% and the heat transfer coefficient up to 36% being observed.
In addition, to gain an insight into the molecular behaviour of
this kind of nanouid systems with the inclusion of the
surfactant, molecular dynamics simulations were performed.
Thermophysical properties were estimated and compared with
the experimental values, a good qualitative correlation being
observed. The structural properties of the Au-nanouid system
were obtained by analysing their radial distribution function
(RDF) and spatial distribution function (SDF). The exchange of
the surfactant and diphenyl oxide molecules in the rst layer of
molecules around the metal plays an important role in
enhancing the thermal properties of the system.
2. Methods
2.1. Preparation of Au nanoparticles and nanouids

Au-nanouids were prepared by a one-step method based on
the synthesis of Au nanoparticles in the base uid used,
following the following chemical reactions in solution:16

AuCl4
� (aq) + N(C8H17)4

+ (bf) / N(C8H17)4
+AuCl4

� (bf)

mAuCl4
� (bf) + 3me� (bf) / mCl4

� (bf) + Aum (bf)

An initial nanouid with a nanoparticle mass concentration
of 0.01 wt% was prepared through a one-step method which
involves dissolving a certain amount of tetraoctylammonium
bromide ((C8H17)4NBr, TOAB, purity > 98%, supplied by Sigma-
Aldrich) in 100 mL of a commercial heat transfer uid (HTF)
used as a base uid, an eutectic mixture of biphenyl (C12H20,
26.5%) and diphenyl oxide (C12H10, 73.5%) supplied by Dow-
therm©. The commercial name of this uid is Dowtherm A.

This solution was treated with 5 mL of aqueous chloroauric
acid (HAuCl4, assay 99.9%, Sigma-Aldrich) solution (10 mM)
and le under magnetic stirring for 30 minutes. Double the
amount by weight of TOAB compared with HAuCl4 was added to
achieve the maximum phase transfer of AuCl4

� from the
aqueous phase to the HTF. Then, the aqueous phase was
collected and discarded. Next, 10 mL of aqueous sodium
borohydride (NaBH4, purity > 98%, Fluka Sigma-Aldrich) solu-
tion (50 mM) was added slowly to the organic phase for the
reduction of AuCl4

� for obtaining metallic Au nanoparticles
inside the organic phase, which is the base uid of the nano-
uid. The mixture was magnetically stirred again for one hour
12484 | J. Mater. Chem. A, 2017, 5, 12483–12497 202
and later, the organic phase containing nanouids was extrac-
ted. A change of colour was observed in the nanouid from dark
green to brown. Nanouids with a different concentration of
gold nanoparticles were obtained by changing the concentra-
tion of HAuCl4 in the solution. The nominal weight percentages
of Au with regard to the base uid for the nanouids prepared
were 0.0025 wt%, 0.005 wt%, and 0.01 wt%. These percentages
will be used in this paper for naming the nanouids.

In order to characterize the nanoparticles synthesized, the
nanouids were centrifuged, and the supernatant liquid was
discarded, resulting in a black dust which was cleaned with
acetone in successive extractions.
2.2. Characterization of nanoparticles and nanouids

In order to corroborate the synthesis of gold nanoparticles in
the base uid, several techniques were required. The chemical
state bonding and the oxidation states of the solid extracted
from the nanouids were studied by X-ray photoelectron spec-
troscopy (XPS). Also, Transmission Electron Microscopy (TEM)
was used to observe the size and shape of the nanoparticles. In
turn, X-ray diffraction (XRD) was used to determine the crys-
talline phases in the solid extracted from the nanouids. The
details of the characterization of solid gold nanoparticles are
shown in the ESI.†

Stability is one of the key concepts in nanouids because
their thermal properties depend heavily on whether they are
stable or unstable. Several techniques were used for monitoring
the temporal stability of the nanouids prepared. UV-vis spec-
troscopy (UV-vis) can provide a measurable characterization of
stability by evaluating the absorbance of a suspension.17 To this
end, UV-vis spectra were recorded in the wavelength range of
400–880 nm for analysing the sedimentation process. Also, z
potential measurements were performed. Particle size and size
distribution were also measured, using the principle of
Dynamic Light Scattering (DLS) as a simple method for ana-
lysing suspension stability and particle size measurements in
solution.18,19 The details of the stability characterization are
shown in the ESI.†

Density, viscosity, isobaric specic heat and thermal
conductivity were determined to characterize the performance
of nanouids, taking into consideration their application as
a new class of heat transfer uids in solar collectors in CSP.
Density was estimated using a pycnometer controlling the
temperature. Dynamic viscosity was measured using a SV-10
viscometer supplied by Malvern Instruments Ltd. Density and
viscosity measurements were performed ve times to calculate
the average values. The isobaric specic heat measurements
were performed using a Temperature Modulated Differential
Scanning Calorimeter (TMDSC), supplied by TA Instruments©,
model Q-20. To perform the measurements, a program was
created which can be summarized as follows: the temperature
was equilibrated at 341 K to remove contaminants and kept
isothermal for 10 min; then the samples were equilibrated at
301 K and then ramped to 391 K at 1 Kmin�1. A modulation was
programmed around the studied temperatures with an ampli-
tude of �1 K in a period of 120 seconds. Finally, cooling was
This journal is © The Royal Society of Chemistry 2017
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performed at 1 K min�1. The isobaric specic heat of the base
uid was measured to test the method used with regard to the
values reported by the supplier. Finally, the thermal conduc-
tivity of the nanouids was measured at several temperatures
using the laser ash technique (LFA 1600 equipment, supplied
by Linseis Thermal Analysis©). This technique really measures
thermal diffusivity, which is the thermophysical property that
denes the speed of heat propagation by conduction during
changes in temperature. According to Standard ASTM E 1461-01
the relationship between both properties is given by the
equation:

k(T) ¼ D(T)CP(T)r(T) (1)

where k is the thermal conductivity, D the thermal diffusivity, CP

is the isobaric specic heat and r is the density. All thermal
measurements were performed in triplicate.
2.3. Computational methods

Force eld. The Transferable Potentials for Phase Equilibria-
Explicit-Hydrogen (TraPPE-EH) force eld20,21 was used to
describe the intra and intermolecular interactions of the HTF
uid (diphenyl oxide/biphenyl blend). The TraPPE-EH force
eld treats aromatic rings and the directly connected atoms as
rigid entities. The phenyl rings were treated as rigid but were
allowed to rotate with regard to each other around the C1–C10

bond of the biphenyls.
The intra and intermolecular interactions of the TOAB

surfactant were described by using the Transferable Potentials
for Phase Equilibria-United-Atom (TraPPE-UA) force eld.22–24

For the alkyl groups, a fully exible model based on single
interaction sites (pseudo-atoms) was used to represent a carbon
atom together with all of its bonded hydrogen atoms (CH3 and
CH2). Meanwhile, the polar nitrogen atom and the carbon
atoms bonded to it were treated as explicit interaction sites in
a rigid unit. Also, the simulation of the metal nanoparticles was
performed using a rigid unit cell of 14 gold atoms with the point
group Fm�3m. The parameters used in our simulations to
describe the non-bonded force eld of the metal nanoparticle
were adopted from (ref. 25).

The Transferable Potentials for Phase Equilibria (TraPPE-EH
and TraPPE-UA) and the non-bonded force eld of the metal
nanoparticle use Lennard–Jones (LJ) and Coulomb potentials to
represent the non-bonded interactions

u
�
rij
� ¼ 43ij

"�
sij

rij

�12

�
�
sij

rij

�6
#
þ qiqj

4p30rij
(2)

where rij, 3ij, sij, qi, qj, and 30 are the distance between interac-
tion sites i and j, the LJ well depth, the LJ diameter, the partial
charges on interaction sites i and j, and the permittivity of
vacuum, respectively. The Lorentz–Berthelot combining rules
were used to determine LJ parameters for unlike interactions.

Simulation details. Molecular dynamics simulations were
performed with the DLPOLY code26 in the canonical ensemble
(NVT) using a Nose–Hoover thermostat and periodic boundary
conditions. The initial congurations were built with the
This journal is © The Royal Society of Chemistry 2017 203
PACKMOL code27 providing cubic boxes in which the length of
the box sides is chosen to keep the density of the experimental
HTF at 298 K (1059 kg m�3). A time step of 0.5 fs was employed
and simulation runs lasted for 1 ns. For the trajectory analysis,
structures were saved every 100 time steps. A cut-off distance of
9 Å was applied in all the cases and the Ewald sum method-
ology28 was applied to account for the electrostatic interactions.

3. Results and discussion
3.1. Characterisation of gold nanoparticles

In order to test the formation of gold nanoparticles, a solid was
extracted from the nanouids prepared. This solid was char-
acterized by means of XPS, XRD and TEM, as described above.
XPS was used to analyse the oxidation state of Au to determine
whether Au0 nanoparticles were synthesized. Fig. 1A shows the
Au 4f spectrum obtained. The binding energy (BE) of the Au 4f7/2
and Au 4f5/2 was around 83.8 and 87.5 eV, respectively. These
values are typical for pure metallic Au0 nanoparticles,29–31 which
show a slightly shied Au 4f7/2 signal with regard to the typical
value of 84.0 eV. According to the literature, the Au 4f7/2 signal is
shied for other oxidation states, 1.3 and 2.0 eV towards higher
binding energies for Au+ and Au3+ species. Thus, the presence of
this oxidized species was negligible. Also, the separation
observed for the spin–orbit components was about 3.7 eV,
which is also typical for metallic Au0. Thus, the XPS results
conrmed the presence of metallic Au nanoparticles and
consequently the presence of zero-valent gold formed in the
nanouid. Also, we can see that the peaks are wide, probably
due to the residual presence of TOAB, the phase transfer agent
used. The presence of a residual amount of TOAB is conrmed
by the signal of N 1s obtained from XPS, as is observed in the
general X-ray photoelectron spectrum shown in Fig. S1 in the
ESI.†

Fig. S1 in the ESI† shows the general X-ray photoelectron
spectra and the basic assignment of the peaks found. The XPS
analysis also shows the presence of Na and O. The Na 1s signal
shows two contributions at BEs of about 1070.4 and 1069.0 eV.
The O 1s signal shows contributions at BEs of about 531.7 and
528.1 eV. These values can be assigned to different sodium
(hydr)oxides species, such as sodium oxide, sodium
hydroxide32,33 or sodium peroxide.34 The source of the Na is
NaBH4, the reducing agent used in the synthesis. Fig. S2 in the
ESI† shows the Na 1s and O 1s spectra obtained.

To obtain information about the crystal structure of the Au
nanoparticles synthesized, X-ray diffraction analysis was per-
formed. The XRD pattern obtained is shown in Fig. 1B, and it
shows three peaks at 2q ¼ 38.26, 44.45 and 64.67�, which are
characteristic peaks of metallic gold. These peaks can be
assigned to the (111), (200) and (220) crystal planes of gold for
cubic structures with a Fm�3m space group.35,36 Finally, the TEM
images of the gold nanoparticles synthesized reveal a spherical
shape for the nanoparticles, as is reported in the literature.37 An
image considered to be representative is shown in Fig. 2A. A
wide statistical study shows a non-uniform size distribution in
the samples, the size-distribution of the gold nanoparticles
being found to range between 5 and 25 nm, as is shown in
J. Mater. Chem. A, 2017, 5, 12483–12497 | 12485



Fig. 1 (A) Au 4f signal obtained from the X-ray photoelectron spectrum. (B) XRD pattern of the nanoparticles synthesized in the base fluid.

Fig. 2 (A) TEM image of the Au nanoparticles. (B) Particle size distribution obtained from the TEM images.
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Fig. 2B. Some nanoparticles show size outside this range, but
their amount is clearly lower.
3.2. Nanouid stability

Nanouids are considered to be stable when the concentration
or particle size remains constant.38 Aer preparation, nano-
uids logically behave dynamically: nanoparticles tend to
agglomerate due to attraction between them, resulting in clus-
ters with a high weight that tend to precipitate and sediment.
Particle agglomeration was found to be detrimental to the
stability of the nanouids and therefore to their thermal
properties.39,40

UV-vis spectroscopy is one of the techniques used to analyse
the stability of the nanouids and the sedimentation process
that can occur. Fig. S3A in the ESI† shows the UV-vis spectra of
the nanouids prepared at zero time, just aer they were
prepared. The high absorbance of up to 550–600 nm for the
nanouids with respect to the base uid is due to the scattering
process generated by the nanoparticles in the colloidal
12486 | J. Mater. Chem. A, 2017, 5, 12483–12497 204
suspension, which is higher at lower wavelengths, as reported
previously.41,42

To evaluate the stability of the nanouids prepared, UV-vis
spectra were recorded. Changes in the absorbance were
studied at l ¼ 520 nm versus time, because this value is
reasonable in function of the particle size and dielectric envi-
ronment in the nanouids prepared. At least four spectra were
recorded every day for each nanouid and the changes in
absorbance were analysed for a week. Fig. 3 shows the absor-
bance values for the nanouids prepared. At 520 nm, both
photonic absorption and light scattering processes take place
due to the presence of nanoparticles in suspension, so
a decrease in the absorbance recorded means a decrease in the
number of nanoparticles in suspension; that is, sedimentation
of the nanoparticles in suspension takes place. This sedimen-
tation process is faster for the two nanouids with higher
nanoparticle concentrations. Aer three days, these nanouids
are considered to remain stable.

The stability of the nanouids prepared was analysed by
measuring the particle sizes using the DLS technique. The
This journal is © The Royal Society of Chemistry 2017



Fig. 3 Absorbance values at l¼ 520 nm versus time for the nanofluids
prepared.
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measurements were recorded for a week, with several
measurements performed each day. Each measurement was
performed in triplicate. Fig. 4 shows the results obtained. Thus,
the nanouid with a nominal 0.0025 wt% of Au nanoparticles
showed less dispersion in each particle size measurement, but
we can see a slight tendency to agglomerate very slowly. This
result is coherent with the results from UV-vis spectroscopy,
which give us the idea that the nanouid system is still
changing aer seven days. In turn, the nanouid with an Au
nanoparticle concentration of 0.01 wt% showed an increase in
the particle size, and then a decrease. Possibly due to the high
concentration of nanoparticles, agglomerations formed tend to
agglomerate with each other and then sediment, or the big
agglomerates break up to form smaller ones. As a result, more
small agglomerates (450 nm on day 7, approximately) are in
suspension, which increase the light scattering process, which,
as mentioned above, increases at smaller wavelengths. This
Fig. 4 Particle size obtained using the DLS technique versus time for th
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result explains the increase in the absorbance produced in the
0.01 wt% nanouid aer day 3. Finally, the 0.005 wt% nanouid
showed a greater dispersion in the measurements compared
with the other two nanouids, the particles being bigger too.
The greater dispersion in the measurements may be a result of
regions coexisting where larger agglomerates are formed that
remain stable and regions in which the sedimentation of large
agglomerates is produced, with only smaller sized agglomerates
remaining. It is signicant how agglomerates were detected
between 900 nm and 1100 nm on day 7. Thus, it is possible to
conclude that the nanouid with 0.0025 wt% has a concentra-
tion that is low enough for the agglomerates to form slowly; the
concentration of the 0.005 wt% nanouid means that it is on
the limit of what the system can support and for this reason
some agglomerates precipitate but other larger ones do not,
possibly because there is not a higher concentration of nano-
particles. Meanwhile, the nanouid with the highest concen-
tration clearly causes the high sedimentation rate due to this
high concentration.

Also, z potential measurements are used for obtaining
information about the stability of colloidal suspensions. Higher
values of |z| lead to a high repulsion potential and therefore to
a high stability of the colloidal system analysed. However, if the
particles have low z potential values, there is no force to prevent
the particles from agglomerating. According to the literature,
the stability threshold of a colloidal-nanoparticle solution in
terms of the z potential is �30 mV.43 Other authors state that
nanouids with a high z potential – positive or negative in the
range of 40–60 mV – are considered electrically stable, and
colloids with low z tend to coagulate or agglomerate.18,44,45

Therefore, the greater the z potential, the greater the stability
will be. Thus, the z potential of the nanouids wasmeasured for
a week, several measurements were taken each day, and each
measurement was performed in triplicate. Fig. 5 shows the
results obtained. It is possible to observe that the |z| values are
always higher for the nanouid with the lowest nanoparticle
e nanofluids prepared.

J. Mater. Chem. A, 2017, 5, 12483–12497 | 12487



Fig. 5 z potential values obtained versus time for the nanofluids
prepared.

Journal of Materials Chemistry A Paper
concentration; therefore, it tends to agglomerate more slowly
than the other two nanouids, which is coherent with UV-vis
and the particle size measurements shown above. In turn, the
|z| values were lower for the nanouid with the highest nano-
particle concentration for the measurement time. In this case,
the |z| values increased during the last few days, which is
coherent with the sedimentation produced and the fact that
more stable agglomerates remain in suspension, as was dis-
cussed in the section on particle size measurements. Thus,
Fig. 5 conrms that the nanouid under consideration becomes
much more stabilized with time. In fact the z potential for all
the different concentrations approach the stabilized range of
30–40 mV.43
Fig. 6 (A) UV-vis spectra registered before and after the heating process
(B) Extinction coefficient at l ¼ 520 nm; and (C) particle size, before and
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On the other hand, these nanouids were prepared for use in
CSP, which is a high temperature application. For this reason,
a test of the stability with temperature was performed. The
nanouid with a nominal concentration of 0.005 wt% was
heated for 5 hours controlling the evaporation of the uid at 573
K without stirring. The UV-vis spectra of this nanouid were
registered before and aer the heating process. At a high
temperature, several undesired processes can occur, such as the
degradation of the surfactant which could lead to a loss of
stability, increasing the sedimentation process. This would be
observed as a decrease in the extinction coefficient of the
nanouid. Fig. 6A shows the spectra obtained before and aer
the heating process. We can observe how there is no decrease in
the extinction coefficient, but a slight increase occurs, which
could be due to an increase in light scattering. This would be
positive for the stability of the nanouids. On the other hand,
other tests were performed in order to analyse the stability of
the nanouids. Four thermal cycles (heating and cooling) to
simulate daily solar irradiation were performed using the
nanouid with a nominal concentration of 0.005 wt%. The
nanouid was heated for 5 hours controlling the evaporation of
the uid, and it was allowed to cool to room temperature. The
UV-vis spectra and particle size measurements were registered
before and aer the heating process. Also, the TEM images were
registered at the end of the experiment for testing the stability
observed in the nanouid. Fig. S4 in the ESI† shows the UV-vis
spectra registered in this test. No change in the spectra is
observed aer the thermal cycles, thus no chemical change
occurs in the nanouid. In turn, Fig. 6B shows the values of the
extinction coefficient obtained from these spectra at l ¼
520 nm. As in the previous test (see Fig. 6A), an increase of the
at 573 K for the nanofluid with a nominal concentration of 0.005 wt%.
after thermal cycles. (D) TEM images obtained after thermal cycles.
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extinction coefficient aer the heating process is observed in
each cycle, and for all the cycles. This fact could be due to an
increase in light scattering, that is, the heating of the nanouids
helps to disperse the nanoparticles inside the base uid. This is
also coherent with the results from particle size measurements,
which are shown in Fig. 6C. It is possible to observe a tendency
for the particle size to decrease aer the heating process. This
would be positive for the stability of the nanouids. Finally,
Fig. 6D shows the TEM images obtained aer the four thermal
cycles. We can observe a cluster of hundreds of nanometers,
which is composed of tens of nanometers of nanoparticles, and
no changes are observed in the nanoparticles with respect to the
TEM image obtained when the nanouid was prepared (see
Fig. 2). So, the TEM images support the conclusion of the
stability of the nanouids aer the heating process obtained
from UV-vis spectroscopy and particle size measurements.
3.3. Nanouid performance

Several properties were characterized to evaluate the perfor-
mance of the nanouids prepared, such as density, viscosity,
isobaric specic heat and thermal conductivity.

The density of the nanouids affects the efficiency of the
heat transfer uids, studies having shown an increase in effi-
ciency when the density increases.12 Consequently, the density
of the nanouids was measured, and the results are shown in
Table 1. The evolution of the density values with regard to the
nominal Au weight percentage is shown in Fig. S5 in the ESI.† A
slight increase in the density values is observed at higher
nanoparticle concentrations. This may be due to the interface
effects on the bulk uid properties produced by the solid
nanoparticle surface, or even due to the interactions between
the nanoparticles.46 From density values, it is possible to obtain
the values of the nanoparticle volume fraction (f) for the
nanouids, according to f ¼ (rnf � rbf)/(rnp � rbf), where r is
the density and the subscripts nf, bf and np refer to the nano-
uid, base uid and nanoparticles (rnp ¼ 19 380 kg m�3 (ref.
47)). But, the nanouids prepared in this study are clearly made
up of agglomerates or aggregates of nanoparticles, and in this
case an effective volume fraction can dene the systems more
appropriately as it is possible to assume that these agglomerates
cannot easily be broken up into the initial nanoparticles and so
they are the units responsible for the transport properties.48 The
effective volume fraction (feff) can be estimated according to
fractal theory as feff ¼ f(aa/a)

3�D, where aa is the radius of
aggregates, a is the radius of primary nanoparticles, and D is the
Table 1 Density and dynamic viscosity values measured and the
values of the volume fraction and effective volume fraction for the
nanofluids prepared

Nominal wt% r/kg m�3 f/vol% feff/vol% m/mPa s

0 1059.5 � 0.3 0 0 3.71 � 0.03
0.0025 1059.9 � 0.3 0.0022 0.34 3.76 � 0.04
0.005 1060.5 � 0.2 0.0079 1.55 3.82 � 0.04
0.01 1061.2 � 0.3 0.0098 0.86 3.78 � 0.03
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fractal index, usually 1.8 for nanouids.48–50 The values of aa and
a used were obtained from particle size measurements and TEM
analysis, respectively, both shown above. Table 1 shows the
value of f and feff for the nanouids.

The viscosity values of a HTF are vital in heat transfer
applications because they affect important parameters such as
pumping power or possible drop in pressure. Particles in
suspension increase the viscosity of the base uid. Therefore, it
is necessary to control the increase in viscosity. Thus, the
dynamic viscosity of the nanouids was measured, and the
values obtained are shown in Table 1. It is possible to observe
that the viscosity values increase with the effective volume
fraction. There are several classic models to predict the effective
viscosity of colloidal suspensions. The typical model for
dynamic viscosity for suspensions with low nanoparticle
concentrations is the Einstein model,51 which considers
spherical particles and not the interaction between nano-
particles. Considering in our case the effective nanoparticle
volume fraction, the Einstein model can be expressed as mnf ¼
mbf(1 + 2.5feff), where m is the dynamic viscosity and the
remaining variables and subscripts have been dened previ-
ously. In turn, Brinkman52 generalized the Einstein model for
more concentrated systems. Using the effective volume fraction,
the Brinkman model is dened as mnf ¼ mbf/(1 � feff)

2.5. Fig. 7
shows the plot of the dynamic viscosity values obtained for the
nanouids and the plot of the Einstein and Brinkman models
considering the effective nanoparticle volume fraction,
implying that the system is composed of agglomerates and they
are the transport units in the system. It is possible to observe
how the experimental data agree with both the models when
effective volume fractions are used. Also, for the highest value of
feff, the viscosity seems to deviate from both the models,
reaching a slightly lower value, possibly due to the higher
volume fraction and more particle–particle interactions taking
place, these not being included in the Einstein and Brinkman
models.

Furthermore, the suspension of nanoparticles in a HTF is
known to lead to an increase in its thermal conductivity,8,14 and
Fig. 7 Dynamic viscosity values of the nanofluids prepared and the
plot of the Einstein and Brinkman models.

J. Mater. Chem. A, 2017, 5, 12483–12497 | 12489



Fig. 8 (A) Thermal conductivity values, (B) ratio knf/kbf, obtained for the nanofluids prepared, and (C) predicted values for this ratio using the H–C
model, the modified H–C model, and the model described according to eqn (7).
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materials with high thermal conductivity show better heat
transfer efficiency.12,13 For this reason, the thermal conductivity
of the nanouids was measured at different temperatures
following the procedure described above. Fig. 8A shows the
thermal conductivity values for the nanouids and the base
uid. Also, Fig. 8B shows the ratio knf/kbf, which gives an idea of
the increased thermal conductivity values. A drastic increase of
up to 70% in thermal conductivity can be seen for the nanouid
with an effective volume fraction of 1.55 vol% at 363 K.

It is interesting to analyse this drastic increase in thermal
conductivity by means of the models that assess thermal
conductivity in accordance with the nanoparticle volume frac-
tion. The classic model for thermal conduction is that of
Hamilton–Crosser (H–C).53

In turn, the conventional H–C model can be modied to
predict the effective thermal conductivity of nanouids for
nanoparticles in the form of aggregates.48 In this model, the
effective volume fraction and the thermal conductivity of
aggregates are included. Fig. 8C shows the plot of the thermal
conductivity values versus the effective volume fraction and the
12490 | J. Mater. Chem. A, 2017, 5, 12483–12497 208
values predicted by both models. It shows that neither model is
able to predict the experimental values, a much greater increase
in thermal conductivity being obtained than those predicted by
the two models. Thus, a model able to predict the experimental
data obtainedmust include another contribution to the thermal
conductivity. Koo and Kleinstreuer introduced a new kind of
model for spherical particles that combines the Hamilton–
Crosser conduction model with a Brownian motion driven
convection model54,55

knf ¼
kp þ 2kbf � 2f

�
kbf � kp

�
kp þ 2kbf þ f

�
kbf � kp

� kbf þ 5

� 104 bfrbfCP;bf

ffiffiffiffiffiffiffiffiffi
kT

rpdp

s
f ðT ;fÞ (3)

where kp is the thermal conductivity of the nanoparticles, CP,bf,
is the isobaric specic heat of the base uid, rp and dp are the
density and diameter of the nanoparticle, and k is the Boltz-
mann constant. The factors byf(T,f) can be adjusted to the
experimental data. b is a function of f and depends on the type
of nanoparticles. f(T,f) is a function of Tyf. The rst term in eqn
This journal is © The Royal Society of Chemistry 2017



Paper Journal of Materials Chemistry A
(3) represents the static conductivity, while the second is the
dynamic part that predicts the increase in conductivity due to
the Brownian motion. In turn, due to the presence of aggregates
in the nanouids in this study, the modied Hamilton–Crosser
model was included in the Koo and Kleinstreuer one to model
the conduction process. This took into account the effective
volume fraction, the thermal conductivity of aggregates (ka,
which is dened in the ESI†) and the diameter of the aggregates
(da) obtained using the DLS technique for the nanouid
studied, as has been shown previously. Thus, the mathematical
expression for the model proposed is

knf

kbf
¼ ka þ 2kbf � 2feff

�
kbf � ka

�
ka þ 2kbf þ feff

�
kbf � ka

� þ 1

kbf
5

� 104 bfeffrbfCP;bf

ffiffiffiffiffiffiffiffiffi
kT

rpda

s
f ðT ;fÞ (4)

Fig. 8C shows the values obtained by this model (eqn (4)). In
this case, the model predicts values that are closer to those
found experimentally at the temperatures measured. But, the
model predicts values with a near-linear dependence with the
effective volume fraction, while the experimental values show
a sub-linear dependence. It is possible that for higher effective
volume fractions, other interactions occur in the nanouids
which hinder the heat transfer, and this is the reason why the
experimental values show a sub-linear dependence. In turn, the
values obtained for b and f(T,f) are close to those reported
previously.56 It can also be seen that b does not change and
f(T,f) increases with the temperature, as the model predicts.
The ESI† includes a more detailed discussion of these param-
eters. In turn, b gives an idea of the volume fraction of liquid
travelling with a particle,56 and thus depends on the interac-
tions between the nanoparticles/aggregates and the surfactant
and base uid used. These interactions are analysed below
based on molecular dynamics calculations.

Isobaric specic heat is vital in the study of heat transfer
uids so the values for the nanouids prepared were measured
at several temperatures between room temperature and 370 K,
Fig. 9 Isobaric specific heat values for the nanofluids prepared.
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approximately. Fig. 9 shows the values measured with regard to
temperature and effective volume fraction. It is possible to
observe that the nanouids behave randomly. The isobaric
specic heat increased with regard to the base uid for the
nanouid with an intermediate effective volume fraction. This
makes us think that there is an optimum effective volume
fraction. The isobaric specic heat of solids is typically lower
than that of the uids, values for nanouids would be expected
to be lower than that of the base uid.12,57,58 However, the
opposite behaviour has been reported on occasions whereby the
isobaric specic heat in the nanouids increases.7,9,10 In this
regard, Shin et al. suggested that this behaviour is due to the
formation of a kind of internal structure in the heart of the
nanouid generated by the specic interaction between the
nanoparticle and the base uid.10,59 This interaction depends on
the characteristics of both and consequently will also inuence
the concentration of nanoparticles as it will affect the number
of interactions produced and also the nanoparticle agglomer-
ates formed in the heart of the uid, as discussed earlier. For
this reason, it is possible that certain concentrations lead to the
most optimal situation in the system for obtaining the highest
isobaric specic heat values, as is shown in Fig. 9.

Finally, different Figures of Merit (FoM) can be used to
assess the improvement in the heat transfer processes of the
nanouid with regard to the base uid. Two FoMs were ana-
lysed to take into account laminar and turbulent ow condi-
tions. Under laminar ow conditions, the nanouid is
considered to improve the working conditions when the
dynamic viscosity increase (DVI) is less than four times the
thermal conductivity enhancement (TCE),60 expressed mathe-
matically as

DVI

TCE
¼

�
mnf � mbf

��
mbf�

knf � kbf
��

kbf

# 4 (5)

In turn, under turbulent ow conditions, it is possible to
analyse the ratio of the heat transfer coefficients. According to
the Dittus–Boelter correlation, this heat transfer coefficient
ratio is given by61

hnf

hbf
¼

�
rnf

rbf

�0:8�
knf

rkbf

�0:6�
CP;nf

CP;bf

�0:4�
mnf

mbf

��0:4
(6)

where the variables have been dened above. The efficiency of
the heat transfer process is usually considered to have improved
when this ratio is greater than 1. Other gures of merit can be
used to assess the improvement in the case of turbulent ow,
such as the ratio of the Mouromtseff number, which provides
similar results. An analysis of the ratio of the Mouromtseff
number is shown in the ESI.† Thus, the FoMs were estimated
for the nanouids prepared at the temperatures at which the
thermal conductivity and isobaric specic heat were measured.
The dynamic viscosity and density values were estimated at the
same temperatures. Fig. 10 shows the values obtained for the
FoMs for laminar and turbulent ows, eqn (5) and (6), respec-
tively. For laminar ows, all the nanouids prepared achieve the
condition shown in eqn (5), as is shown in Fig. 10A. Also, for the
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Fig. 10 (A) Ratio between the dynamic viscosity increase and the thermal conductivity enhancement. (B) Values of the ratio of the heat transfer
coefficient of the nanofluids.
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turbulent ows, the most interesting case for concentrating
solar power applications, it is seen that there are improvements
in the efficiency of the heat transfer process for all the nano-
uids at all the temperatures assessed (see Fig. 10B). The
nanouid with the highest effective volume fraction showed the
greatest enhancement – up to 36.5% – with regard to the base
uid. Thus, it can be concluded that the thermal properties of
the nanouids prepared are a drastic improvement over those
of the base uid and they could be a promising alternative as
heat transfer systems in concentrating solar power applications.
3.4. Theoretical analysis: thermophysical properties

Taking into account the experimental results, a theoretical
molecular dynamics study is an interesting way to study the
behaviour of the Au-nanouid system in the presence of
a surfactant, something that, to our knowledge, has never been
performed before. To this end, the Au-nanouid system with
the surfactant was studied and compared with the base uid in
a temperature range of ca. 50–600 K. Thus, the molecular
dynamics calculations were performed in a temperature range
Fig. 11 (A) Plot of the energy vs. temperature, and (B) thermal conducti
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of ca. 50–600 K. For the calculations, the mass concentration of
10.0 � 10�4 wt% for Au was chosen to ensure the representa-
tiveness of the nanoparticles in the nanouid, taking into
account the cost of the computation.

Fig. 11A shows the plot of the total energy versus temperature
for the base uid and for the Au-nanouid system. Both systems
reveal a linear tendency and the isobaric specic heat can be
deduced from the slope (Fig. 11A). The isobaric specic heat
values were 3.70 � 103 and 1.94 � 103 J kg�1 K�1 for the Au-
nanouid and the base uid, respectively. However these
values are higher than the experimental ones, which is typical
when TraPPE force elds are used in molecular dynamics
simulations, as reported elsewhere for Cu, Ni and Ag nano-
uids.5,62 The values obtained for isobaric specic heat for
Au-nanouids follow the same experimental trend in which
Cp(Au-nanouid) > Cp(base uid) in the case of the highest mass
concentration of Au (see Fig. 9), which makes it possible to
validate and continue using the theoretical model qualitatively.

Fig. 11B shows the thermal conductivity values versus
temperature. The thermal conductivity was obtained using eqn
(1) from the values of the diffusion coefficient, density and the
vity vs. temperature for the base fluid (red) and Au-nanofluid (blue).
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isobaric specic heat. A description related to the calculation of
the diffusion coefficient is shown in the ESI.†

The thermal conductivity values obtained for the Au-
nanouid system at different temperatures appear to follow
sigmoid dependence, while for the base uid an exponential
dependence is produced with temperature (Fig. 11B). Regarding
the thermal conductivity, the greatest changes were produced
between 300 and 600 K. Within this temperature range (300–600
K), the thermal conductivity values for the Au-nanouid system
were four times higher than those of the base uid (Fig. 11B).
High thermal conductivity values (Fig. 11B) are mainly associ-
ated with the high isobaric specic heat in the Au-nanouid
system, according to eqn (1). In this sense, the Brownian
motion should play an important role in the increase of thermal
conductivity with temperature, which is coherent with the
experimental results shown before. This leads to the reasonable
conclusion that the surfactant in these nanouid systems must
impede the freedom ofmovement of the gold in the base uid at
low temperatures. As a result, interparticle collisions are less
frequent and so more energy is needed to increase the
temperature of the system, which would explain the high
isobaric specic heat value obtained (3.70 � 103 J kg�1 K�1). As
the temperature increases (300–600 K) the surfactant separates
in a certain grade from the gold facilitating the movement of the
system increasing the diffusivity and transport properties. This
will be seen more clearly through the study of the structural
properties below. This can be the reason for the increase of the
thermal conductivity with temperature as shown from the
experimental results, which is the opposite tendency to that
observed for the base uid (see Fig. 8A).

The theoretical results for thermal conductivity follow the
same qualitative trend observed experimentally whereby the Au-
Fig. 12 RDFs of Au–N (A), Au–O (B) and Au–C (C) pairs in the 50–600

This journal is © The Royal Society of Chemistry 2017 211
nanouid improves this property considerably. Thus, the
results obtained from the classical molecular dynamics at low
temperatures are in good agreement with the experimental
tendency, which validates the model used.
3.5. Theoretical study: structural properties

To gain a clearer, molecular-level view of the Au-nanouid and
the role played by the surfactant, the radial distribution func-
tion (RDF) and spatial distribution function were analysed. For
greater clarity, the RDFs and SDFs at the interaction sites have
been recorded with regard to the centre of mass of the gold unit
cell. Thus, any reference to Au in the discussion means the
centre of mass of the unit cell.

To understand how the surfactant affects the Au-nanouid
system, a description will be given of the analysis correspond-
ing to the interaction of the gold with the central N of the
surfactant. Thus, the number of N atoms will give an account of
the number of surfactant molecules around the gold, and it will
be possible to see how this number changes as the temperature
increases. Fig. 12A includes the RDF for the Au–N pair in the 50
to 600 K temperature range. At 50 K, the analysis of the RDF for
the Au–N pair shows two dened peaks centred around 7.4 and
8.5 Å that integrate 2 N atoms (Fig. 12A). In the 50–200 K range,
the two peaks and the values of their integrals remain, but they
are shied towards the Au until reaching a minimum distance
at 300 K. The RDF at 300 K shows a wide peak centred around
6.7 Å that corresponds to 2 N atoms (Fig. 12A). However,
a different situation can be observed in the 400–600 K range,
where a main peak appears that varies a little with regard to the
temperature. In all three cases, the peak remains centred
around 8.5 Å and integrates 1 atom of N. The analysis of the
K range in the Au-nanofluid system.
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RDF for the Au–N pair leads to the deduction that as the
temperature rises, two surfactant molecules rst move towards
the gold unit cell (50–300 K) and then move away at high
temperatures, leaving only one molecule in the second layer
structure that is further from the cell (400–600 K), as the SDF
analysis will show.

The presence of the surfactant affects the rst and second
layer structure of the base uid molecules around the Au.
Fig. 12B shows the RDF analysis of the Au–O pair in the 50–600
K range. At 50 K, a rst peak stands out centred around 6.5 Å
that corresponds to an O atom that belongs to a diphenyl oxide
molecule. This intense peak indicates strong orientation
binding.63 The wide peaks from 7.5–9 Å correspond to O atoms
from diphenyl oxide molecules in the second layer around the
Au. In the 50–200 K range, the integration to 1 O atom is
maintained, but the peaks are seen to converge until reaching
a wide peak at 300 K. This peak is centred around 5.0 Å, and
integrates two O atoms that correspond to two diphenyl oxide
molecules. These two diphenyl oxide molecules are located
closer to the gold cell. The wide peak centred at 5.0 Å remains in
the 400–600 K temperature range but integrates four O atoms.
The RDFs corresponding to the Au–C in the 50–600 K temper-
ature range have been included in Fig. 12C. At all the temper-
atures, a more intense peak appears that is centred around 5.8 Å
and starts to lose its structure as the temperature rises but does
not change its position. In fact, at 50 K only, two more dened
peaks centred around 5.8 and 6.5 Å appear. When integrated up
to 6 Å at all the temperatures, these peaks correspond to 18 C
atoms that must belong to diphenyl oxide and biphenyl mole-
cules. As the temperature rises, the band width aer 6 Å is
Fig. 13 (A) SDFs of the Au-nanofluid at different temperatures. Red: O ato
hydrogen atoms were not included in the analysis of the SDF to keep th
different temperatures.
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indicative of a dynamic system in which there is movement of
the C atoms. This is related to the diphenyl oxide molecules
approaching the centre of masses of gold at high temperatures,
as was shown in the analysis of the RDF of the Au–O pair.

The analysis of the RDF makes it clear that as the tempera-
ture increases the Au-nanouid system undergoes molecular
restructuring. An exchange takes place between the surfactant
and diphenyl oxide molecules in two areas close to the gold unit
cell that can be considered to be layers around the Au. At low
temperatures, two surfactant molecules are located in the rst
layer closer to the gold unit cell. At 300 K there are two surfac-
tant molecules and two diphenyl oxide molecules in the rst
layer around the gold unit cell. As the temperature rises, the two
surfactant molecules become more distanced and two diphenyl
oxide molecules approach the rst layer. At higher tempera-
tures, the surfactant recedes further until only one molecule
occupies the second layer and four diphenyl oxide molecules
remain within the rst layer. Thus, some of the energy applied
when the temperature rises must be used to restructure the
system, which would explain the high isobaric specic heat and
thermal conductivity values. These results reveal that the
surfactant, used to prepare the Au-nanouid, plays a greater
role than that of a mere stabilizer of the system. Indeed, it is an
effective component within the Au-nanouid that contributes
positively to efficient heat transfer processes.

By analysing the SDF it is possible to determine how the base
uid molecules and the surfactant are arranged around the Au.
Fig. 13 shows the SDF for the Au-nanouid system in a radius of
10 Å around the centre of mass of the gold unit cell (gold
colour). By way of example, the SDFs of the temperatures 50, 300
ms; sky-blue: C atoms; blue: N atoms; black: CH2 and CH3 groups. The
e images clear. (B) Structure around the Au in the nanofluid system at
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and 600 K were chosen as the representative of the change with
temperature. This range was chosen to enable a greater clarity
of the image of the rst and second layer around the Au. At 50 K,
it can be seen how the rst layer around the centre of mass of
the gold unit cell is mainly composed of two surfactant mole-
cules (see Fig. 13), two N atoms (blue) and the carbon chains
(black). They are arranged like arms around the metal. Further
from the centre of mass are the O atoms (red) in an external
layer (see Fig. 13). At 300 K, it is possible to see that in the rst
layer there are the two surfactant molecules with two O atoms
(red colour) from the diphenyl oxide molecules that are oriented
towards the centre. At 600 K, the surfactant occupies the second
layer further from the centre of mass of the gold unit cell.
Meanwhile, in the rst layer four diphenyl oxide molecules
remain as it is possible to see four red lobes oriented towards
the centre of mass that belongs to four oxygen atoms. These are
accompanied by an increase in the blue colour that corresponds
to the ring C atoms, from the benzene rings of diphenyl oxide
and biphenyl.

Based on all the information above, it is clear that the
surfactant plays an active role in the Au-nanouid system that
contributes to more efficient heat transfer processes. Fig. 14
shows the movement of the surfactant from the rst to the
second layer around the Au cell in the nanouid system as the
temperature rises. It shows how the system has two surfactant
molecules in the rst layer around the Au cell in the 50 to 300 K
temperature range. At high temperatures (400–600 K), a single
surfactant molecule is located in the second layer further from
the Au cell. Thus, it seems logical to think that the reorganisa-
tion of the surfactant and base uid that occurs between the
rst and second layer around the Au unit cell is responsible for
Fig. 14 Movement of the surfactant from the first to the second layer
around the Au in the nanofluid system as the temperature rises.
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the enhanced thermal properties of the Au-nanouid system.
This structural arrangement (see Fig. 14) must generate
a directionality of movement that involves effective heat trans-
port, leading to increased thermal conductivity compared with
the base uid,64 as was shown experimentally.

4. Conclusions

This study presents the preparation and characterisation of Au
nanoparticles and nanouids based on these nanoparticles and
on a non-polar heat transfer uid normally used in CSP plants,
composed of the eutectic mixture of biphenyl and diphenyl
oxide.

The Au nanoparticles were synthesized in the heart of the
HTF. The nanoparticles were characterised verifying the
formation of metallic gold nanoparticles with an average size of
around 10 nm. In turn, the nanouids with varying concentra-
tions of nanoparticles were characterised to assess their phys-
ical and chemical stability, and their thermal properties. The
stability was analysed using UV-vis spectroscopy, and particle
size and z potential measurements. It is possible to conclude
that in the nanouid with the lowest concentration the
agglomerates form slowly, while at intermediate concentrations
it is on the limit of what the system can support and for this
reason some agglomerates precipitate but other larger ones do
not, possibly because they do not have a higher concentration of
nanoparticles. Finally, in the nanouid with the highest
concentration there is a high agglomeration and sedimentation
rate due to the high concentration of nanoparticles.

In addition, the efficiency of the nanouids in heat transfer
processes was studied by measuring their different properties,
such as density, viscosity, isobaric specic heat and thermal
conductivity. The most outstanding results observed were that
the thermal conductivity of the nanouid was 70% higher than
that of the base uid, and the isobaric specic heat was also
10% higher. In turn, their efficiency in heat transfer processes
was assessed by means of the Dittus–Boelter correlation,
comparing the heat transfer coefficients of the nanouids with
those of the base uid. The heat transfer coefficient was up to
36% higher in the nanouids. These results lead us to believe
that the nanouids prepared in this study could be a promising
alternative to the HTF oen used in CSP plants.

The results of the molecular dynamics study show that the
thermal conductivity and isobaric specic heat follow the same
tendency as the experimental results. The structural analysis
shows that the surfactant plays an active role in the Au-
nanouid system. It contributes positively more efficient heat
transfer processes. This enhancement is the result of a struc-
tural reorganisation at the molecular level of the surfactant and
the base uid around the Au as the temperature rises. Two
surfactant molecules are exchanged for four diphenyl oxide
molecules in the rst layer structure around the gold. This
structural arrangement leads to a directionality of movement
favouring effective heat transport. Furthermore, some of the
energy applied when the temperature rises must be used to
restructure the system, which would explain the higher isobaric
specic heat and thermal conductivity values compared with
J. Mater. Chem. A, 2017, 5, 12483–12497 | 12495
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those of the base uid. Therefore, the molecular dynamics
results make it possible to extrapolate that the Au-nanouid
system could be valid for use as a high temperature uid for
CSP. To our knowledge, this is the rst time an analysis of this
kind that takes into account the surfactant for this kind of
nanouid systems has been performed.
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H I G H L I G H T S

• The thermal conductivity was im-
proved up to 37%.

• The heat transfer coefficient was im-
proved by 20%.

• Pt-based nanofluid improves the heat
transfer process in Concentrating Solar
Power.

• ODT and DDA was used as surfactants,
playing an important role in the
properties.

• The internal molecular structure is
revealed from MD results.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Concentrating solar power
Nanofluids
Thermophysical properties
Molecular dynamics

A B S T R A C T

Nanofluids are a promising alternative to the typical heat transfer fluid (HTF) used in concentrating solar power
(CSP) plants, possibly improving their global efficiency and leading to the increase the use of renewable clean energy.
This study analyses nanofluids based on a typical HTF used in CSP and Pt nanoparticles. Pt nanoparticles were
synthesized and dispersed in the base fluid. Dodecylamine (DDA) was used as a phase transfer and as a surfactant.
Also, 1-octadecanethiol (ODT) was added as a surfactant and pulsed ultrasonication was used to disperse the na-
noparticles. As the base fluid, the eutectic mixture of diphenyl oxide (73.5%) and biphenyl (26.5%) was used. This
fluid is typically used in CSP plants based on parabolic through collectors. The stability of the nanofluids was
analysed according to the kind of surfactant and ultrasonication process. Furthermore, to analyse the efficiency of the
nanofluids, several properties were measured, including density, dynamic viscosity, isobaric specific heat and
thermal conductivity. We found an increase in thermal conductivity of up to 37%, and the heat transfer coefficient
also improved by up to 20%. Molecular dynamics calculations were performed to determine how the inclusion of
ODT affected the system. ODT competes with DDA to interact with the Pt, forming a lattice around the Pt. The base
fluid molecules, and in particular the diphenyl oxide molecules, take advantage of this competition to move closer to
the Pt. This movement of molecules as the temperature rise must be Brownian in nature and enhances the heat
transfer processes, improving the thermal properties of the nanofluids with both ODT and DDA compared with those
prepared only with DDA. Thus, nanofluids with ODT and DDA would appear to be of interest for use in CSP.
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1. Introduction

Today’s ever-growing society requires increasing amounts of en-
ergy, while being committed to reducing environmental problems,
pollution, global warming, etc. [1]. Given the possible imminent end to
the age of fossil fuels for electricity generation, renewable energy
sources have grown in importance due to their social acceptance and
capacity to generate sustainable energy to cater for the world’s elec-
tricity requirements. In this sense, solar energy is an important option
and being the most available energy source on the planet concentrating
solar power (CSP) has emerged as an attractive source of clean and
renewable energy [2,3]. In this technology, high temperatures must be
reached and CSP systems achieve this by focussing solar radiation on
the receivers, transforming solar radiation into thermal energy [3,4].
Several kinds of receivers have been designed to collect the maximum
radiation. They are classifying with regard to the focus geometry as
point- and line-focus concentrators. Solar tower system is an example of
point focus concentrations, while linear Fresnel and parabolic-trough
collectors (PTC) are typical line-focus concentrators [4,5]. Thus, PTCs
are one of the systems generating the most commercial interest [2,5].
Typically, the PTC solar field is integrated in a steam turbine plant
indirectly, by heating thermal oil (a Heat Transfer Fluid, HTF) for
generating steam in a heat exchanger (HTF technology) [4].

In recent years, nanofluids have received considerable attention as a
promising alternative to the heat transfer fluids (HTF) commonly used
in CSP because the colloidal suspension of nanosized particles in a base
fluid enhances its thermal properties such as thermal conductivity
[6–10] or isobaric specific heat [8,11–13]; it also improves heat transfer
processes [8,13–16]. Recently, nanofluids are being used as another
kind of selectively absorber material for spectral splitting PV/T appli-
cation or as direct absorber for CSP. Some researchers have been per-
formed on direct absorption solar collectors using nanofluids [17,18].
Mu et al. [19] reported the use of nanoparticles, such as SiO2, TiO2, ZrC,
AlN and TiN, as the base fluid spectral splitting filter. Furthermore, An
et al. studied that the particle concentration in spectral splitting PV/T
system affects the efficiency, obtaining an enhancement in the global
efficiency at about 13.3% for hybrid PV/T system with a low con-
centration polypyrrole nanofluid filter [20], and about 17.9% with
Cu9S5 nanofluid filter [21]. Regarding nanofluids as HTF in CSP ap-
plications, there are many studies in the literature about nanofluids
based on water and ethylene glycol as a base fluid but comparatively
few articles about nanofluids using the typical HTFs used in CSP as a
base fluid. Some studies based on metallic nanoparticles [8,13–15] or
metal oxide nanoparticles [5,22,23] showing improved thermal prop-
erties for nanofluids prepared using a typical HTF of CSP plants have
been reported.

Thus, the review of the literature reveals that CSP is one of the most
promising alternatives to conventional energy sources nowadays, and
that the use of nanofluids can improve the global efficiency of this
technology. The use of nanofluids within the heat transfer energy
market is forecast to increase by over 2 billion dollars in the future,
making it a promising field of study [24]. Thus, effective nanofluids are
candidates for being considered as value-added materials that produce
a decreased impact on the environment [25,26].

Therefore, this study analyses nanofluids based on a HTF typically
used in CSP plants. This HTF is a eutectic mixture of two stable com-
pounds: biphenyl (C12H10, 26.5%) and diphenyl oxide (C12H10O,
73.5%). Platinum nanoparticles were used as the nanomaterial to pre-
pare the nanofluid. Metal nanoparticles are known to increase the
thermal conductivity of base fluid [8–10,13,15,27]. Low concentrations
were used since, apart from significantly enhancing thermal properties,
they can also lead to increases in viscosity, an undesirable property.
Moreover, the addition of surfactants and the use of ultrasound power
for preparing nanofluids were analysed. Both actions were studied in-
dependently and collectively in the nanofluids prepared, which were
characterized for their chemical and physical stability, density,

viscosity, isobaric specific heat and thermal conductivity. The surfac-
tants used were dodecylamine (CH3(CH2)11NH2, DDA), and 1-octade-
canothiol (CH3(CH2)17SH, ODT). The DDA surfactant was incorporated
in all the systems studied and the use of ultrasound power was found to
improve their stability. Likewise, Pt nanofluids prepared with ODT
showed enhanced thermal properties. Bearing these results in mind,
molecular dynamics studies were performed to obtain a molecular
understanding of the effect of the ODT on the nanofluids. To this end, a
comparison was performed of the system solely with DDA and the one
with both DDA and ODT to see how their internal structures varied at
different temperatures. The results obtained show the existence of a
molecular lattice in which the ODT surfactant plays an important role
allowing the diphenyl oxide molecules to approach the Pt cell, thus
enhancing the heat flow. This system permits greater heat transfer,
which is involved in the enhanced thermal properties of these systems
for their use in CSP. Therefore, the main novelty of this work is the
significant improvement in heat transfer processes using a specific
configuration considering the base fluid, the nanomaterial, the surfac-
tants and the preparation process. Also, the analysis of the effect of the
surfactants in thermal properties leads to understand the behaviour of
the nanofluid systems prepared.

2. Materials and methods

2.1. Preparation of Pt nanoparticles and nanofluids

The nanofluids were prepared following a two-step method [28]:
the first step involves the synthesis of nanosized material, and second
step the dispersion of this nanomaterial into a base fluid.

For the synthesis of the Pt nanoparticles, chloroplatinic acid hydrate
(H2PtCl6, 38% Pt basis, Sigma-Aldrich) was used as a Pt precursor. This
precursor was reduced by the reducing agent, sodium borohydride
(NaBH4, purity > 98%, Fluka Sigma-Aldrich) to produce Pt nano-
particles [29–31]. A volume of 10mL of aqueous sodium borohydride
solution (27mM) was added slowly to 5mL of aqueous chloroplatinic
acid hydrate (14mM). The reaction was carried out in a low-power
ultrasonic bath. Next, this solution was added to 100mL of a com-
mercial heat transfer fluid (HTF) used as a base fluid, a eutectic mixture
of biphenyl (C12H10, 26.5%) and diphenyl oxide (C12H10O, 73.5%)
supplied by Dowtherm©. This fluid is typically used in CSP plants based
on parabolic through collectors. Also, dodecylamine
((CH3(CH2)11NH2), DDA, purity > 98%, Sigma-Aldrich) was added to
the base fluid as a phase transfer agent in a 2:1 ratio with regard to the
initial amount of Pt. The mixture was left magnetically stirring for one
hour and the aqueous phase was discarded. Phase transfer may be
considered to be complete when the aqueous solution changes colour
from the black of the initial solution containing platinum to the trans-
parent aqueous phase, which is discarded.

Three nanofluids were prepared following this method, two with the
addition of the surfactant. 1-Octadecanothiol ((CH3(CH2)17SH), ODT,
purity > 98%, Sigma-Aldrich) was added in a 3:1 ratio with regard to
the initial amount of Pt, and subsequently stirred for one hour. One of
these nanofluids was treated under pulse ultrasonication at 30% output
power for 45min. The other nanofluid was not treated with sonication
in order to analyse the effect of the sonication process. Finally, the third
nanofluid was prepared without surfactant and was treated with soni-
cation following the same procedure described above. Table 1 shows
information for each nanofluid in more detail.

Finally, the nominal Pt concentration for all the nanofluids was
0.005 wt.%.

2.2. Characterization of nanoparticles and nanofluids

Concerning the characterization of the nanoparticles synthesized,
the nanofluids were centrifuged and the supernatant liquid was elimi-
nated. The black dust obtained was cleaned with acetone in successive
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extractions. X-ray photoelectron spectroscopy (XPS) was used to check
the chemical state bonding and the oxidation state of the nanoparticles
extracted. In addition, the size and morphology of the nanoparticles
was studied by transmission electron microscopy (TEM). Finally, X-ray
diffraction (XRD) pattern was obtained to study the crystalline struc-
ture.

The improvement in the overall efficiency of nanofluids is a result of
significantly enhancing their thermal properties. However, this effi-
ciency also depends on their stability. Several techniques were used to
analyse the chemical and physical stability of the nanofluids over time.
UV–Vis spectroscopy allows for the evaluation of the sedimentation
process and therefore the stability of nanofluids [32]. To this end,
UV–Vis spectra were recorded in the wavelength range from 350 to
880 nm to analyse the presence of Pt nanoparticles in suspension. A
system was used composed of a halogen lamp, model DH-2000-BAL,
supplied by Ocean Optics©, as the illumination source, and a USB200+
spectrometer supplied by Ocean Optics©. The particle size and size
distribution were measured by dynamic light scattering (DLS), a
common technique for analysing colloidal systems [33,34]. Also, ζ
potential measurements were performed to evaluate and understand
the interactions between the particles in suspension and therefore the
agglomeration process. A zetasizer Nano ZS system supplied by Mal-
vern© was used to perform both measurements.

Several properties were analysed to evaluate the efficiency of the
nanofluids prepared. Density was determined using a pycnometer and
dynamic viscosity was measured by a SV-10 Viscometer supplied by
Malvern Instruments Ltd. The density and viscosity measurements were
performed five times at room temperature to calculate the average
values. Isobaric specific heat measurements were performed using a
temperature modulated differential scanning calorimeter (TMDSC),
model Q-20, supplied by TA Instruments©. To perform the measure-
ments, a program was created that can be summed up as: the tem-
perature was equilibrated at 341 K to remove contaminants and kept
isothermal for 10min; then the samples were equilibrated at 301 K and
then ramped to 391 at a rate of 1 K/min. A modulation was pro-
grammed around the studied temperatures with an amplitude of± 1 K
and a period of 120 s. Finally, cooling was performed at 1 K/min. The
isobaric specific heat of the base fluid was measured to verify the

method used with regard to the values reported by the supplier.
Thermal conductivity was measured by the laser flash technique (LFA)
using the 1600 model supplied by Linseis Thermal Analysis©. To be
precise, this technique measures thermal diffusivity, which is another
thermophysical property that defines the speed of heat propagation by
conduction during changes of temperatures or how quickly a material
reacts to a change in temperature. According to Standard ASTM E 1461-
01, thermal conductivity may be calculated by the equation:

=k T D T C T ρ T( ) ( )· ( )· ( )P (1)

where k is the thermal conductivity, D is the thermal diffusivity, CP is
the isobaric specific heat and ρ is the density.

2.3. Computational framework

The Transferable Potentials for Phase Equilibria (TraPPE) force field
were used. The transferable potentials for phase equilibria-explicit-hy-
drogen (TraPPE-EH) force field [35,36] were used to describe the intra-
and intermolecular interactions of the molecules of the base fluid (di-
phenyl oxide/biphenyl blend). This force field considers aromatic ring
and directly linked atoms as rigid entities. The phenyl rings were
treated as rigid but were allowed to rotate with regards to each other
around the C2C1–C1′C2′ bond of the biphenyls (see Tables S1 and S2 in
the Supplementary Material). The Transferable Potentials for Phase
Equilibria-United Atom force field (TraPPE-UA) [37–39] was used for
describing both intramolecular and intermolecular interactions of the
DDA and ODT surfactants. TraPPE-UA force field treats the alkyl groups
as a fully flexible model based on single interaction sites (pseudo-
atoms). A pseudo-atom represents a carbon atom together with all of its
bonded hydrogen atoms (CHx=CH2 or CH3) and treats the nitrogen,
sulphur and the carbon atoms as explicit interaction sites in a rigid unit
(see Table S3 in the Supplementary Material).

A rigid unit cell of 14Pt atoms with the space group Fm-3m was used
to perform the simulation of the metal nanoparticle [40]. The non-
bonded force field was described from adopting the setting parameters
reported elsewhere [41].

The TraPPE-EH and TraPPE-UA force fields and the non-bonded
force field of the metal nanoparticle use Lennard-Jones (LJ) and
Coulomb potentials to represent the non-bonded interactions

⎜ ⎟ ⎜ ⎟= ⎡

⎣
⎢

⎛
⎝

⎞
⎠

−⎛
⎝

⎞
⎠

⎤

⎦
⎥ +u r ε

σ
r

σ
r

q q
πε r

( ) 4
4ij ij

ij

ij

ij

ij

i j

ij

12 6

0 (2)

where rij, εij, σij, qi, qj, and ε0 are the distances between interaction sites i
and j, the LJ well depth, the LJ diameter, the partial charges on inter-
action sites i and j, and the permittivity of vacuum, respectively. The

Table 1
Identification and treatment of each nanofluid.

Identification Base fluid+DDA ODT Ultrasonic power

Pt_Nf+DDA+ODT ✓ ✓ X
Pt_Nf+DDA+U ✓ X ✓
Pt_Nf+DDA+U+ODT ✓ ✓ ✓

Fig. 1. Plot of energy versus temperature (A), and plot of experimental isobaric specific heat at different working temperatures (B).
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Lorentz-Berthelot combining rules were used to determine LJ para-
meters for unlike interactions (see Table S4 in the Supplementary
Material).

The DLPOLY code [42] was used to carry out the molecular dy-
namics simulations. The canonical ensemble (NVT) was applied in all
the simulations performed by using periodic boundary conditions and a
Nose-Hoover thermostat. A cubic box providing the initial configura-
tion was built with the PACKMOL code [43]. The length of the box sides
was chosen to keep the density of the experimental HTF at 298 K. The
Ewald sum methodology [44] was applied to account for electrostatic
interactions using a cut-off distance of 9 Å in all the cases. The simu-
lations run lasted for 1 ns employing a time step of 0.5 fs and the
structures were saved every 100 time steps for analysing the trajectory.
For validate the system, molecular dynamic calculations were per-
formed at different temperatures ranging from c.a. 50–500 K for the
HTF used as a base fluid (diphenyl oxide/biphenyl blend). Fig. 1A
shows the plot the total energy versus temperature from molecular
dynamic simulations while Fig. 1B shows the experimental isobaric
specific heat values at different working temperatures. These values
agree with the data described in technical datasheet of the heat transfer
fluid [45]. From Fig. 1A, the slope of the plot of total energy versus
temperature led to the isobaric specific heat value of
1.94·103 J kg−1 K−1. This value, although slightly higher, is in good
agreement with the average value of the experimental HTF up to 500 K
(c.a. 1.74·103 J kg−1 K−1) obtained from the data of Fig. 1B which va-
lidates both the proposed model and the election of TraPPE force fields
indicated for the prediction of thermophysical properties [35–39,45].

The slight overestimation of the isobaric specific heat values as com-
pared to the experimental ones have also been reported for other sys-
tems when TraPPE force fields are used in molecular dynamics simu-
lations [8,14,15,46].

3. Results and discussion

3.1. Characterization of Pt nanoparticles

Several techniques were used to determine whether Pt nanoparticles
were obtained, including XRD, XPS and TEM. The XRD pattern obtained
is shown in Fig. 2A. It revealed three peaks at 2θ=40.25, 46.81 and
68.36°, which are representative of Pt nanoparticles. These peaks are
assigned to the reflection of the planes (1, 1, 1), (2, 0, 0) and (2, 2, 0)
belonging to Fm3m space group of cubic structures from metallic Pt
[47,48]. Fig. 2B shows the signal for Pt 4f obtained from the X-ray
photoelectron spectrum. The signal for Pt 4f7/2 appears at a binding
energy (BE) at about 70.8 eV, which is coherent with presence of metallic
Pt [49]. As reported previously, the Pt 4f7/2 signal for Pt (II) and Pt(IV) in
oxide form appears typically at about 72.4 eV and 74.9 eV [49]. Also, the
separation of the spin-orbit components obtained is 3.4 eV, which is
coherent with the typical value in the literature (3.35 eV) [49]. There-
fore, XPS shows a majority presence of Pt(0) in the solid synthesized.
Finally, the particle size distribution is obtained from TEM images (see
Fig. 2C and D). The size-distribution of the Pt nanoparticles was found to
be non-uniform, sizes ranging between 5 and 35 nm, as Fig. 2D shows.
The size of some nanoparticles fell outside this range.

Fig. 2. XRD pattern (A), X-ray photoelectron spectrum for Pt 4f (B), TEM image (C), and particle size distribution from TEM analysis (D) for Pt nanoparticles
synthesized.
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3.2. Nanofluid stability

In terms of stability, nanofluids are considered to be stable when the
nanoparticle concentration in suspension remains constant [50]. Due to
the tendency of nanoparticles to agglomerate and precipitate, in-
stability after preparation is logical. The subsequent formation of se-
diment is a problem for the application of nanofluids in concentrating
solar power plants. Thus, studying the stability of the nanofluids is
essential [51,52].

UV–Vis spectroscopy is a technique used to analyse the stability of
nanofluids. Fig. 3A shows the UV–Vis spectra for each nanofluid just
after preparation. The nanofluids treated with ultrasound presented
high absorbance of around 390–500 nm, due to the scattering process
generated by the presence of nanoparticles suspended in the base fluid,
which is higher at lower wavelengths [53,54]. The nanofluids without
ultrasound treatment (Pt_Nf+DDA+ODT) presented a weak signal for
the presence of nanoparticles. This may be the settling of agglomerated
nanoparticles that were not separated. This suggests that applying ul-
trasound can lead to more homogeneous nanofluid systems, and thus, a
good dispersion of nanoparticles. No significant differences are ob-
served between the spectra of the nanofluids and the base fluid. This
suggests that there are no chemical changes in the base fluid due to the
presence of the nanoparticles.

To assess the stability of the nanofluids, changes in the extinction
coefficient values at λ=390 nm were studied from UV–vis spectra.
Three spectra were recorded every day for one week. Fig. 3B shows the
extinction coefficient values for each nanofluid with respect to time.
The nanofluid with ultrasound treatment and the addition of ODT
(Pt_Nf+DDA+U+ODT) reached certain stability two days after its
preparation, and the nanofluid that only underwent ultrasound treat-
ment (Pt_Nf+DDA+U) also reached certain stability at around the
same time, but the decrease in the extinction coefficient value was more
pronounced during the first two days. This big difference observed may
be due to the presence of the surfactant, whose function is to prevent an
abrupt sedimentation process and to enable the nanofluid to quickly
reach a stable state. After three days, both nanofluids were considered
to remain stable and the values obtained after seven days were similar.
The nanofluid with only ODT (Pt_Nf+DDA+ODT) did not show na-
noparticles in suspension. The sedimentation of nanoparticles occurred
immediately and changes in absorbance values were not appreciated.
Therefore, the sonication process was necessary to disperse the nano-
particles into the base fluid.

Also, the physical stability of the nanofluids was determined by
particle size measurements using the DLS technique. The measurements
were recorded for a week, multiple measurements being performed
daily. Fig. 4 shows the results obtained.

The nanofluid with only ODT, Pt_Nf+DDA+ODT, showed a wide
range of particle size, values being observed from 500 to 2000 nm after
five days. Thus, the presence of the surfactant did not result in nano-
particles of a constant size, their continuous agglomeration and sedi-
mentation leading to an unstable nanofluid. This is in line with the
results obtained by UV–Vis spectroscopy. Moreover, ultrasound power
application generated nanoparticle size smaller than 900 nm. In turn, in
the case of the nanofluid with ODT and treated with ultrasound power
(Pt_Nf+DDA+U+ODT), the particle size was greater than in the case
of that treated only with ultrasound due to the presence of the surfac-
tant, which increased its hydrodynamic ratio. In addition, the Pt_Nf
+DDA+U+ODT nanofluid showed a lower dispersion of nanoparticle
size over time. Agglomeration and precipitation processes were ob-
served in the first few days due to this dispersion and after three days
the nanoparticle sizes remained stable, which is coherent with the
UV–Vis results. The Pt_Nf+DDA+U nanofluid, without ODT, presented
agglomeration processes before the second day, and then less disper-
sion; that is, the particle sizes remained stable over time. The difference
in nanoparticle sizes between the first and second day is coherent with
the abrupt decrease in extinction coefficient values observed above (see
Fig. 3B).

To complete the analysis of the stability of the nanofluids, ζ po-
tential measurements were performed several times each day for a
week. ζ potential is related to steric repulsions or electrostatic inter-
actions between particles present in a solution. A nanofluid is con-
sidered stable when its ζ potential is higher than 30mV in absolute
value [55]. Generally, ζ potential values of± 30–50mV are sufficient
to ensure good colloidal stability. Fig. 5 shows the results obtained.

The measurements of ζ potential for the nanofluid with only ODT
(Pt_Nf+DDA+ODT) were incoherent and it was not possible obtain
enough information each day. Despite this, values of ζ potential
around±10mV were obtained for this nanofluid, which corroborates
its instability. Regarding the ζ potential of the other nanofluids, they
may be considered stable because they show values in a range of
30–80mV. Thus, ultrasonic power treatment caused an increase in ζ
potential values, these becoming less disperse over time. The presence
of the surfactant may confer extra stability, so the ζ potential values of
the nanofluid with ODT were higher than those in the nanofluid
without ODT. Therefore, these results confirm the stability of the na-
nofluids with ultrasound power treatment, which is coherent with the
UV–Vis spectroscopy analysis and particle size results. The nanofluid
with only ODT (Pt_Nf+DDA+ODT), without ultrasound power treat-
ment, presented absorbance values very similar to the base fluid, and its
particle size values were not in accordance with a colloidal system such
as a nanofluid. In addition, the ζ potential values confirmed these re-
sults, so this nanofluid was considered totally unstable and

Fig. 3. (A) UV–vis spectra recorded at zero time for the nanofluids prepared. (B) Extinction coefficient values recorded at λ=390 nm for one week.
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consequently, it was ruled out for thermal characterization.

3.3. Nanofluid performance

The heat transfer coefficient can be generally expressed as a func-
tion of the properties of a fluid and is given by =h k ρ C μ σ( )/( )a b

P
c d e ,

where k is thermal conductivity, ρ the density, CP the isobaric specific
heat, μ the dynamic viscosity and σ the surface tension [6]. Also, a, b, c,
d, e are empirical or theoretical constants that depend on different
boundary and geometrical conditions, and e is normally zero for con-
vections without phase change [24]. Therefore, density, viscosity, iso-
baric specific heat and thermal conductivity were characterized in
order to evaluate the performance of the nanofluids.

Density is a thermal property that plays an important role because a
slight increase in its values can significantly enhance the efficiency of
the heat transfer process [8]. Viscosity is the factor that limits the ef-
ficiency of nanofluids for their application in concentrating solar power
plants because a slight increase can have a dramatic effect on efficiency,
according to the heat transfer coefficient equation. It may also cause
problems in elements such as pumps and ducts, or lead to drops in
pressure [56]. Table 2 shows the density and dynamic viscosity values
obtained for the base fluid and for the two nanofluids studied. The
platinum concentration added for all the nanofluids was 5 · 10−3 wt.%,
so the same platinum concentration is considered for both nanofluids.

An increase in the values of both properties was expected due to the
addition of nanoparticles to base fluid.

Isobaric specific heat is an essential thermal property with regard to
the efficiency of nanofluids so the values for those prepared were
measured in a range of temperatures between room temperature and
approximately 370 K. Fig. 6 shows the results of the isobaric specific
heat measured for the two nanofluids prepared and the base fluid. The
isobaric specific heat increased slightly with regard to base fluid for the
nanofluid with ultrasound power treatment and ODT as a surfactant.
However, a sharp decrease was observed for the nanofluid treated with
ultrasound power and DDA. It is known that the isobaric specific heat of
solids is commonly lower than that of fluids so it is reasonable to expect
the values for the nanofluid to be lower than that of the base fluid
[6,57,58]. However, some studies have reported an increase in isobaric
specific heat with regard to the base fluid [8,13]. This increase may be
due to the formation of an internal structure inside the nanofluid caused
by interactions between the nanoparticles and base fluid [12,59]. In-
ternal structure is created around the nanoparticle that give rise to
aggregates that have semi-solid properties that cause, in this case, an
increase in isobaric specific heat. The surfactant must play an important
role in this kind of structure, as the molecular dynamics study will show
below.

Finally, thermal conductivity is a vital property of nanofluids used
as a heat transfer fluid. Thermal conductivity was measured in the same
temperature range. Fig. 7A shows the thermal conductivity values ob-
tained for the nanofluids and the base fluid. It is possible to observe that
thermal conductivity of the nanofluids are higher than those of the base
fluid, so ultrasonic power treatment would appear to result in an en-
hancement in this property for both nanofluids at high temperature.
Fig. 7B shows the ratio between the thermal conductivity of the na-
nofluids with regard to base fluid. It is possible to observe an increase in
thermal conductivity of up to 37% for the nanofluid with ODT and
sonication treatment and of up to 17% for the nanofluid with sonication
treatment but without ODT. Thus, ODT has a positive effect on the

Fig. 4. Particle size measured using dynamic light scattering technique for the nanofluids prepared.

Fig. 5. ζ potential values for the nanofluids prepared.

Table 2
Values of the density and dynamic viscosity.

Sample Density/kgm−3 Viscosity/mPa s

HTF (base fluid) 1058.8 ± 0.8 3.76 ± 0.03
Pt_Nf+DDA+U 1060.8 ± 0.4 3.88 ± 0.03
Pt_Nf+DDA+U+ODT 1060.3 ± 0.6 3.91 ± 0.02
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thermal properties of the nanofluids prepared using Pt nanoparticles
and the base fluid.

Finally, in order to analyse the efficiency of the heat transfer pro-
cess, two Figure of Merits have been analysed. Under laminar flow
conditions, a nanofluid is considered more efficient than the base fluid
when the ratio between the dynamic viscosity increase (DVI) and
thermal conductivity enhancement (TCE) is less than four [60]. Math-
ematically, this is expressed by:

= ⩽
−

−
DVI
TCE

4k k
k

(μnf μbf)
μbf

( nf bf)
bf (3)

where the variables have been defined previously, and the subscripts bf
and nf refer to the base fluid and nanofluid, respectively. On the other
hand, under turbulent conditions the relationship between the heat
transfer coefficient (h) for the nanofluids prepared and the base fluid
was considered as a Figure of Merit, which is known as the Dittus-Boelter
equation. Mathematically, it is given by [61]
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where the variables have been defined above. If this ratio is higher than
1, an improvement in the efficiency of the heat transfer process is ob-
tained. In terms of the efficiency of the heat transfer process, an in-
crease in dynamic viscosity is considered a disadvantage because it can
affect different elements inside solar plants; however, an increase in
density, isobaric specific heat and thermal conductivity values are
beneficial.

Thus, the FoM for both laminar and turbulent conditions were es-
timated for the nanofluids at the temperature at which the isobaric
specific heat and thermal conductivity were measured. Their density
and the dynamic viscosity were estimated at these temperatures. Fig. 8
shows the values obtained for the FoMs for the laminar and turbulent
flows obtained. Under laminar flow conditions, all the nanofluids
showed values below 4 (see Fig. 8A), which means the nanofluid is
more efficient than the base fluid. However, in some cases this FoM
gives negative values because the thermal conductivity of the nanofluid
is lower than that of the base fluid. In these cases, the efficiency of heat
transfer processes is not improved. On the other hand, the most inter-
esting case for concentrating solar power applications is the analysis
under turbulent flows conditions. In this case, the Dittus-Boelter
equation was used as a FoM. Fig. 8B shows the values obtained for the
nanofluids prepared. It is possible to observe that the improvement in
the efficiency of the heat transfer process is greater for the nanofluid
prepared using sonication treatment and ODT as a surfactant. For this
nanofluid, the improvement obtained is about 20%. In the case of the
nanofluid without ODT, the improvement in the heat transfer process
obtained is about 5%. Thus, the ODT clearly affected the performance
of the nanofluid. When ODT was used the efficiency of the heat transfer
process improved at all the temperatures and the enhancement was up
to 20%, as is shown in Fig. 8B.

In turn, the effect of the use of nanofluids on the efficiency of the
collectors used in CSP plants can be studied from the outlet tempera-
ture. The heat flux from the surface of the receiver to the heat transfer
fluid is defined as ″ = = −q h T h T TΔ ( )s s m o, , where Ts is the temperature
on the surface of the pipe, and Tm,o is the mean temperature of the base
fluid at the pipe outlet. For a constant solar irradiance of 1000Wm−2,

″qs and Ts are considered, and thus ΔT for the base fluid and for the
nanofluids can be compared. Mathematically, this can be expressed as

=T T h h(Δ /Δ ) ( / )nf bf bf nf . Then, if <T T(Δ /Δ ) 1nf bf , Tm,o is higher when the
nanofluid is used, and the efficiency of the collector is improved, be-
cause the outlet temperature rises. So, Fig. 8C shows the values of

T T(Δ /Δ )nf bf obtained. It is possible to observe that using ODT as a sur-
factant led to an increase of the outlet temperature, and therefore an
increase in the efficiency of the solar collectors.

Thus, it can be concluded that the thermal properties of the nano-
fluid with ODT were drastically better than those of the base fluid and
could therefore be a promising alternative as a heat transfer system in
concentrating solar power applications. This nanofluid could be tested
in CSP systems with the aim of reducing the cost of producing elec-
tricity and improving the global efficiency of the plants.

Fig. 6. Isobaric specific heat values obtained for the nanofluids prepared.

Fig. 7. (A) Thermal conductivity values obtained, and (B) the improvement in thermal conductivity with regard to the base fluid for the nanofluid prepared.
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Fig. 8. (A) Ratio between dynamic viscosity increase (DVI) and thermal conductivity enhancement (TCE) used as a FoM for laminar flow conditions, (B) the ratio
between the heat transfer coefficient of the nanofluid with regard to base fluid, used as a FoM under turbulent flow conditions, and (C) analysis of the outlet
temperature in solar collectors.

Fig. 9. RDFs for Pt-O (A), Pt-N (B) at 100, 300 and 500 K in the Pt_Nf+DDA system.
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3.4. Molecular dynamics: structural properties

The experimental results shown above reveal that the presence of
ODT as a surfactant in the nanofluid improves the efficiency of the heat
transfer processes. In this sense, it is of interest to explore the internal
structure and layout of the molecules around the nanoparticle as they
must play an important role in this enhanced performance. Thus, a
molecular dynamics study was performed to determine how the pre-
sence of DDA and ODT affects the Pt nanofluid at a molecular level. To
this end, the Pt_Nf+DDA and Pt_Nf+DDA+ODT systems were com-
pared at 100, 300 and 500 K. In this study, theoretical Pt_Nf+DDA and
Pt_Nf+DDA+ODT systems are referred to the experimental Pt_Nf
+DDA+U and Pt_Nf+DDA+U+ODT systems, respectively. The ana-
lysis were performed with regard to the centre of mass of the Pt cell, so,
unless stated otherwise, any reference to Pt in the discussion means the
centre of mass of the unit cell.

3.4.1. Pt_Nf+DDA system
Fig. 9 shows the radial distribution functions (RDFs) for the Pt_Nf

+DDA system at different temperatures. Analysing the RDFs of the Pt-O
pair makes it possible to deduce the number of O atoms around the Pt
cell that belong to diphenyl oxide molecules from the base fluid. Fig. 9A
shows the presence of a peak centred around 5 Å that begins to lose
intensity and widens as the temperature increases. At 100 K there is a
small peak centred around 7 Å that is not present at 300 K; it combines
with the first peak at 5 Å making it wider. Integration up to 8.5 Å re-
veals the presence of 6 and 7 atoms at 100 and 300 K, respectively.
However, at 500 K the integral shows the presence of 5 O atoms that
belong to 5 diphenyl oxide molecules.

For the description of the interaction between the Pt and the DDA,
the N of the DDA was taken for reference to be indicative of the number
of molecules around the nanoparticle. Fig. 9B shows the RDFs for the
Pt-N pair at different temperatures. In general, as occurred with the Pt-
O pair, a peak is observed centred at 5 Å that becomes less intense and
wider at 500 K. Integrating the RDFs up to 8.5 Å, at 100 and 300 K, six
DDA molecules can be seen in the first layer around the Pt. Meanwhile,
at 500 K, another molecule is incorporated, making 7 molecules, which
must occupy a larger area of space between a first layer and a second
one further from the Pt cell.

Analysing spatial distribution functions (SDFs) also makes it pos-
sible to determine how the base fluid and DDA molecules are arranged
around the Pt and to see how the system evolves with changes in
temperature. Fig. 10 shows the SDF for the system in a radius of 9 Å
around the centre of mass of the Pt cell (Fig. 10A) and the structure
associated with it (Fig. 10B). The hydrogen and carbon atoms from the
rings, and the surfactant chains were not included in the analysis of the
SDF to keep the images clear. An initial look at Fig. 10A shows a loss of
definition of the spatial distributions as the temperature rises, which is
indicative of a dynamic system. At 100 K (Fig. 10A), six O atoms (red1

lobes) from the diphenyl oxide molecules can be seen oriented towards
the central Pt atom. The blue lobes are C atoms attached to the O atoms
of the diphenyl oxide (CO). Six orange lobes can be seen around the Pt
that correspond to the N atoms of the DDA. At 300 K a decrease in the
definition of the SDF is observed and the red (O atoms) and orange
colours that occupy an inner layer around the Pt stand out. Meanwhile,
at 500 K the presence of orange lobes corresponding to DDA molecules
is of particular note. This result is coherent with the widening and long
tails of the RDFs of the Pt-O and Pt-N pairs, indicative of a dynamic
system in which exchanges take place between diphenyl oxide and DDA
molecules as the temperature increases. At low temperatures (100 K),
there are 6 diphenyl oxide molecules in the inner layer around the Pt
cell and another molecule is incorporated at room temperature

(Fig. 10B). However, at high temperatures (500 K) one of the diphenyl
oxide molecules moves away from the Pt cell and occupies a position in
a second layer further from the nanoparticle (Fig. 10B). This movement
of diphenyl oxide molecules at 500 K is accompanied by a DDA mole-
cule being incorporated into the inner layer around the Pt cell, resulting
in 7 DDA molecules (Fig. 10B). This result is also in agreement with
wide peaks being observed in the RDFs as the temperature rises. When
only DDA is found in the nanofluid, the presence of an inner layer of
molecules around the nanoparticles is to be expected due to the fa-
vourable interaction between Pt and N [62].

3.4.2. Pt_Nf+DDA+ODT system
Fig. 11 includes the RDFs for the Pt_Nf+DDA+ODT system at 100,

300 and 500 K. Fig. 11A shows the RDFs for the Pt-O pair. At 100 K, the
RDF shows an intense, well-defined peak at around 5 Å that integrates
two O atoms and is accompanied by other less intense peaks, totalling
seven O atoms when integrated up to c.a. 9 Å. As the temperature rises,
the first peak becomes less intense, broader and its tail longer. The
integral of the RDFs up to 9 Å at 300 and 500 K indicates that there are
6 and 7 oxygen atoms, respectively. The RDFs for the Pt-N pair
(Fig. 11B) are very similar to that of the Pt_Nf+DDA system. At 100 K
there is an intense peak centred at 5 Å and another centred at 8 Å that
integrate to 2 and 1 N atoms, respectively. As the temperature rises the
peak centred at 5 Å becomes less intense and broader. The integral of
this peak up to 9 Å corresponds to 3 and 2 N atoms, at 300 and 500 K,
respectively. This means that, at high temperatures, a DDA molecule
distances itself from the inner layer around the Pt, unlike what occurred
in the Pt_Nf+DDA system. Fig. 11C includes the RDF for the description
of the interaction between the Pt and the S atom of the ODT surfactant
at 100, 300 and 500 K. The S atom was chosen as representative of the
ODT molecule. At 100 K, a well-defined peak is observed centred at
5.4 Å that integrates 3 S atoms corresponding to 3 ODT molecules. This
peak is indicative of strong orientation binding [15,63]. As the tem-
perature increases, the peak loses its intensity and structure, a shoulder
appearing around 7 Å and a tail. At 300 and 500 K, the peak centred at
5.4 Å integrates 2 and 1 S atom, respectively. However, when in-
tegrated under the long tail of the RDF including the low intensity peak
centred at 10 Å, there are a total of 3 and 2 S atoms at 300 and 500 K,
respectively. The long tails of these RDFs suggest that there is move-
ment of ODT molecules from an inner to an outer layer of the Pt unit
cell. This movement of ODT molecules and the increased number of
diphenyl oxide molecules favours the generation of a lattice around the
nanoparticle, as the SDF study will show below; this is linked with an
increase in the isobaric specific heat.

Fig. 12A and B show the SDFs of the Pt_Nf+DDA+ODT system and
its associated structures. As with Fig. 10, the H and C atoms from the
rings, and the surfactant chains were not included in the analysis of the
SDF to keep the images clear. As the temperature rises, the spatial
distributions become less defined, indicative of a dynamic system in
which movement of molecules must take place, as was the case with the
Pt_Nf+DDA system (Fig. 10A). At 100 K, three yellow and orange lobes
can be seen in an inner layer around the Pt that belong to three ODT
and DDA molecules, respectively. There are also 7 red lobes (O atoms)
with their respective blue lobes of the C atoms linked to the O atoms
(CO) of the diphenyl oxide (Fig. 12A). At 300 K, there are six diphenyl
oxide molecules but the three ODT and DDA molecules remain, al-
though the yellow and orange lobes are broader, which is indicative of
movement of the molecules around the Pt cell, making it quite labile. So
much so that at 500 K only two ODT and DDA molecules remain in the
inner layer close to the Pt cell (Fig. 12B). This decrease in the number of
ODT and DDA molecules involves diphenyl oxide molecules moving
nearer to the Pt at high temperatures (Fig. 12B), which is in agreement
with the width and long tail of the RDFs of the Pt-O, Pt-S and Pt-N pairs
(Fig. 11).

Finally, although the C atoms from the biphenyl molecule were not
included in the SDFs, they were included in their associated structures

1 For interpretation of color in Figs. 10 and 12, the reader is referred to the
web version of this article.
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(Figs. 10B and 12B). Figs. 10B and 12B are clear evidence that the bi-
phenyl molecules play a less significant role than the diphenyl oxide
molecules in the first layer around the Pt, a feature that has been ob-
served previously for other systems [8,14,15].

3.4.3. Pt_Nf+DDA vs Pt_Nf+DDA+ODT systems
A comparison of the Pt_Nf+DDA and Pt_Nf+DDA+ODT systems

makes it possible to see how the ODT affects the nanofluid. Fig. 13
shows the layout of the surfactants around the Pt cell for the Pt_Nf
+DDA and Pt_Nf+DDA+ODT systems as the temperature increases.
When only DDA is present in the system (Fig. 13A), a large number of
DDA molecules are found around the Pt. These molecules and their
respective chains, along with well-established stability of Pt-N [62],
must generate steric hindrance that impedes the diphenyl oxide mole-
cules from approaching the metal, limiting the heat flow.

However, a more favourable situation with regard to heat transfer is

found when there are both ODT and DDA in the system (Fig. 13B). In
that regard, it is important to remember that ODT molecules have a
longer carbon chain than DDA molecules. In the Pt_Nf+DDA+ODT
system, as the temperature rises, the presence of ODT and DDA creates
a more flexible lattice between the first and second layers around the
Pt, which must facilitate the exchange of particles due to Brownian
movement. The ODT and DDA molecules must compete to interact with
the Pt, resulting, at high temperatures, in a decrease in the number of
surfactant molecules around the metal in comparison with the Pt_Nf
+DDA system. Likewise, the base fluid takes advantage of this possible
competition between the two surfactants to incorporate more diphenyl
oxide molecules into the first layer, which, as mentioned above, is re-
lated with producing nanofluids with enhanced thermal capabilities
[8,14,15]. In this sense, the molecular lattice generated in the Pt_Nf
+DDA+ODT system will reduce the number of collisions between
particles, favouring energy transfer and increasing thermal conductivity

Fig. 10. (A) SDFs from the Pt_Nf+DDA nanofluid at different temperatures. (B) Structure around the Pt in the nanofluid system at 100, 300 and 500 K.

Fig. 11. RDFs for Pt-O (A), Pt-N (B) and Pt-S (C) pairs in the 100–500 K range in the Pt_Nf+DDA+ODT system.
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[33]. In short, the presence of ODT leads to competition with the DDA
to interact with the metal and results in the incorporation of more di-
phenyl oxide molecules into the first layer around the Pt as the tem-
perature rises. This result is a molecular explanation of the effect of
ODT on the experimental performance observed in the Pt_Nf
+DDA+ODT system.

4. Conclusions

This study presents the performance of nanofluids based on Pt na-
noparticles for use in CSP applications. As the base fluid, the eutectic
mixture of diphenyl oxide (73.5%) and biphenyl (26.5%) was used. This
fluid is typically used in CSP plants based on parabolic through

Fig. 12. (A) SDFs from the PT_Nf+DDA+ODT at different temperatures. (B) Structure around the Pt in the PT_Nf+DDA+ODT system at 100, 300 and 500 K.

Fig. 13. Structures of the surfactant molecules around the Pt cell in the PT_Nf+DDA (A) and PT_Nf+DDA+ODT (B) systems at 100, 300 and 500 K.
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collectors. In turn, Pt nanoparticles were synthesized and dispersed in a
HTF typically used in CSP plants. The Pt nanoparticles were char-
acterized using TEM, XRD and XPS. The presence of metallic Pt nano-
particles was confirmed.

The Pt nanoparticles were transferred to the base fluid using DDA as
a phase transfer agent. DDA takes the role of the surfactant too. The
nanoparticles were dispersed using ultrasonication with two nanofluids
and without sonication in the case of another. An analysis was also
performed of the addition of another surfactant, namely ODT. The
stability of the nanofluids was analysed by means UV–vis spectroscopy,
particle size and ζ potential measurements. The nanofluids treated with
ultrasonication were more stable, implying that sonication is needed to
disperse the nanoparticles effectively. Furthermore, density, dynamic
viscosity, isobaric specific heat and thermal conductivity were mea-
sured to analyse the performance of the nanofluids. The density and
dynamic viscosity values increased slightly, by up to 0.25% and 4%
respectively. The isobaric specific heat increased slightly for the na-
nofluid treated with sonication and incorporating ODT, but decreased
for the nanofluid without ODT. Moreover, increased thermal con-
ductivity was found for all the nanofluids. This increase was up to 37%
for the nanofluid with ODT and up to 17% for the nanofluid without.
These properties were included in a FoM to analyse the enhancement of
the heat transfer process. For the nanofluid with ODT, the heat transfer
process increased by up to 20%, and for the nanofluid without the in-
crease was by up to 5%. So, the nanofluid prepared with sonication and
with ODT presented good stability and enhanced thermal properties
and would seem to be a promising alternative to the typical HTF used in
CSP plants.

In addition, to determine the effect of the presence of ODT on the
systems and its effect at different temperatures, molecular dynamics
calculations were performed at 100, 300 and 500 K. In the Pt_Nf
+DDA+ODT system, ODT and DDA molecules appear to compete to
interact with the Pt, which facilitates the entry of base fluid molecules
into the layer closer to the metal. It can be seen that increases in
temperature favour a flexible lattice formed of ODT and DDA chains
around the Pt; the ODT chains are longer than the DDA ones. This
lattice enables diphenyl oxide molecules to move closer to the metal,
which favours heat transfer and consequently enhances the thermal
properties of the nanofluid. In the DDA system, increasing the tem-
perature favours the interaction between the Pt and the N atoms of the
DDA, there being 7 DDA molecules around the Pt, which hinders the
flow of heat in comparison with the Pt_Nf+DDA+ODT system.

For this reason, the Pt_Nf+DDA+ODT system presents favourable
conditions for use as a nanofluid in CSP.
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This article reports the preparation and characterization of nanofluids based on the heat transfer fluid (HTF)
commonly used in concentrating solar power (CSP) plants. Nanofluids were prepared with commercial Ag
nanoparticles and synthesized Au nanoparticles which were dispersed into a base fluid composed by a eutectic
mixture of two stable compounds: diphenyl oxide and biphenyl. Both sets of nanofluids were characterized
attending to its physical and chemical stability and the possible improvement on thermal properties respect
to base fluid. Moreover, a theoretical analysis was achieved by Molecular Dynamics simulations to obtain a
greater knowledge about this kind of systems through the study of the different interactions between the metal
and the molecules of the base fluid. The results showed that the incorporation of Ag nanoparticles into a base
fluid improves significantly thermal properties such as isobaric specific heat and thermal conductivity, giving an
enhancement of its heat transfer coefficient. Theoretical analysis revealed that the arrangement of molecules
of base fluid around the Ag nanoparticle favors the improvement of thermal properties. On his part, addition of
Au nanoparticles into the base fluid did not produce any increment of thermal properties with regard to base
fluid, and the theoretical analysis showed a minor participation of diphenyl oxide molecules in a first layer of
Au nanoparticle.

KEYWORDS: Nanofluid, Concentrating Solar Power, Heat Transfer Process, Molecular Dynamics.

1. INTRODUCTION
During last decades heat transfer management has been
introduced in most industrial processes and the devel-
opment of high performance thermal systems for heat
transfer have become a primary challenge. Due to an
accelerated population and industrial growth, the daily
consumption of energy forces society to look for alterna-
tive energies that may replace fossil-based energy sources
and it allows us to respond to a huge world demand with-
out generating an environmental impact on the planet.1�2

Renewable sources such as solar, eolic and geothermal
energies are excellent alternatives due to their good avail-
ability and environmental innocuousness so that they can
be used to a large extent.3–6 Particularly, solar energy is
considered as the energy of our future and concentrating
solar power (CSP) has emerged as an attractive option due

∗Author to whom correspondence should be addressed.
Email: roberto.gomezvi@uca.es
Received: 30 January 2018
Accepted: 14 March 2018

to its potential to meet base load applications.7 The operat-
ing mechanism of CSP is based on focusing solar radiation
by using parabolic mirrors to concentrate radiation towards
an absorbing tube that may be in solar tower systems or
parabolic dishes, where the heat is collected by a thermal
energy carrier called heat transfer fluid (HTF).8–11 HTF can
operate directly as a driver towards a turbine to produce
power or, more commonly, to be combined with a heat
exchanger in a secondary cycle with other fluid.11–13 This
type of devices can reach temperatures about 400–500 �C
and it possible to capture sunlight efficiently during winter
thanks to the geometrical configuration of mirrors.7

Improving heat transfer efficiency in CSP plants is
one of the keys to obtain a better performance of these
systems.2 One of the effective methods that has opened
a wide field of research is to replace the working HTF
with fluid containing nanoparticles that improve the ther-
mophysical properties of the original HTF. This type of
fluids are called nanofluids.14–16

Nanofluids are a new type of HTF that are formed by
the colloidal suspension of nano-sized particles within a
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base fluid. Previous reports showed thermal conductivity
enhancements up to 40% for copper-based nanofluids17

and about 18% for silver-based nanofluids18 using ethylene
glycol as base fluid in both cases. In addition, metal oxide
nanoparticles such as Al2O3, TiO2 or WO3 also enhance
thermal conductivity values.19–20 Water or ethylene glycol
are typically used as base fluid for its application in low
temperatures systems. In contrast, a smaller fraction of the
published researches are focused on those fluids commonly
used in CSP plants. This type of HTF, usually organic oils,
can be thermally stable at the operating temperature range
of 70–550 �C.21

This report aims to compare Ag-based and Au-based
nanofluids from both experimental and theoretical points
of view. Nanofluids have been prepared in a commonly
used HTF for CSP plants, which is an eutectic mixture of
biphenyl (C12H10� and diphenyl oxide (C12H10O). Recent
studies showed an improvement of thermal properties for
copper-based22 and gold-based nanofluids23 using this type
of base fluid. Ag commercial nanoparticles and Au syn-
thesized nanoparticles have been used to prepare three
nanofluids of each metal in three different mass fractions.
Each set of nanofluids has been characterized to check its
physical and chemical stability and to confirm any possible
improvement in thermal properties with respect to the base
fluid caused by the addition of metal nanoparticles. Prop-
erties such as density, viscosity, isobaric specific heat and
thermal conductivity were measured. The comparison of
both kind of nanofluids prepared following the same pro-
cedure is really interesting in order to compare their effi-
ciencies as HTF. In addition, to understand the behavior of
these nanofluids at the molecular level, the study of struc-
tural properties was carried out by Molecular Dynamics
simulations. Radial distribution functions (RDF) and spa-
tial distribution functions (SDF) were calculated to com-
pare both systems and to study the interactions between the
metal and the molecules of base fluid. This rationalization
the behavior of the nanofluid systems is of great interest in
order to understand the thermal properties found.

2. METHODS
2.1. Preparation of Nanofluids
Nanofluids studied in this work were prepared following
a two-step method.24 This method is extensively used in
the preparation of nanofluids by mixing the base fluid with
nanopowders obtained from different mechanical, physi-
cal and chemical routes. Au nanoparticles were synthe-
sized by the citrate reduction method, using sodium citrate
(C6H5Na3O7 ·2H2O, purity>99.0%, supplied by PanReac
AppliChem©) as reduction agent, and using tetrachloroau-
ric acid (HAuCl4, assay 99.9%, Sigma-Aldrich©) as Au
precursor agent. This reduction method constitutes the
first step in the nanofluid preparation. In the case of Ag
nanofluid, we have used commercial nanoparticles (purity
≥99%, density 10.490 kg m−3 at 298 K, Sigma-Aldrich©)

with a particle size lower than 100 nm. The second step
consists on dispersing the nanomaterial in the base fluid.
In this study, a commercial heat transfer fluid was used
as base fluid, it is composed of the eutectic mixture of
biphenyl (C12H10, 26.5%) and diphenyl oxide (C12H10O,
73.5%), supplied by the Dow Chemical Company©, model
DowthermA. Both compounds show practically the same
vapor pressure, consequently, the mixture can be treated
as if it was a single compound.
Three nanofluids of each metal, with a mass nanopar-

ticle concentration of 0.5 · 10−4, 1.0 · 10−4 and 5.0 ·
10−4 wt.% were prepared by dilution of other nanofluid
with 0.01 wt.% and the same amount of polyethylene
glycol (PEG, average molecular: 5000–7000, supplied
by PanReac AppliChem©). All nanofluids were prepared
using 100 mL of the base fluid. A sonication method was
used in all of them to obtain the dispersion of nanopar-
ticles. It was applied for 3 hours (∼50 W output power)
using a Sonics Vibra Cell VCX 750 sonicator, controlling
the temperature at 293 K in a thermal bath.

2.2. Characterization of Nanofluids
Several properties of nanofluids prepared were character-
ized to prove the possible enhancement of heat transfer
process for its application in Concentrating Solar Power
(CSP) plants.
To determine the chemical and physical stability of

nanofluids, two properties were studied. Chemical stabil-
ity was analyzed by visible spectroscopy. Spectra were
recorded in the visible range using a system mounted
in our laboratory composed of a halogen lamp (model
DH-2000-BAL) as illumination source and a USB2000+
spectrometer, both supplied by OceanOptics©. Moreover,
physical stability was analyzed by particle size measure-
ments using the Dynamic Light Scattering (DLS) tech-
nique supplied by Malvern© zetasizer Nano-Z system.
Measurements of particle size were recorder for one week.
Four properties were measured to verify the possible

enhancement of heat transfer process of nanofluids with
regard to base fluid by means the determination of the ratio
of the heat transfer coefficients of nanofluids and base fluid
using the Dittus-Boelter equation:

FoM = hnf

hbf

=
(
�nf

�bf

)0�8(
knf
kbf

)0�6(Cp�nf�

Cp�bf�

)0�4(
�nf

�bf

)−0�4

(1)
where h is the heat transfer coefficient, � is the density,
k the thermal conductivity, CP is the isobaric specific heat
and � is the dynamic viscosity,22�25�26 and the subscripts
nf and bf refer to the nanofluid and base fluid, respec-
tively. We note that there is an improvement in the effi-
ciency of the system whether the ratio hnf /hbf > 1. Thus,
density was estimated by a pycnometer and dynamic vis-
cosity was measured using a SV-10 viscometer supplied
by Malvern Instruments Ltd. Both properties were mea-
sured in a thermal bath to control the temperature and
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they were performed in triplicate. The isobaric specific
heat measurements were performed using a Temperature
Modulated Differential Scanning Calorimeter (TMDSC),
supplied by Netzsch© model DSC214Polyma. A standard
procedure was created to perform the measurements and
can be summarized in the following points: the tempera-
ture was equilibrated at 341 K to remove contaminants and
kept isothermal for 10 min; then the samples were equi-
librated at 288 K and the ramped to 373 K at 1 K/min.
A modulation around the studied temperatures with an
amplitude of ± 1 K and a period of 120 s was pro-
grammed. Finally, cooling was performed freely. Finally,
thermal conductivity was measured using the light flash
technique, using a LFA467 HyperFlash equipment, sup-
plied by Netzsch©. This technique really measures thermal
diffusivity (D) which is defined as the speed of heat propa-
gation by conduction during changes of temperature. This
property is related to thermal conductivity, isobaric spe-
cific heat and density by the following equation:

k�T �=D�T � ·Cp�T � ·��T � (2)

2.3. Computational Methods
2.3.1. Force Field
The TraPPE-EH force field27�28 was used to describe inter-
and intramolecular interactions between the molecules of
diphenyl oxide and biphenyl that compound the base
fluid. The TraPPE-EH force field treats aromatic rings
and directly linked atoms as rigid entities. Phenyl rings
were allowed to rotate with regard to each other around
the C1–C1′ bond of the biphenyl. Parameters used in our
simulations to study the metal nanoparticle were adapted
to a Non-Bonded Dummy Model,29�30 consisting on six
dummy atoms distributed around a central metal particle
in an octahedral geometry. The geometry of the dummy
complex itself is kept rigid by the imposition of large
force constants for the metal-dummy bonds. However, as
there are no bonds between the dummy complex and the
surrounding ligands, the overall rotation of the octahedral
frame around the nucleus is plausible since no internal
forces are associated. Therefore, the coordination geome-
try is not restricted to the geometry of the dummy model
used but rather the system has the freedom to exchange
ligands.

The TraPPE-EH force field and the Non-Bonded
Dummy Model use Lennard-Jones (LJ) and Coulomb
potential functions to represent the non-bonding
interactions:

u�rij �= 4�ij

[(
	ij

rij

)12

−
(
	ij

rij

)6]
+ qiqj

4
�0rij
(3)

where rij , �ij , 	ij , qi, qj , and �0 are the distance between
interaction sites i and j , the LJ well depth, the LJ diameter,
the partial charges on interaction sites i and j , and the per-
mittivity of vacuum, respectively. The Lorentz-Berthelot

combining rules were used to determine LJ parameters for
different interactions.

2.3.2. Simulation Details
Molecular Dynamics simulations were performed with the
DLPOLY code31 in the canonical ensemble (NVT) using
a Nose-Hoover thermostat and periodic boundary con-
ditions. The initial configurations are constructed with
de PACKMOL code32 providing cubic simulation envi-
ronments with a side length chosen to keep the density
of the experimental HTF at 298 K (1056 kg m−3�. In
each and every simulation performed, the box contained
a metal nanoparticle, 117 diphenyl oxide molecules and
48 biphenyl molecules.
A time step of 0.5 fs was used and the overall simulation

runs lasted for 1.0 ns. For the trajectory analysis, struc-
tures were saved every 100 time steps. A cut-off distance
of 9.0 Å was applied in all cases and the Ewald summa-
tion methodology33 applied to account for the long-range
electrostatic interactions.
Lastly, structural images were computed using Chem-

Craft 1.6.

3. RESULTS AND DISCUSSION
3.1. Nanofluids Stability
Stability of nanofluids is an essential and interesting
parameter to study in order to consider nanofluids as a
promising alternative in real applications. So, chemical
stability was analyzed to verify whether the addition of
nanoparticles causes chemical changes in the base fluid. To
study this, spectra were recorded in a range 400–800 nm
and they are shown in Figure 1(A). Ag and Au-based
nanofluids show a wide band up centered at 400–500 nm,
which is typical for colloidal suspension systems, since
the light is dispersed when it collides against nanoparti-
cles. Besides, this phenomenon occurs typically at lower
wavelengths.34�35 Bands at 630 and 870 nm appear both in
Au-nanofluids and the base fluid, and they can be assigned
to the fluid itself. In the case of Ag-nanofluids, it appears
only a soft peak at 870 nm, which also corresponds to
the base fluid. Consequently, no chemical modification
in the base fluid is observed due to the nanoparticles
incorporation.
Likewise, physical stability of nanofluids was ana-

lyzed from particle size measurements using Dynamic
Light Scattering (DLS) technique. Measurements were
performed for one week, registering several measurements
each day. Results obtained are shown in Figure 1(B). Parti-
cle size values obtained were higher than the nominal val-
ues for the nanoparticles because of DLS technique gives
information about the hydrodynamic diameter, which is
determined as the sum of the particle diameter and the
thickness of the diffuse layer known as Debye length.36

But also, for both sets of nanofluids, particle size increased
rapidly for few hours after the preparation, and after it
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Fig. 1. (A) Visible spectra for both sets of Ag and Au nanofluids and base fluid. (B) Particle size measurements using DLS technique for Ag and Au
nanofluids.

remained practically stable. The growth of the particle size
was due to agglomeration phenomena that occur after the
preparation, for several hours. After, the particle size was
considered stable over time.

3.2. Density
Density is a property that affects significantly to heat
transport. It is well-known that high density materials

enhance heat transfer process.37 Density of nanofluids
was measured in accordance with the nanoparticle mass
concentration. The density of the base fluid was also mea-
sured to verify the workability of the method followed,
which showed a deviation below 0.1% of mean value
(1056± 0.7 kg m−3� regarding to the value provided by
the supplier (1055.7 kg m−3�. Figure 2(A) shows density
values obtained for nanofluids and base fluid. An increase
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Fig. 2. Density (A) and dynamic viscosity (B) values versus nanoparti-
cle mass concentration of Ag and Au nanofluids.

in the density of up to 1.3% for the nanofluid with the high
nanoparticle content in the case of Au nanofluids, and an
increase up to 0.23% for Ag nanofluid were found.

3.3. Viscosity
Viscosity plays an important role in the heat transfer pro-
cess. It would be expected that the addition of nanopar-
ticles into a base fluid causes an increase in viscosity
values, and this increase is detrimental in terms of effi-
ciency because it can affect different elements in a solar
plant such as the pumping pressure or to lead to possible
drops in pressure. Therefore, it is essential to control any
possible increase in viscosity. Thus, viscosity was mea-
sured to correlate its influence in the heat transfer pro-
cess. Viscosity of the base fluid was also measured to
check the goodness of the method used. A deviation below
0.9% was found between the value obtained of base fluid
(4.030±0.004 mPa · s) and the value provided by the sup-
plier (4.060 mPa · s). Figure 2(B) shows the viscosity val-
ues obtained for all of nanofluids prepared. An increase of
up to 4.3% for the Au nanofluid with highest concentra-
tion of nanoparticle, and an increase of up to 4.5% in the
case of Ag nanofluid with the same amount of nanopar-
ticle were found. In addition, the results of viscosity are
coherent with previous results, where viscosity increases
when nanoparticles are added. The number of interactions
between the nanoparticles inside the fluid considerably
increasing, producing higher viscosity values.38�39 On the
other hand, the relation between viscosity and nanoparticle
mass concentration is not linear for both kind of nanoflu-
ids, as the Einstein model predicts for nanofluids with low
concentrations of nanoparticles.40 This suggests the exis-
tence of particle–particle interactions, which is not consid-
ered in the Einstein model for viscosity.

3.4. Isobaric Specific Heat
Isobaric specific heat values for Au and Ag nanofluids pre-
pared were measured in the temperature range 300–360 K

following the procedure described above. Figure 3(A)
shows the results obtained for both nanofluid and for the
base fluid. All nanofluids incorporating Ag nanoparticles
improve the isobaric specific heat values regarding to base
fluid. In fact, Ag nanofluid with the highest concentration
of nanoparticles shows an improvement about 7%. In the
case of Au nanofluids, the values of the isobaric specific
heat are close to the values for the base fluid. Only slight
changes were found. To understand these results, it is nec-
essary to know that the isobaric specific heat for solids is
lower than for liquids. Thus, it would be expected that iso-
baric specific heat is lower for nanofluids with respect to
the base fluid,41�42 and also it decreases when the nanopar-
ticle mass concentration increases.46–48 Thus, fact occurs
in Au nanofluid. By contrast, cases where the isobaric
specific heat increase when nanoparticles are added have
been reported,44�45�49 which is the same behavior found for
Ag nanofluids in this work. In this regard, Shin et al.50�51

suggest the existence of an internal structure within the
nanofluid generated by the specific interaction between the
nanoparticle and the base fluid, which depends on nature
and concentration of the components of the nanofluid.

3.5. Thermal Conductivity
Thermal conductivity of nanofluids prepared was mea-
sured at different temperature and the measurements were
performed using the light flash technique as is described
above. This technique really measures the thermal dif-
fusivity, which is related with thermal conductivity by
the Eq. (2). The thermal conductivity values obtained are
shown in Figure 3(B). Ag nanofluids show an enhance-
ment of thermal conductivity regarding to the base fluid.
The highest increase, up to 6%, is found for the nanofluid
incorporating the highest nanoparticle mass concentration.
This result is coherent with previous reports.52 Also, ther-
mal conductivity for Ag nanofluids decrease as the temper-
ature increased, following a similar tendency to the base
fluid. For the case of Au nanofluid, the improvement of
thermal conductivity appears significantly at high temper-
ature, giving an enhancement up to 3% for the nanofluid
with highest nanoparticle concentration.
Moreover, thermal conductivity of Ag nanofluids

increased as nanoparticle mass concentration increases.
Probably the interaction between base fluid/nanoparticle is
the responsible of the behavior found. The nature of all
the components in the nanofluid system is an important
variable. The base fluid used in this work is clearly dif-
ferent to other typically used due to the low polarity, and
therefore the interactions between the components depends
on the nature of the base fluid. Also, the formation of
aggregates affects to the properties of the nanofluids pre-
pared. As reported previously, effective hear conduction
through nanoparticle agglomerates leads to enhanced ther-
mal conductivity.53 Also, the increase in thermal conduc-
tivity for Ag nanofluids can be explained using several
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Fig. 3. (A) Isobaric specific heat and (B) thermal conductivity values for Ag and Au nanofluids. Values of base fluid reported by the supplier have
been included for comparison purposes. (C) Values of the ratio of the heat transfer coefficient obtained for Ag and Au nanofluids.

factors. First, the high thermal conductivity of Ag nanopar-
ticles with respect to the base fluid. Second, other impor-
tant reason is the presence of nanoparticles themselves
because of the interactions between the particles, which
were also observed by means of the viscosity results shown
above. Third, the interactions between nanoparticles and
the molecules of the base fluid could be the origin of the
Brownian motion, as reported previously.54

3.6. Performance of the Nanofluids
To analyze the efficiency of the nanofluids in heat transfer
applications, the ratio between the heat transfer coefficient
of nanofluids and the base fluid is estimated by the Dittus-
Boelter correlation (see Eq. (1)). Values for this ratio above
1 (hnf/hbf > 1) imply an enhancement in the efficiency
of the nanofluid with regard to base fluid. The ratio of
heat transfer coefficient was estimated at temperature at
which isobaric specific heat and thermal conductivity were
measured. Density and viscosity values were estimated
using the evolution of the values reported by the supplier
and considering the values measured for the nanofluids at
around temperature. Thus, Figure 3(B) shows the values
obtained for Ag and Au nanofluids. For Ag nanofluids, an

enhancement up to 6% was obtained for the nanofluid with
the highest nanoparticle mass concentration. However, Au-
nanofluid did not showed a significant improvement in no
case.
Therefore, Ag nanofluids would be consider as an inter-

esting alternative to the typical fluid used as heat transfer
fluid in CSP plants. Ag-nanofluids improve the thermal
properties without causing modifications in nature of base
fluid. Au-nanofluids do not present an improvement in the
heat transfer coefficient, consequently, their application in
CSP would not be logical. However, recent publications55

report a greatest enhancement of heat transfer coefficient
when Au-nanofluids are stabilizers by a surfactant. In any
way, presence of surfactant allows an effective stabiliza-
tion of gold nanoparticles that provides an improvement
in their thermal properties. As a result, the role of surfac-
tant is very important in the stabilization of nanofluids and
it open the possibility to applicate Au-nanofluids in CSP
systems.

3.7. Theoretical Analysis: Structural Properties
The study at molecular level of the nanofluidic sys-
tems was achieved by Molecular Dynamics, in order to
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Fig. 4. Radial distribution functions between the Ag–O, Ag–CO, Ag–C and Ag–H pairs in Ag-nanofluid system.

obtain information about how the base fluid molecules are
arranged around the metallic nanoparticle and the interac-
tions between them. Radial distribution functions (RDF)
and spatial distribution functions (SDF) are powerful tools
to gain greater knowledge about the nanofluid systems at
molecular scale. Through an extracted information of these
function is possible to identify the interaction between the
metal frameworks and the base fluid. For comparing both
nanofluids, performing calculations at 300 K was chosen.

Interactions between metallic nanoparticle and
molecules of base fluid were analyzed from radial distri-
bution functions, in particular those interactions between
silver and gold with four different atoms of the base
fluid molecules: O atoms of diphenyl oxide, C atoms of
biphenyl oxide linked to an O atom, C atoms of aromatic
ring and aromatic H atoms. Figure 4 shows the analysis
of the RDFs of the Ag–O, Ag–CO, Ag–C and Ag–H
pairs. For Ag–O interactions, the analysis of his RDF
shows an intense peak centered around 2.2 Å, which
integrates for two O atoms belonging to two diphenyl
oxide molecules. The small width of the peak means
clearly that two molecules of diphenyl oxide are localized
very close to the Ag atom. Consequently, the peak of the
interaction between Ag and C linked to O in diphenyl
oxide molecules is located at 3.2 Å and it integrates to
four atoms; that is, two C atoms for each molecule of
diphenyl oxide. For Ag–C interactions, three peaks are
observed in the RDF results. The first peak is intense
and it appears around 2.9 Å. It corresponds with eight
C atoms. The other two peaks appear at 4.2 and 5.2 Å,
and they integrate to 16 and 8 C atoms, respectively.
Finally, in the case of Ag–H, another three peaks can be
distinguished: a very intense peak centered at 3.8 Å and

two smoother peaks at 2.4 and 5.4 Å. The integration
of these peaks corresponds to 32 H atoms. With all this
information, a first layer of base fluid around the silver
nanoparticles may be described as two molecules of
diphenyl oxide and one molecule of biphenyl around the
Ag nanoparticle.
This arrangement can be better understood by the anal-

ysis of the SDF. Figure 5(A) shows the SDFs for the Ag-
nanofluid system at a distance of 4.0 Å, with the silver
atom in the center (green color). Red and blue spatial dis-
tributions correspond to O atoms and C atoms linked to O
atoms, while C atoms from aromatic rings were assigned

Fig. 5. Spatial distribution functions for the Ag-nanofluid (A) and Au-
nanofluid (C). Structures around the Ag (B) and Au (D) in the nanofluidic
systems.
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with sky-blue color. H atoms were not included in order
to clarify the image. Figure 5(B) shows a representation of
the SDF in order to clarify the position of the atoms and
molecules. Figures 5(A) and (B) show two molecules of
diphenyl oxide oriented towards Ag atom, being O atoms
close to Ag, and a molecule of biphenyl located around
Ag. These molecules build a cluster that possibly stabilizes
the system and causes an enhancement on thermal proper-
ties of the nanofluid due to the directionality of movement
that may favor a heat transport.
For Au nanofluids, Figure 6 shows the results of RDFs

for Au–O, Au–CO, Au–C and Au–H interactions. The
intense peak observed on the Au–O pair is also centered
at 2.2 Å, but it integrates only an O atom belonging to
one diphenyl oxide molecule. A weak peak appears at
5.7 Å, which corresponds to an O atom from another
diphenyl oxide molecule. For the interaction of Au–CO,
the peak integrates two C atoms, corresponding to one
diphenyl oxide molecule. Besides, a weak peak from 5.8 Å
is observed, and it is assigned to the second molecule
of diphenyl oxide. On the other hand, Ag–C interaction
shows a intense peak at 2.9 Å that integrates eight C atoms
and two less intense peaks at 4.2 and 5.7 Å, which corre-
spond to 16 and 10 C atoms, respectively. Finally, an anal-
ysis of the RDF of the Ag–H interaction reveals a weak
signal at 2.9 Å and a wide peak at 3.5 Å. Both integrate
1 and 15 H atoms that is a total of 16 H atoms. Last peak
at 5.8 Å corresponds to other 16 H atoms.
Although the analysis of RDF for Ag and Au-nanofluid

systems were calculated until 6.0 Å, in the case of Au-
nanofluid is interesting to discuss the signals appearing
around 5.5–6.0 Å to verify the existence of a second
molecule of diphenyl oxide. Describing the atoms with

Fig. 6. RDFs between the Au–O, Au–CO, Au–C and Au–H pairs in Au-nanofluid system.

the same colors previously assigned, Figures 5(C) and (D)
show the SDF for the Au-nanofluid system and a represen-
tation of the molecules in a radius of 6.0 Å with the Au
atom in the center (golden color). In this case, only one
molecule of diphenyl oxide and one molecule of biphenyl
are located around the Au atom, constituting the first layer
around the metal. This layer is not totally closed, so a
second molecule of diphenyl oxide appears close to this
layer.
This arrangement is not enough to approximate a ratio

of 2:1 of diphenyl oxide/biphenyl for Au-nanofluid as it
was for the Ag-nanofluid. For that, the first layer around de
Au does not cause an enhancement in thermal properties
due to the number of molecules of diphenyl oxide. Lit-
erature reports that thermal properties of nanofluids have
increased considerably when the distribution of molecules
of base fluid around the metal nanoparticle is 3:1 of
diphenyl oxide/biphenyl, which is the same proportion of
the eutectic mixture that composes the base fluid.56 In our
case, Ag-nanofluids show a ratio of 2:1 and improve mod-
erately the thermal properties of base fluid. In turn, Au-
nanofluid present an intermediate ratio between 1:1 and
2:1 and it does not cause significant modifications in ther-
mal properties of base fluid.
For instance, isobaric specific heat was calculated by

Molecular Dynamics from 50 to 600 K for both nanoflu-
ids and for the base fluid, by means of the plot of the
total energy versus temperature (Fig. 7). The values esti-
mated from the slopes in these plots were 2.15 ·103 J kg−1

K−1 for the Ag-nanofluid; 2.01 · 103 J kg−1 K−1 for the
Au-nanofluid and 1.94 · 103 J kg−1 K−1 for the base
fluid. These results are in accordance with the experimen-
tal results obtained, so that follow the same qualitative

8 J. Nanofluids, 7, 1–10, 2018
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Fig. 7. Plot of the total energy versus temperature for the base fluid
(black), Au nanofluid (red) and Ag nanofluid (blue).

tendency, Cp�Ag-nanofluid� > Cp�Au-nanofluid� > Cp�basefluid�, and
this is an evidence of the possible participation from
diphenyl oxide molecules in the enhancement of thermal
properties.

Moreover, most recent studies show the importance of
the use of surfactants in this type of systems, not only
from a stability point of view but also from its capability
to reorganize the system and improve thermal processes.
In fact, Au-nanofluid shows a remarkable improvement on
thermal properties regard to the base fluid when surfactant
is added in the preparation process.55

4. CONCLUSIONS
In this study, nanofluids based on a heat transfer fluid com-
posed of a eutectic mixture of diphenyl oxide and biphenyl
with Ag and Au nanoparticles were prepared. Both sets of
nanofluids were analyzed from an experimental and theo-
retical perspective.

The addition of metallic nanoparticles did not cause
chemical changes in the base fluid. An increase in den-
sity and viscosity was observed for all the nanofluids pre-
pared. Regarding to the thermal properties, Ag-nanofluids
showed an increase in both isobaric specific heat and ther-
mal conductivity. It was obtained an improve by up to 6%
of heat transfer coefficient for Ag-nanofluid with regard to
the base fluid according to an FoM based on the Dittus-
Boelter correlation. Consequently, the nanofluids based
on Ag nanoparticles enhance heat transfer efficiency, and
therefore the application of this kind of nanofluids as HTF
in CSP plants can be promising. However, Au-nanofluids
did not produce neither increase in the thermal proper-
ties cited above, so its application such as HTF would be
dismissed.

By the study of the radial distribution functions (RDF)
and spatial distribution functions (SDF), the structural

analysis around the Ag nanoparticle showed the existence
of a first-layer structure composed of two diphenyl oxide
molecules and one biphenyl molecule. Only a molecule
of diphenyl oxide and two molecules of biphenyl were
found around the Au nanoparticle. These different struc-
tures could explain the enhancement of thermal properties
in the case of Ag-nanofluids, due to the better re-ordering
of base fluid around the metal atom that seems to be
favored and leads to an increase of thermal properties.

NOMENCLATURE
� Density kg ·m−3

� Dynamic viscosity mPa · s
h Heat transfer coefficient a.u.
k Thermal conductivity W ·m−1 ·K−1

D Thermal diffusivity m2 · s−1

Cp Isobaric specific heat J ·kg−1 ·K−1

T Temperature K.

Subscripts
bf Base fluid
nf Nanofluid.

ABBREVIATIONS
HTF Heat Transfer Fluid
CSP Concentrating Solar Power
RDF Radial Distribution Function
SDF Spatial Distribution Function
FoM Figure of Merit
DLS Dynamic Light Scattering

TMDSC Temperature Modulated Differential Scanning
Calorimetry

LFA Light Flash Analysis.
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