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ABSTRACT 
 
Nanofluids are colloidal suspensions of nanoparticles in a base fluid with interesting physical properties and 
large potential for heat transfer enhancement in thermal systems among other applications. There are an 
increasing number of nanofluids investigations concerning many aspects of synthesis and fabrication 
technologies, physical properties, and special applications. Results demonstrate that physical properties like 
high thermal conductivities and high critical heat flux (CHF) of some nanofluids classifies them as potential 
working fluids for high heat flux transportation in special systems, including thermal management of 
microelectronic devices (MEMS) and nuclear reactors. Understanding the importance of such investigations for 
the knowledge development of nuclear engineering a new research is being conducted at the Nuclear 
Engineering Center (CEN) of the Nuclear and Energy Research Institute (IPEN/CNEN-SP) to analyze the 
application potentiality of some nanofluids in nuclear systems for heat transfer enhancement under ionizing 
radiation influence. In this work a revision of theoretical and experimental studies of nanofluids is performed 
and its potentiality for using in future generations of nuclear reactors is highlighted showing the status of the 
research at present.  
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1. INTRODUCTION 
 
The challenge of developing new, safe, more efficient and lower cost generations of nuclear 
reactors involves the development of research programs on new materials and processes, 
characteristics and technical and economic feasibility. In particular, this implies the breaking 
of paradigms and investment in the development of advanced technologies applied in all 
sciences involved. 
 
Actually, there are three main technologies of fission based technology nuclear reactors 
classified according to the working fluid: light water reactors (water, e.g. PWR and BWR) 
and heavy water (HWR), gas cooled reactors (CO2 and He, e.g. GCR and AGR) and reactors 
cooled liquid metal salts (Na, NaK and Hg, e.g. LFR and LMFR) [1,2]. According to the 
selection criteria of the fluid responsible for the removal and transport of heat produced in the 
nuclear reactor core, it is possible to meet the quality requirements of thermal (heat removal 
capacity), physical-chemical, nuclear and economic fluid according to Bouré (1964) [3]. The 
fluid thermal quality criteria regards to pumping power, reactor core heat removal capacity, 
and the fluid thermal transport function, being a compromise between these two 
characteristics. The physical-chemical properties criteria regards to stability and 
thermodynamic properties due to the fluid temperature and ionizing radiation (dissociation 
phenomena and chemical ionization), and the chemical activity (corrosion and toxicity). The 
nuclear criteria regards to the neutron absorption capacity, thermal neutron moderation and its 
activation in the presence of ionizing radiation. The last criteria, is the economic one, which 
relates to the fluid cost of production, storage and treatment.  
 
However, for future generations of nuclear reactors (Generation IV), it is necessary to 
develop researches on new materials, fuel, and cooling fluids, and more efficient heat transfer 
processes, considering the need of increasing power density. Furthermore, due to energy 
economic aspects, the development of new generation of nuclear reactors implies on costs 
reducing design, manufacture, plant construction and operation, without losing sight of safety 
factors increasingly restrictive due to accident occurrence like recently Fukushima earthquake 
and consequent nuclear power plant accident [4]. 
 
Among the new technologies that currently stand out for this purpose, high performance 
cooling fluids such as nanofluids are a promising technology for application in various 
nuclear reactor systems for high heat fluxes removal and transport. Nanofluids and its various 
applications on heat transfer area are currently one of the topics of nanotechnology with 
increasing number of scientific publications, which shows it importance in recent decades, 
although Brazil's contribution in this area is still reduced [5]. 
 
As shown by recent researches [6-13], nanofluids have very interesting physical properties 
regarding to their capacity to transfer high heat fluxes from warm surfaces. The most 
investigated application for nanofluids are micro and nano electronic dispositive, like 
microprocessors of high performance [13]. Currently, there are research groups in the world 
working on that surprising nanofluid characteristic, and on the influence of ionizing radiation 
on nanofluids, glimpsing the possibility of its use as an emergency cooling fluid (or as a 
working fluid in the future) for nuclear reactors core in the event of accidents. These surveys 
are still focused on more precise knowledge of nanofluids and their physical properties with 
and without the action of ionizing radiation. At the same time, other researchers have 
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investigated it ability on heat removal and transport in various systems under various 

operational conditions [14-21]. 
 
It is possible to defined nanofluids as a colloidal suspension of chemically stable 

nanoparticles dispersed in a base fluid (water, aqueous solutions, etc.) at concentrations 

ranging from 0.01% up to 50% by volume. The used nanoparticles vary widely, since metals 

(Cu, Ag, Au, Fe, Ti, and others), metal oxides (Al2O3, CuO, FeO, ZrO2, SiO2, MgO, TiO2, 

ZnO, etc.) and compounds carbon-based (graphite, diamond, carbon nanotubes), just to give 

some examples. As illustration, Fig 1,show the TEM picture os a TiO2 based nanofluid 

dispersed in water [28]. 
 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 
(d) 

 
Figure 1 - TEM pictures of metal oxide nanoparticles dispersed in distilled water: (a) 

Al2O3, (b) FeO, (c) TiO2, and (d) ZrO2-Y2O3 [28]. 
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Concerning nanofluids application in heat transfer processes, thermal-hydraulic properties are 
very important to classify them a usable fluid. In literature, most of researches focus are heat 
transfer capacity, thermal conductivity and pressure drop characteristics of nanofluids in 
systems. Next section describes the main results obtained by researches about those physical 
properties giving a perspective of nanofluids applications.  
 

1.1 Physical Properties 

 
Nanofluids have higher viscosity than their base fluids and potentially require greater 
pumping power to have the same thermal performance. They have flow properties similar to 
those of a liquid base phase and have little or modest increase in the turbulent pressure loss. 
The increase in thermal conductivity can be compensated by an increase in viscosity, 
decrease in effective specific heat or change in wettability [13,14]. This flow behavior is 
attractive for the applications in engineering. To obtain good results in practical applications 
processes, heat transfer fluids should be designed to increase the heat transfer coefficient 
without penalizing the pressure loss. This requires an accurate selection of particle shape, 
size, materials and concentrations. In case of applications in reactor core (as postulated) with 
the presence of ionizing radiation requires nanofluids with low activation characteristic in 
such way that low radiation doses occurs. 
 
Researches carried out in this specific field show that there is linearity correlating data and 
behavior of Newtonian fluid for nanofluids analyzed. A particle size is a factor that must also 
be considered. Results show, for example, the viscosity of Al2O3 based nanofluids not only 
increases as a non-linear way with concentration, but also on the size of nanoparticles in the 
size of the tube. There are findings which show zero viscous shear stresses for CuO/ethylene 
glycol based nanofluids, and which changes abruptly when the volume fraction of particulate 
becomes greater than 0.2%. Therefore, the volume fraction is regarded as the limit dilution. 
Substantial improvement in thermal conductivity is achievable only when the concentration 
of particles is less than the limit dilution. At concentrations above this limit, where both 
rotation and translational Brownian are restricted, there is no further increase in conductivity 
predictions beyond the effective medium theory. For some nanofluids the aggregate particles 
has a strong effect on the viscosity as much on the thermal conductivity of nanofluids. 
 

1.1.1 Nanofluid thermal conductivity: theoretical and experimental models 

 
The main feature of nanofluids is the fact that its thermal conductivity is higher than the base 
fluid. The first experimental studies on thermal transport properties of nanofluids aimed to 
study the surprisingly changes created by high concentrations of metal oxides nanoparticles 
in a water based fluid [15,16]. Currently, the number of studies on nanofluids thermal 
conductivity stands in relation to fluid behavior due to the increase of that property. There 
are, for example, studies indicating a nonlinear relationship between the thermal conductivity 
and the concentration in the case of nanofluids containing carbon nanotubes. Furthermore, it 
is observed that thermal conductivity is strongly temperature dependent and significant 
increase in the critical heat flux (CHF) at boiling heat transfer processes. There are reports 
that nanofluids tested exhibit thermal conductivity higher than 50% of the base fluid. 
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Timofeeva et al (2007) [19] present a theoretical and experimental study combining heat 
conduction and particle agglomeration in nanofluids. In the experimental part, nanofluids 
Al2O3 in water and ethylene glycol are characterized by measurements of thermal 
conductivity, viscosity, dynamic light scattering, and other techniques. Results show that the 
particle agglomeration state evolves in time, even the use of surfactants. The data also show 
that the thermal conductivity is within the range predicted by the effective medium theory. On 
the theoretical side, a model is developed for heat conduction through a fluid containing 
nanoparticles and clusters of different geometries. Calculations show that the elongated and 
dendritic structures are more efficient in increasing the thermal conductivity of the compact 
spherical structures with the same volume fraction and surface tension is the major factor 
resulting in lower thermal conductivity than the proposed model. These results suggest that 
the geometry, state of agglomeration, and the surface of the nanoparticles are the main 
variables that control nanofluids improvement in thermal conductivity. 
 
Recent researches try to explaining how the thermal conductivity of nanofluids varies widely 
depending on variables such as nanoparticle concentration and temperature. Some effective 
theories introduced by Mossotti, Clausius, Maxwell and Lorenz in the late 19th century, firmly 
established with the work of Bruggeman (1935), have been extensively verified and applied 
in many fields of science and engineering since then [14]. 
 
Buongiorno (2006) [6] reported a 40% increase in thermal conductivity of ethylene glycol 
with 0.3 vol% of copper nanoparticles of 10 nm in average diameter. Das et al. [15] observed 
increasing of 10-25% in thermal conductivity of water based nanofluid with 4.1 vol% of 
Al2O3 nanoparticles. Moreover, it appears that the thermal conductivity of nanofluids is a 
strongly increasing function temperature, much more so than pure fluids. 
 
The simplest models to explain the effects of increased thermal conductivity composites 
require that the particles are spherical, where the interface effects are negligible. In other 
words, at this stage, we do not consider the finite thermal conductance of interface 
particle/fluid. In the limit of low concentrations of nanoparticles, all versions of the theories 
presented so far converge to the same solution, but in the limit of high concentrations, there is 
no consensus among the theories presented yet. 
 
1.1.2 Viscosity 

 
Most of authors referred before present conclusions about cinematic viscosity of nanofluids. 
It is an important parameter concerning convective heat transfer capacity of nanofluids in 
hydraulic circuits. According to Motta (2012) [24], in a general way, nanofluids viscosity 
follow the base pure fluids behavior. For most metal oxide base nanofluids investigated, 
cinematic viscosity of nanofluids increase with volumetric concentration of nanoparticles; 

temperature is inversely related to the cinematic viscosity of nanofluids. Figure 1 example the 

behavior of as α-SiC based nanofluid thermal conductivity and viscosity with particle size 
[25]. 
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Figure 1 - Dependence of thermal conductivity (at 22.5 ◦C) and viscosity (at 25 ◦C) of 

water-based nanofluids on the size of α-SiC for particle concentration of ∼∼∼∼4.1 vol% and 

pH ∼∼∼∼9.4 [19]. 
 
 
1.3 Surface contact angle 
 
The surface contact angle of a cooling fluid has been show as an important variable 

concerning heat transfer capacity, mainly in boiling conditions. The critical heat transfer 

(CHF) of a certain fluid is intrinsically related with surface wettability that is closely 

influenced by surface contact angle of that fluid. The surface contact angle of measured metal 

oxide nanofluids vary with particle volumetric concentration. 
 
1.4 Heat transfer capacity 
 
For the laminar convection heat transfer process, studies show that the coefficient of heat 

transfer laminar some nanofluids increases rapidly to values of Reynolds number (Re) higher 

and may be up to 150%. This coefficient increases with the dimensionless axial distance x/D. 

The heat transfer coefficient of the laminar nanofluids nearly doubled the upper limit of the 

Reynolds number range tested, but also decreased with increasing concentration in the range 

from 1.1 to 4.4 vol%. 
 
For nanofluids turbulent flow heat transfer the Nusselt number (Nu) increases the heat 

transfer coefficient up to 3-12%. Coefficient Heat transfer in turbulent nanofluids based on 

Cu/water increased by about 40% concentration 2% vol. The friction coefficient is not 

affected by the concentration of particles for a given Reynolds number (Re) for flow is 

laminar or turbulent. Research conducted at the Massachusetts Institute of Technology (MIT) 

[6-11] showed that, for heat transfer of single-phase convection, heat loss in nanofluids 
Al2O3/H2O ZrO2/H2O present no resemblance to the behavior of pure fluids. In this case, the 

temperature dependence and thermal load with respect to thermophysical properties were 

measured and used for definitions of dimensionless numbers Reynolds (Re), Prandtl (Pr), and  

Nusselt (Nu). 
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In addition, with respect to particle size influence on convective heat transfer in single phase 
flow, it was shown that thermal conductivity increases with decrease in particle size. The 
nanoparticles in the range of 95-210 nm have a marginal effect on the coefficient of heat 
transfer. However, there are recent studies that show the opposite trend. This finding is 
consistent with the recent results from turbulent flow, showing the dependence of 
nanoparticles size with the coefficient of turbulent convective heat transfer. It is a significant 
conclusion. 
 
In the case of boiling heat transfer, most of the experiments on boiling nanofluids in the pool 
shows that the nanoparticles deteriorates the coefficient of boiling heat transfer. However, 
when used in diluted nanofluids ratio of 0.3 vol% was observed that nanoparticles can 
improve the Al2O3 boiling heat transfer up to 40%. Interestingly, some studies have shown 
also that heat transfer coefficient of nanofluids increases for small volume fractions of the 
order of 2%, but decreases for volume fractions larger than this. Therefore, the nanoparticle 
concentration has been shown as an important factor in process. 
 
An increase of up to three times of critical heat flux (CHF) for nanofluids Al2O3/H2O 
relatively to the base fluid (water) at a concentration of 10 ppm has been observed. The 
increase the critical heat flux has been confirmed also for particles SiO2/H2O, besides the 
fact that an increase in the pH of nanofluid increases with CHF as 350%. In studies on heat 
transfer after-critical heat flux (post-CHF), a group of MIT [6-11] first demonstrated that 
nanofluids may improve significantly post-CHF boiling (film boiling). Other studies have 
also have shown that nanofluids have a higher rate of heat transfer in film boiling. These 
findings are significant because they could pave the way to make nuclear reactors safer. 
Furthermore, it was shown that in a mini heat pipe, the coefficient of heat transfer and the 
CHF-based nanofluids increases CuO considerably with decreasing pressure, compared with 
the water. 
 

2. FUTURE AND EXPECTED RESULTS 
 

Research projects, proposing to study the nanofluids physical properties and cooling capacity 
for applications in special systems like nuclear reactors is encouraged. The choice of best 
nanofluids as function of two fundamental aspects, the recognized increase its thermal 
conductivity and critical flow heat, must be carried out as demonstrated important works [13-
22]. According to Buongiorno & Hu (2009) [8], to obtain best thermal performance on 
nuclear reactors applications the requirements for nanofluids include: minimal impact of the 
nanoparticles on the neutronic behavior of the core, maintaining operational safety and cost-
effective. Low nanoparticle concentrations appear to be negligible impact on neutron 
transport in the core; minimal activation of the nanoparticles under ionizing radiation to avoid 
excessive coolant radioactivity. It is related to the nanoparticle material selection to avoid 
nanofluid long time activation (e.g., silica, alumina); to have compatibility with the reactor’s 
chemical and radiation environment (stabilization, pH). In this case, the use of surfactants is 
probably incompatible (complex molecules); Low cost of the nanofluids. The production in 
large volumes may have relatively low cost (Al2O3 @ 0.01% vol., runs at about $50 per 
gallon). Comparing to benefit of having higher power density in the reactor core.  
Greater understanding of the changing physical properties of nanofluids compared to their 
base fluid (water) especially those related to the high cooling capacity; understanding the 

relationship between the thermal conductivity and other properties physical against the 
concentrations of nanoparticles; greater understanding of the effects that ionizing radiation 
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can generate about nanofluids studied, the generation of activation products in samples and / 
or changes in the structure of the nanofluids; greater understanding of what benefits the use 
of nanofluids can add efficiency and security of future generations of nuclear reactors. These 
are some of desired results of new research line which is shown as being one of the most 
promising on nuclear engineering and material application. 
 

3. CONCLUSIONS AND REMARKS 
 
An extended literature review on nanofluids properties and applications, mainly for  new 
generations of nuclear reactors was carried out with aims of to give an overview on the actual 
status of such research line worldwide, and to be a conduction line for the new research area 
in development at CEN/IPEN/CNEN-SP group. 
Concerning thermal conductivity of main metal oxide nanofluids investigated, it is possible to 
conclude that volumetric concentration, particle size/shape and temperature are important 
variables. Investigations need to be performed to characterize the effects of ionizing radiation 
on nanofluids and its application proving his ability as a working fluid or emergency in 
nuclear reactors. 
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