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Abstract 

Nanofluids are considered as promising alternative in heat exchange processes to the 

classical fluids, which usually present poor thermal properties. One interesting 

application for nanofluids is as heat transfer fluid in solar thermal applications plants. 

Boron nitride nanotubes present interesting thermophysical properties for use in 

nanofluids. Therefore, nanofluids based on boron nitride nanotubes were prepared by a 

two-step method, dispersing this nanomaterial in a heat transfer fluid typically used. 

Stability, rheological and thermal properties of the nanofluids were analysed. To check 

the stability, ultraviolet-visible spectroscopy and particle size and -potential 

measurements were performed for a month, obtaining that the nanofluids were stable. 

Furthermore, surface tension was measured and no significant differences were observed 

with regard to the base fluid. In a variable range of temperature, nanofluids show 

Newtonian behaviour with a slight increase in viscosity. Besides, the boron nitride 

nanotubes caused an increase in thermal conductivity of up to 33% with regard to the base 

fluid. The use of these nanofluids also led to an improvement in the heat transfer 

coefficient under turbulent flow conditions of up to 18%. Finally, the analysis of the outlet 

temperature in solar thermal applications shows that these nanofluids are a promising 

alternative in this application. 

 

 

Keywords: Concentrating Solar Power; Nanofluids; Boron nitride nanotubes; Thermal 

properties; Rheological properties. 
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1. Introduction 

The concept “nanofluids” was proposed by Choi [1] in 1995 and they are defined as 

dispersion of nanometre size materials in a liquid.  Over the last decade, a wide range of 

combinations of nanomaterials and fluids has resulted in nanofluids receiving a great deal 

of attention as a promising option for enhancing heat transfer and thermal properties with 

regard to conventional fluids such as water, ethylene glycol and engine oil. For example, 

using water as a base fluid, Teng et al. reported improvements for water/alumina 

nanofluids [2] or Gao et al. reported enhanced heat transfer properties for graphene 

nanoplatelet water-based nanofluid [3]. Also, using ethylene glycol as the base fluid, 

improvements in some thermal properties have been reported for nanofluids based on SiC 

[4], ZnO [5], SiO2 [6],… Moreover, using oils, some nanofluids have been studied, for 

example the analysis of the layering and clustering phenomena in CuO-based nanofluids 

[7], the study of thermal and rheological properties of graphite-based nanofluids [8], or 

the analysis of the thermal properties and electrical insulation of h-BN based nanofluids 

in a dielectric oil [9]. A practical application for these nanofluids could possibly be found 

in the solar thermal industry, as in the emerging field of Concentrating Solar Power (CSP) 

[10, 11]. This new technology concentrates solar radiation in a receptor where solar 

energy is transformed into thermal energy, reaching high temperatures [12]. Receptors 

such as the tower power system, linear Fresnel, parabolic dish or parabolic trough 

collectors contain a heat transfer fluid, generally molten salt or thermal oil [13], which 

recirculates and is used to evaporate water for electricity generation. 

Much of the research into the heat transfer enhancement of nanofluids has focused on 

metallic nanoparticles, for example Cu in synthetic oil [14], Cu/diethylene based 

nanofluids [15], or the comparison of the effect of Cu and Ni nanoparticles in thermal 

properties of nanofluids [16], and also on metallic oxide nanoparticles, such as the 
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analysis of the drastic enhancement of the thermal conductivity in NiO-based nanofluids 

for solar thermal applications [17], the study of alumina-based nanofluid in synthetic oil 

[18], and also using TiO2 nanoparticles [19]. Recently, 2D nanomaterials [20] have 

appeared as an attractive alternative due to the high surface area they have available for 

heat transfer. Moreover, other current studies reporting interesting results have led to the 

development of 1D nanomaterials such as carbon nanotubes, which show good values of 

intrinsic thermal conductivity [21], and also have been used in water-based nanofluids 

with interesting results [22].  

Belonging to the new field of 1D nanomaterials, boron nitride materials possess very 

similar structures to those showed by carbon materials, with analogous morphologies, 

similar mechanical properties and remarkable chemical inertness [23]. One of the first 

efforts to achieve boron nitride materials was carried out in 1981 by Ishii [24], who 

obtained whisker-like material on boron nitride and the perfect tubular boron nitride 

structure was synthesized in 1995 through an arc-discharge technique [25]. Many 

techniques were adapted to synthesize these materials, such as laser ablation [26] or 

chemical vapour deposition [27]. BN nanostructures, shaped like flakes, tubes or ribbons 

[28], are relatively new materials that have had repercussion on areas such as hydrogen 

storage [29], electronic structures [30] and, in particular, in the field of heat transfer [31]. 

The use of BN in production of nanofluids and the evaluation of their properties is a new 

and recent field of investigation as evidenced in the following short literature review on 

this topic. Li et al [32] prepared nanofluids based on boron nitride with different sized 

nanoparticles and ethylene glycol as the base fluid and demonstrated that nanofluids with 

larger nanoparticles had higher thermal conductivity than smaller ones. Zhi et al [23] 

worked with BN nanotubes (BNNTs) and BN nanospheres (BNNSs) and water as the 

base fluid, and they achieved 2.6 times and 1.6 times enhancement of thermal 
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conductivity compared to the base fluid for a 6 vol % fraction of BNNTs and BNNSs 

nanofluids, respectively. Taha-Tijerina et al [33] demonstrated high thermal conductivity 

in nanofluids with hexagonal boron nitride in mineral oil. İlhan et al [34] reported an 

enhancement of thermal conductivity for hexagonal BN nanofluids of up to 26%, 22% 

and 16% at volume concentrations of 3% for water, water/ethylene glycol mixture and 

ethylene glycol based nanofluids, respectively. Lastly, Michael et al. [35] investigated 

near spherical BN nanoparticles in the concentration range 0.5-3 in vol.% dispersed in 

ethylene glycol and a mixture of water/ethylene glycol. Thermal conductivity 

enhancement of these nanofluids is higher than 12% at 3 vol.% without change with 

temperature increase. However, such an enhancement is accompanied by a change in 

Newtonian behaviour of base fluid to shear-thinning with an increase in viscosity up to 

40%. More recently, Gomez-Villarejo et al. [36] experimentally studied water-based 

nanofluids containing BN nanotubes with low volume fraction ranging from 0.08 to 

0.25%. A maximum enhancement of 8% and 10% in isobaric heat capacity and thermal 

conductivity was respectively achieved at 70°C. Interestingly, such results were obtained 

with no significant change nor enhancement in rheological properties. 

As continuation of this previous work for high temperature application, the current study 

reports the experimental investigation of the temporal stability, thermophysical and 

rheological properties, as well as the application in CSP plants of nanofluids based on 

BNNTs and a synthetic oil commonly used in this kind of plants. First, stability and all 

thermophysical properties are determined with regard to the amount of nanomaterial 

added and for wide range of temperature until 363K. Then, the possible application in 

CSP plants is evaluated by means of the estimation of heat transfer coefficient and the 

outlet temperature. The production and characterization of stable commercial thermal oil 

nanofluids using BNNTs is here done for the first time, and a significant improvement in 
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heat transfer processes is here originally reported leading to promising application in 

CSP. 

 

2. Material and methods 

2.1. Nanofluids preparation 

The nanofluids were formulated by a two-step method [37] whereby the first process is 

the synthesis of nanomaterial and the second involves the dispersion of the nanomaterial 

into a base fluid. The base fluid was prepared by mixing the typical heat transfer fluid 

(HTF) used in CSP plants with an adequate amount of Triton X-100 that acts as surfactant. 

This HTF was Dowtherm A, the eutectic mixture of biphenyl (C12H10, 26.5%) and 

diphenyl oxide (C12H10O, 73.5%), supplied by The Dow Chemical Company©. Triton X-

100 (C14H22O(C2H4O)n, average molecular weight of 625, density: 1.07 g/cm3, purchased 

by Panreac©,) is a non-ionic compound that has a hydrophilic polyethylene oxide chain 

and an aromatic hydrocarbon lipophilic or hydrophobic group which was used as a 

stabilizing agent to improve the stability of the nanomaterial in the base fluid, a common 

procedure with nanofluids [38]. The nanomaterial used was boron nitride nanotubes 

(BNNTs, purchased by Sigma-Aldrich©) with a BNNTs content over 50% and elemental 

boron free lower than 25%, and a surface area (BET) above 100 m2/g. BNNTs were 

produced from inductively coupled plasma synthesis in the absence of metal catalysis 

according to the manufacturer’s specification. While the manufacturer indicates an 

average nanotube diameter of about 5±2 nm, SEM characterization described earlier [36] 

and reported in Figure 1 shows the directionality of this nanomaterial, which creates an 

entanglement of nanotubes that have a diameter of around 20-30 nm. In addition, some 

impurities with a spherical morphology are also observed. Also, the density of BNNTs 

was previously evaluated from gas pycnometry to 1396.5 kg m-3 [36]. 
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Figure 1. SEM images obtained for BNNTs used for preparing nanofluids. 

 

To prepare the base fluid, an initial solution of base fluid with 0.35 vol.% of Triton X-

100 was prepared and magnetically stirred for thirty minutes. Three nanofluids with 

different BNNT mass concentrations, 1 · 10-3, 3 · 10-3 and 5 · 10-3 wt.% respectively were 

obtained from the dilution of the initial solution. A sonication method was used for the 

optimal dispersion of the nanomaterial in the base fluid. A frequency of 80 kHz was 

applied for 4 hours using an Elmasonic P by Elma®, the temperature being maintained 

below 303K in a thermal bath. A base fluid sample without nanomaterial was also 

prepared for comparison purposes. 

 

2.2. Nanofluids characterization and performance 

Several properties were measured to determine the stability of the nanofluids and the 

possible enhancement of their thermal properties with regard to the base fluid. 

The stability of the nanofluids was tested by dynamic light scattering (DLS) 

measurements to obtain an accurate representation of nanoparticle size distribution. 

Another quantitative approach for determining the stability of the nanofluids was through 

-potential measurements, to understand the interactions between the nanomaterial in 

suspension and therefore the agglomeration process. Both measurements were carried out 
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using a Zetasizer Nano ZS system supplied by Malvern Instruments© (Malvern, United 

Kingdom). In parallel, a follow-up to study the sedimentation processes was carried out 

by means of UV-Vis spectroscopy, using a system composed of a DH-2000-BAL halogen 

lamp as the light source and a USB200+ spectrometer, both devices supplied by Ocean 

Optics© (Ocean Optics, United Kingdom). The UV-vis spectra, particle size and -

potential measurements were recorded several times each day for 30 days. 

Several thermophysical properties were also analysed in this work to determine the 

efficiency of the nanofluids because they are involved in the heat transfer coefficient (h), 

as evidenced in [39]. Therefore, surface tension, density, viscosity, isobaric specific heat 

and thermal conductivity were characterized, from the experimental procedures described 

in the following, in order to evaluate the performance of the nanofluids. 

Furthermore, surface tension (ST) at the interface between air and both the base fluid and 

nanofluids was measured employing the pendant drop technique with a KRÜSS GmBH 

DSA-30 Drop Shape Analyzer (Hamburg, Germany). As in our previous work [36], drops 

are produced within a temperature chamber at controlled temperature in the 283-323K 

temperature range after ten 10 mins at the required temperature. A 15-gauge needle with 

an outer diameter of 1.835 mm was use to generate drops keeping under control the flow 

rate and volume, as reported in literature [40]. Surface tension values are registered from 

a drop produced at the end of the needle and its shape analysis from the Young-Laplace 

equation. The reported ST values were measured at least ten times and no significant 

deviation was found between replicates. A maximum relative deviation of 0.1% was 

obtained with pendant drop calibration gauges at 293 K. 

The density of the nanofluids was estimated by a pycnometer immerse in a thermal bath 

to keep the room temperature and the measurements were performed in triplicate. 

Moreover, rheological measurements were performed in a wide temperature range of 
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283K to 363K with a Malvern Kinexus Pro stress-controlled rheometer (Malvern 

Instruments Ltd©, United Kingdom) working with a cone-and-plate geometry under 

steady-state conditions. The angle and diameter of the cone were 60 mm and 1º 

respectively. Measurements were taken imposing a logarithmic shear stress ramp which 

was selected to cover a shear rate range between 100 and 1000 s-1 for each sample. 

Temperature was established and controlled by a Peltier temperature control system with 

a precision of ±0.1K, and this system was linked to thermal clovers to ensure a constant 

temperature within the sample gap during measurements. The samples were left at the 

required temperature for five minutes before beginning the experiments. The number of 

points per decades was adjusted to avoid sample evaporation during measurement. 

Evaporation cannot be controlled at temperatures higher than 363K. A comprehensive 

description of this experimental procedure and uncertainty evaluation in viscosity lower 

than 4% were reported earlier [41]. Viscosity of Dowtherm A, the base fluid (Triton X-

100 solution in Dowtherm A) and all nanofluids prepared was measured in several 

replicates to evaluate the influence of the surfactant and the nanoparticle content 

respectively.  

Isobaric specific heat measurements were taken using a Temperature Modulated 

Differential Scanning Calorimeter (TMDSC), supplied by Netzsch© model DSC214 

Polyma. The experiments were performed in aluminium crucibles and a standard 

procedure was established to perform the measurements, which can be summarized as 

follows: the temperature was equilibrated at 341K to remove contaminants or impurities 

and kept isothermal for 10 min; then the samples were equilibrated at 288K and then 

ramped to 373K at 1 K/min. A modulation was programmed around the studied 

temperatures with an amplitude of ± 1 K and a period of 120 s. Finally, the samples were 
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allowed to cool freely. Isobaric specific heat values were estimated based on the ratio 

method with a sapphire standard sample as a reference of known thermal properties. 

Finally, thermal diffusivity, defined as the speed of heat propagation by conduction 

during changes of temperature, was analysed by the laser flash technique, using LFA467 

HyperFlash equipment, supplied by Netzsch©. The thermal conductivity (k) is estimated 

by the relationship between thermal diffusivity (D), isobaric specific heat (CP) and density 

(), given by the equation [42]. 

 

𝑘(𝑇) = 𝐷(𝑇) · 𝐶𝑃(𝑇) · 𝜌(𝑇) (1) 

 

On the other hand, taking into account the properties measured, the possible enhancement 

of the heat transfer process under turbulent and laminar flow conditions can be verified. 

Under turbulent flow conditions such as those found in CSP plants, the Dittus-Boelter 

equation was used as a Figure of Merit (FoM) [43]. This FoM gives the ratio between the 

heat transfer coefficient (h) of the nanofluids with regard to the base fluid, which depends 

on density, thermal conductivity, isobaric specific heat and dynamic viscosity (). 

Mathematically, it is defined as 

 

𝐹𝑜𝑀 =
ℎ𝑛𝑓

ℎ𝑏𝑓
= (

𝜌𝑛𝑓

𝜌𝑏𝑓
)

0.8

(
𝑘𝑛𝑓

𝑘𝑏𝑓
)

0.6

(
𝐶𝑝(𝑛𝑓)

𝐶𝑝(𝑏𝑓)
)

0.4

(
𝜇𝑛𝑓

𝜇𝑏𝑓
)

−0.4

 (2) 

 

where all variables have been defined previously and subscripts nf and bf is referred to 

nanofluid and base fluid, respectively. An improvement in the heat transfer efficiency is 

considered when hnf / hbf > 1. Such an expected improvement has to be evaluated with 

regards of possible enhancement of friction factor due to the presence of nanoparticles 
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that modify the thermophysical properties of base fluids. For turbulent flow and smooth 

pipe absorber generally encountered in CSP and parabolic collector, the friction factor 

can be evaluated from the following equation in the range Re = 3000–108 [44]: 

 

𝑓 = 0.25 [𝑙𝑜𝑔 (
150.39

𝑅𝑒0.98865
−
152.66

𝑅𝑒
)]

−2

 (3) 

 

where Re is defined by the following equation 𝑅𝑒 = 𝜌𝑉𝑎𝑣𝐷 𝜇⁄  with  and µ the density 

and the dynamic viscosity of fluids respectively, Vav and D being the average fluid 

velocity in the inner pipe and the inner pipe diameter. 

Also, according to the criterion of Prasher [45], under laminar flow conditions a nanofluid 

is considered to improve the efficiency when the dynamic viscosity increase (DVI) is less 

than four times the thermal conductivity enhancement (TCE), expressed mathematically 

as: 

 

𝐷𝑉𝐼

𝑇𝐶𝐸
=

(𝜇𝑛𝑓 − 𝜇𝑏𝑓)
𝜇𝑏𝑓

⁄

(𝑘𝑛𝑓 − 𝑘𝑏𝑓)
𝑘𝑏𝑓

⁄

≤ 4 (4) 

 

where all variables and subscripts have been previously defined. Both FoMs have been 

evaluated for the nanofluids prepared. 

On the other hand, it is possible to analyse the effect of the use of nanofluids on the 

efficiency by means of the analyse of the useful energy production (Qu), which is defined 

as[46, 47] 

 

𝑄𝑢 = h · A · (𝑇𝑠 − 𝑇𝑓𝑚) (5) 
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where A is the area of the inner receiver, Ts is the temperature of the receiver, and Tfm is 

the mean fluid temperature. In this sense, higher values of h lead to lower values of Ts 

and consequently to lower thermal losses, and therefore the collector thermal efficiency 

increases. 

Finally, for its potential application in CSP plants, which work at high temperature, the 

nanofluid with the highest volume fraction of BNNTs was used in successive thermal 

cycles. The nanofluid was heated for 5 hours controlling the evaporation of the fluid at 

573 K without stirring. Before and after of each cycle, measurements of extinction 

coefficient at =335 nm and particle size were performed to observe any variation in 

amount and size distribution of the nanomaterial in suspension. Also, the morphology of 

the nanomaterial has been checked out before and after of thermal cycles by means of 

transmission electron microscopy using a FEI© Talos F200s X Twin Microscope in 

Scanning Transmission Electron Microscopy (STEM) mode. 

 

2.3. Thermal conductivity models 

An analysis using several models to evaluate the thermal conductivity with regard to 

volume fraction may be of interest in order to understand the way in which the heat 

conduction into the nanofluids takes place. The thermal conductivity enhancement 

predicted by Maxwell´s model [48] of a homogenous suspension can be presented as: 

 

𝑘𝑛𝑓

𝑘𝑏𝑓
=
𝑘𝑝 + 2𝑘𝑏𝑓 + 2(𝑘𝑝 − 𝑘𝑏𝑓)𝜙

𝑘𝑝 + 2𝑘𝑏𝑓 − (𝑘𝑝 − 𝑘𝑏𝑓)𝜙
 (6) 

 

where knf and kbf correspond to thermal conductivity of the nanofluid and base fluid 

respectively, and kp is the thermal conductivity of the BNNTs, which is 46 W m-1 ºC-1 
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[31]. Also,  is the volume fraction, which is calculated as 𝜙 =

(𝜌𝑛𝑓 − 𝜌𝑏𝑓) (𝜌𝑛𝑡 − 𝜌𝑏𝑓)⁄ , where the subscript nt is related to BN nanotubes, and the rest 

of variables and subscripts have been defined previously. Hamilton and Crosser (H-C) 

[49] proposed a model for liquid-solid mixtures of non-spherical particles, considering 

the shape of the nanomaterial, which is not taken into account in the Maxwell model. The 

H-C model is defined as 

 

𝑘𝑛𝑓

𝑘𝑏𝑓
=
𝑘𝑝 + (𝑛 − 1)𝑘𝑏𝑓 + (𝑛 − 1)(𝑘𝑝 − 𝑘𝑏𝑓)𝜙

𝑘𝑝 + (𝑛 − 1)𝑘𝑏𝑓 − (𝑘𝑝 − 𝑘𝑏𝑓)𝜙
 (7) 

 

where n is the shape factor, usually defined as n = 3/,  being the sphericity, which can 

be calculated from the dimensions of the nanomaterial. Nevertheless, an analysis of 

BNNTs reveals a lack of knowledge about their dimension in this case and consequently 

the use of the H-C model is not recommended. Many models have been reported for 

predicting thermal conductivity of nanofluids based on spherical nanoparticles, but there 

are few specific models for nanotubes. One example is the Xue model [50]: 

 

𝑘𝑛𝑓

𝑘𝑏𝑓
=

1 − 𝜙 + 2𝜙
𝑘𝑝

𝑘𝑝 − 𝑘𝑏𝑓
𝑙𝑛
𝑘𝑝 + 𝑘𝑏𝑓
2𝑘𝑏𝑓

1 − 𝜙 + 2𝜙
𝑘𝑏𝑓

𝑘𝑝 − 𝑘𝑏𝑓
𝑙𝑛
𝑘𝑝 + 𝑘𝑏𝑓
2𝑘𝑏𝑓

 (8) 

 

where all the variables have been previously defined. On the other hand, new models take 

into account contributions to other conduction mechanisms, such as the Brownian motion. 

Thus, assuming that this mechanism can be considered separately, the total effective 

thermal conductivity can be considered as the sum of the terms related to static 

conductivity and Brownian motion; that is, 𝑘𝑛𝑓 = 𝑘𝑠𝑡𝑎𝑡𝑖𝑐 + 𝑘𝑏𝑟𝑜𝑤𝑛𝑖𝑎𝑛. Thus, to take into 
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account dynamic transport, Xuan et al. reported a model that includes the influence of 

viscosity, temperature and other properties of the base fluid and the nanoparticles, given 

by [51]: 

 

𝑘𝑏𝑟𝑜𝑤𝑛𝑖𝑎𝑛,𝑋𝑢𝑎𝑛 =
𝜌𝑝𝜙𝐶𝑃,𝑏𝑓

2
√

𝜅𝑇

3𝜋𝜇𝑟𝑐
 (9) 

 

where p is the density of BNNTs (1396.6 kg m-3), CP,bf is the isobaric specific heat of the 

base fluid,  is the Boltzmann constant,  the viscosity and rc is the mean gyration radius 

of the cluster. This value is estimated from the DLS measurements shown above when 

the nanofluids are considered stable. An average of the two distributions found 

considering the proportion of each one was calculated. Therefore, in this work, 

combinations of the Maxwell and Xue model for static conduction and the Brownian 

contribution reported by Xuan have been considered. 

 

 

3. Results and discussion 

3.1. Nanofluid stability 

To use a nanofluid as heat transfer fluid, one important issue is to obtain a stable and 

durable suspension. To consider a nanofluid as a stable system, the concentration of 

nanomaterial in suspension should be stable over time [52]. The stability of nanofluids is 

a decisive parameter to study before determining any possible enhancement of thermal 

properties [23]. Agglomeration and precipitation occur immediately after nanofluid 

preparation due to Van der Waals attraction force between different compounds, and these 

phenomena have a negative impact on thermal conductivity [53]. Li et al [32] showed a 

Acc
ep

ted
 m

an
us

cri
pt



tendency of boron nitride powder to create “cloud-like compact aggregations”. In turn, a 

widespread way to achieve good stability is by the use of surfactants [38, 54]. Moreover, 

sonication is required to assure the optimum dispersion of a nanomaterial into a base fluid 

[28, 32]. 

To verify the stability of the BNNT nanofluids, they were analysed using several 

techniques described in section 2.2. UV-Vis spectra were recorded in a range of 300-800 

nm for all the nanofluids after their preparation to analyse agglomeration and 

sedimentation processes. The nanofluids showed a wide band centred at lower 

wavelengths due to the presence of nanomaterial in suspension, this type of band being 

typical for colloidal suspension systems. This phenomenon is known to mainly take place 

at lower wavelengths [55]. Therefore, the extinction signal of incident radiation measured 

at λ=335 nm was analysed for one month, and the variations in signal are shown in Figure 

2. The extinction decreased in every nanofluid at first, but we can consider all the 

nanofluids as stable after the 15th day, when the extinction values remained practically 

constant. Figure 2 also shows that the decrease in the extinction value is practically the 

same for the three nanofluids, which indicates that the range of variation of the 

concentration of nanomaterial in suspension is the same rate in all cases. 
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Figure 2. Extinction values registered at =335 nm for the nanofluids prepared. 

 

The DLS technique was used to measure particle sizes to analyse the agglomeration 

process. This technique really measures the hydrodynamic radius, 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 [56]. 

The particle size values for the nanofluids are shown in Figure 3a-c. Two different size 

distributions in each nanofluid are observed, one of them in values at about 200-300 nm, 

and the second one around 400-600 nm. Figure 3d shows the relative intensity of these 

peaks obtained in most cases. Zyla et al. [57] describe the existence of a characteristic 

bimodal size distribution in boron nitride nanoparticles based on ethylene glycol 

nanofluids, with values of 192 nm and 2969 nm. In this case, it would be reasonable to 

think that the presence of the two peaks is the result of an agglomeration phenomenon of 
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the nanotubes [32], which form structures with a regular size due to the presence of the 

surfactant, which prohibits further agglomeration.  

 

 

Figure 3. Particle size values obtained for the nanofluids prepared with 1·10-3 wt.% (a), 

3·10-3 wt.% (b) and 5·10-3 wt.% (c) of BNNTs. (d) Typical bimodal size distribution 

obtained for the nanofluids prepared (in this case, this plot was obtained for the nanofluid 

with 3·10-3 wt.% of BNNTs). 

 

Finally, Figure 4 shows the -potential values obtained for the nanofluids. A nanofluid is 

considered stable when presents values of -potential higher than 20-30 mV [58], in 

absolute values. After the first few days, all the values obtained were constant for each 

nanofluid, exhibiting a certain relationship between the concentration of BNNTs and zeta 

potential. Thereby, the nanofluid with 0.1·10-3 wt. % presented a -potential around -20 
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mV. The nanofluid with 0.3·10-3 wt. % presented values of -potential around -30 mV, 

and lastly, the nanofluids with the highest concentration of BNNTS, 0.5·10-3 wt. %, 

presented a -potential around -40 mV. These results are similar to those obtained by 

Taha-Tijerina et al. [9] for a 0.1 wt.% hexagonal boron nitride in mineral oil, and to those 

reported by Gomez-Villarejo et al. [36]. 

 

 

Figure 4. -potential values obtained for the nanofluids prepared for a month. 

 

These results show that in spite of the inherent phenomena of agglomeration suffered by 

this type of nanomaterial, a remarkable temporal stability can be observed and contrasted 

in the three nanofluids prepared. 

 

3.2. Surface Tension measurements 

Surface tension (ST) is a physical property which plays an important role in two-phase 

heat transfer flows, heat pipes and processes that involve boiling heat transfer and 

condensation [59]. First, a comparison of experimental surface tension values obtained 
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from Dowtherm A and values from the manufacturer are shown in Figure 5a to determine 

the precision of the procedure. As expected, the ST of Dowtherm A decreases with the 

increase in temperature, with an absolute average deviation percentage (AAD %) lower 

than 1.3%. 

The influence of Triton-X 100 and BNNTs on ST is showed in Figure 5b. Also, the values 

obtained are shown in Table 1. The addition of surfactant causes an increase in ST values 

with regard to the Dowtherm A of around 1.2% at room temperature (close to 

experimental uncertainty) and 2.4% at 363 K. However, the presence of BNNTs did not 

produce significant changes in the ST values, indicating that surfactant is solely 

responsible for the changes observed in ST with regard to the Dowtherm A. Also, as 

expected, the ST of the base fluid and nanofluids decreased with temperature, following 

a similar trend to that obtained for Dowtherm A. 

 

 

Figure 5. (a) Comparison of surface tension values obtained for Dowtherm A and those 

reported by the manufacturer. (b) Surface tension values obtained for the base fluid and 

for the nanofluids prepared, including the values of Dowtherm A for comparison 

purposes. 
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Table 1. Values of surface tension (), dynamic viscosity (), isobaric specific heat (CP) and 

thermal conductivity (k) obtained for the fluid used (D-A, Dowtherm-A), for the base fluid (bf) 

and for nanofluids prepared. 

T / K 

 / mN m-1  / mPa s 

D-A bf 
 / vol.% 

D-A bf 
 / vol.% 

3.4 5.8 8.6 3.4 5.8 8.6 

283 -- -- -- -- -- 6.036 6.185 6.298 6.387 6.461 

293 39.72 40.19 41.05 41.23 40.58 4.211 4.444 4.507 4.532 4.581 

303 38.49 39.46 39.79 40.13 39.22 3.161 3.381 3.394 3.456 3.541 

323 36.15 37.03 37.53 37.64 36.83 1.966 2.089 2.172 2.178 2.201 

343 33.97 34.66 35.34 35.38 34.58 1.344 1.455 1.475 1.507 1.543 

363 31.86 32.64 33.16 33.22 32.47 0.981 1.095 1.120 1.153 1.159 

T / K 

CP / J kg-1 K-1 k / W m-1 K-1 

D-A bf 
 / vol.% 

D-A bf 
 / vol.% 

3.4 5.8 8.6 3.4 5.8 8.6 

303 1567.1 1535.1 1571.5 1579.0 1588.8 0.147 0.146 0.152 0.149 0.157 

323 1632.9 1603.3 1643.5 1640.4 1646.8 0.143 0.144 0.156 0.160 0.180 

343 1703.4 1685.3 1703.9 1700.3 1696.1 0.142 0.149 0.173 0.182 0.186 

363 1789.4 1765.9 1771.9 1759.6 1742.0 0.140 0.148 0.176 0.191 0.198 

 

3.3. Density 

Density is a property that significantly affects the heat transfer performance of nanofluids. 

Numerous studies reported increased efficiency of heat transfer fluids when density 

increases, typically due to an increase in particle loading [60]. Therefore, the density of 

the nanofluids was measured when they were considered stable. Density was measured 

by pycnometry. The volume fraction was calculated according to 𝜙 =

(𝜌𝑛𝑓 − 𝜌𝑏𝑓) (𝜌𝑛𝑡 − 𝜌𝑏𝑓)⁄ , as is shown above. The base fluid is considered the eutectic 

mixture (Dowtherm A) with the surfactant Triton X-100, prepared under the same 

conditions and proportions as the nanofluids, as described in the experimental section. 

Table 2 shows that the density values of nanofluids obviously increase with volume 

fraction of nanofluid, an d decrease with temperature. 
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Table 2. Density values for the base fluid and the nanofluids, and the volume fraction 

calculated at 293K. 

103 wt.% BNNTs 
 / kg m-3  / 

vol.%* 293K 303K 323K 343K 363K 

0.0 (base fluid) 1073.0 1065.0 1048.0 1032.9 1016.8 0.0 

1 1084.0 1076.0 1059.0 1043.9 1027.8 3.4 

3 1092.0 1084.0 1067.0 1051.9 1035.8 5.8 

5 1101.0 1092.9 1076.0 1060.9 1044.8 8.6 
*volume fraction values calculated at 293K. 

 

3.4. Rheological properties 

To evaluate how the presence of nanomaterial could affect the rheological behaviour of 

nanofluids, rheological measurements were carried out. In this sense viscosity plays a 

critical role in heat transfer applications because an increase in values of this property has 

a counter-productive effect on efficiency [61], apart from generating engineering 

problems such as obstructions, abrasions and possible drops in pressure. Therefore, it is 

essential to control increases in viscosity. Thus, the dynamic viscosity of Dowtherm A 

was measured in a range of working temperatures and compared with the manufacturer’s 

data. The results are shown in Figure 6a. Viscosity decreases while temperature increases, 

and the AAD% is around 1.9% at room temperature. Also, flow curves for Dowtherm A, 

the base fluid and each nanofluid at different temperatures are reported in Figure 6b to 

check the Newtonian behaviour within the investigated shear range rate. It was observed 

that the addition of surfactant caused a low increase in viscosity with regard to Dowtherm 

A. Moreover, the addition of BNNTs slightly affects the increase in viscosity values, as 

Figure 6c illustrates. Finally, Figure 6d shows the dynamic viscosity increase (DVI) for 

each nanofluid versus temperature. An increase of up to 6% in viscosity values is 

observed for the nanofluid with the highest concentration of BNNTs at 363K. The values 

of dynamic viscosity obtained are shown in Table 1. 
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Figure 6. (a) Dynamic viscosity values measured for Dowtherm A compared with the 

values supplied by the manufacturer. (b) Dynamic viscosity values measured for the 

nanofluids prepared. The values for Dowtherm A and for the base fluid are included for 

comparison purposes. Representative error bars are included in one data set. (c) Evolution 

with temperature for the viscosity values measured. (d) Dynamic viscosity increase (DVI) 

for each nanofluid versus temperature. 
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3.5. Isobaric Specific Heat 

Isobaric specific heat reveals the amount of heat that is required to change the temperature 

of a material and therefore plays an essential role in the heat transfer process. In fact, it 

contributes to determining the thermal conductivity through equation (2). To evaluate the 

method mentioned in section 2, the isobaric specific heat of Dowtherm A was measured 

and compared with the values provided by the supplier. At 298K, the experimental value 

obtained was 1537.7 J Kg-1 K-1 and the theoretical one is 1587 J Kg-1 K-1, an uncertainty 

of around 3%. The isobaric specific heat of the base fluid and each nanofluid was 

measured in a range of temperatures between 303 and 363K. The values obtained versus 

temperature and volume fraction are shown in Figure 7, and some specific values are 

shown in Table 1. The values for the base fluid are lower than for the fluid with surfactant, 

so the presence of surfactant decreases the isobaric specific heat of the fluid. In turn, the 

addition of nanomaterial counters this effect, resulting in the nanofluids showing similar 

isobaric specific heat values to Dowtherm A and higher values than the base fluid. Since 

the isobaric specific heat of solids is generally lower than that of fluids, it is reasonable 

to expect that the suspension of solids could cause a decrease in isobaric specific heat 

values [39, 62, 63]. However, other authors have reported an increase in isobaric specific 

heat values when a nanomaterial is suspended within a fluid [14, 16, 64]. This is typically 

explained by an internal structure [65, 66], which is created by a interaction between the 

nanomaterial and base fluid. Furthermore, this internal structure can be affected by the 

nature of the components of the nanofluid, concentration of nanomaterial, agglomeration, 

number of interactions, etc. 
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Figure 7. Isobaric specific heat values obtained for the fluid, the base fluid and the 

nanofluids versus temperature and volume fraction. 

 

3.6. Thermal conductivity 

Thermal conductivity was measured from 303K to 363K, the values obtained being 

shown in Figure 8a, and in Table 1. The evolution of the thermal conductivity with regard 

to temperature and volume fraction is observed. The thermal conductivity of Dowtherm 

A decreases with temperature, whereas the values for the base fluid remain practically 

constant. However, in the case of the nanofluids, the thermal conductivity increases with 

temperature and the concentration of nanomaterial. Thermal conductivity enhancement 

(TCE) with regard to the base fluid was calculated as 100 · (𝑘𝑛𝑓 − 𝑘𝑏𝑓) 𝑘𝑏𝑓⁄ . Figure 8b 

shows the thermal conductivity enhancement for the nanofluids prepared with regard to 

the temperature and volume fraction. An increase in thermal conductivity was observed 

for all the nanofluids at all the measured temperatures. Indeed, the nanofluid with the 

highest volume fraction presented an increase of 33% at 363K. 

 

 

Acc
ep

ted
 m

an
us

cri
pt



 

Figure 8. (a) Thermal conductivity values obtained for the fluid, the base fluid and the 

nanofluids with regard to temperature and volume fraction. (b) Thermal conductivity 

enhancement obtained for each nanofluid. 

 

These results are in accordance with the literature, which reports an enhancement of 

thermal conductivity with increases in the volume fraction of nanoparticles. An increase 

in thermal conductivity is indicative of a more efficient heat transfer [16, 64, 67]. 

Furthermore, using boron nitride materials, Taha-Tijerina et al. [9] demonstrated that a 

nanofluid with 2D fillers of hexagonal BN in a mineral oil present high thermal 

conductivity; Zhi et al. [23] obtained an improvement of up to  ̴ 2.6 times in the thermal 

conductivity of water using nanofluids at a fraction of 6 vol.%; and Li et al. [32] obtained 

an improvement in thermal conductivity of around 30% using 5.5 vol.% of BN 

nanoparticles in ethylene glycol. 

An analysis using several models to evaluate the thermal conductivity with regard to 

volume fraction may be of interest in order to understand the way in which the heat 

conduction into the nanofluids takes place. The models used in this work for fitting the 

experimental results have been described previously. We consider the Maxwell model 

(see equation (6)) as a general model and the model reported by Xue (see equation (8)) 

which is specific for nanotubes. Thus, Figure 7 shows the plot of the Maxwell model and 
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the Xue model and the experimental results for comparison purposes at several 

temperatures. Both models are able to predict the experimental results at 323K, and are 

close to the experimental values at 303 and 343K. However, at higher temperatures 

(363K) the experimental values are higher than the predicted values for both models 

suggesting that new conduction mechanisms may occur at higher temperatures. This is 

typically explained by the contribution of Brownian motion, and assuming that this 

mechanism can be considered separately, the total effective thermal conductivity can be 

considered as the sum of the terms related to static conductivity and Brownian motion; 

that is, 𝑘𝑛𝑓 = 𝑘𝑠𝑡𝑎𝑡𝑖𝑐 + 𝑘𝑏𝑟𝑜𝑤𝑛𝑖𝑎𝑛. The contribution of the Brownian motion was 

considered from the model reported by Xuan et al (see equation (9)). Figure 9 shows the 

plot for these models. In all cases, an overestimated contribution of Brownian motion is 

predicted by the Xuan model. Thus, the increase in thermal conductivity at higher 

temperatures is not well predicted for Brownian motion. Further research will be needed 

to understand the behaviour of the thermal conductivity of these nanofluids at higher 

temperatures.  

 

Figure 9. Thermal conductivity values for the nanofluids prepared and the representation 

of several theoretical models for thermal conductivity at 303, 323, 343 and 363K. 
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3.7. Performance of nanofluids 

To verify the possible enhancement of the heat transfer process under turbulent flow 

conditions such as those found in CSP plants and the applicability of nanofluids in these 

plants, the Dittus-Boelter equation (see equation (2)) was used as a Figure of Merit 

(FoM). Figure 10a shows the values obtained for this FoM versus temperature and volume 

fraction. All the nanofluids present improvements in the heat transfer coefficient. An 

enhancement of up to 18% was obtained at 363 K for the nanofluids with the highest 

volume fraction of BNNTs. And higher values of the heat transfer coefficient lead to 

lower thermal losses, and therefore to an increase in the thermal efficiency of the collector 

[46, 47]. Moreover, friction factor f of base fluid and nanofluids evaluated from equation 

(3) for all concentrations and temperatures is reported in Figure 11. Such an evaluation 

was done considering an inner tube diameter (D = 0.066m) and flow rates (100-300 

L/min) used in [46,47]. Obviously, an increase in flow rate leads to an increase of Re. For 

a fixed flow rate, a slight change in Re is observed due to the modification of viscosity 

and density with the presence of nanoparticles, as is shown above. Specifically, Re 

decreases with volume fraction increase as viscosity increase is more important that 

density enhancement. At same flow rate, a very slight increase of f with volume fraction 

is evidenced. Temperature increase leads to enhancement of Re and reduction in f due to 

evolution of density and viscosity with temperature. Finally, Figure 11 shows that thermal 

efficiency of collector with nanofluids will be not significantly penalized by friction 

factor increase that is beneficial in practical use. 
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Figure 10. (a) Ratio of the heat transfer coefficient of nanofluids and base fluid versus 

temperature and volume fraction. (b) Ratio of the dynamic viscosity increase (DVI) and 

thermal conductivity enhancement (TCE) versus temperature and volume fraction. 

 

 

Figure 11. Friction factor of base fluid and nanofluids – influence of concentration, 

temperature and flow rate. 

 

Also, under laminar flow conditions the criterion of Prasher (see equation (4)) was 

considered. Figure 10b shows the values obtained for this ratio, with all the nanofluids 

prepared being shown to fulfil the requirement described by Prasher for laminar flow 

conditions, all the nanofluids behaving similarly at higher temperatures. 
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It is also possible to compare the use of the nanofluids in CSP plants with that of the 

typical HTF used, namely Dowtherm A, by means of the analysis of the useful energy 

production defined in equation (5). From this equation, higher values of the heat transfer 

coefficient lead to lower values of the temperature in the receiver and consequently to 

lower thermal losses. This is the fact that increases the collector thermal efficiency. From 

equation (5), the decrease of the T (that is 𝑇𝑠 − 𝑇𝑓𝑚) gives us the idea that the thermal 

efficiency of the collector is improved. Therefore, we can plot the ratio of T between 

nanofluids and base fluid, to test the improvement in the thermal efficiency. 

Mathematically, from equation (5), this ratio is expressed as 

[(𝑇𝑠 − 𝑇𝑓𝑚)𝑛𝑓
(𝑇𝑠 − 𝑇𝑓𝑚)𝐻𝑇𝐹
⁄ ] = (ℎ𝐻𝑇𝐹 ℎ𝑛𝑓⁄ ). To evaluate this expression, the ratio of 

the heat transfer coefficient was determined from the Dittus-Boelter equation, the values 

of thermal conductivity, isobaric specific heat and dynamic viscosity were measured, and 

the values of the density of the HTF typically used in CSP plants were obtained from the 

supplier. Thus, Figure 12 shows the ratio between [(𝑇𝑠 − 𝑇𝑓𝑚)𝑛𝑓
(𝑇𝑠 − 𝑇𝑓𝑚)𝐻𝑇𝐹
⁄ ] versus 

the effective volume fraction for the nanofluids prepared. A value of this ratio lower than 

1 means that the thermal losses decreases and the collector thermal efficiency is enhanced. 

Thus, the presence of BNNTs in the HTF leads to an increase in the outlet temperature in 

the system and therefore to an increase in the efficiency of the collectors. 
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Figure 12. Analysis of the collector thermal efficiency using the nanofluids prepared. 

 

In summary, according to the results obtained, the nanofluid with a mass concentration 

of 5·10-3 wt.% ( = 8.6 vol.%) seems to be the most promising nanofluids in this work, 

showing an increase in thermal conductivity up to 33% at 363K. This value is interesting 

according to other values reported in the literature using the same base fluid, typically 

used in CSP plants. The increase in thermal conductivity obtained is similar to those 

reported in the literature using synthetic oils. For example, Wang et al. reported an 

increase in thermal conductivity about 36% for graphite/oil nanofluids, Yasinskiy et al. 

obtained an enhancement up to 25.8% for TiO2 based nanofluids using the base fluid of 

this work, and also lower increases of 20% and 12.5% for Cu-based nanofluids or 6% for 

Ag-nanofluids have been reported. Therefore, the nanofluids reported in this work are of 

interest for solar thermal applications. 

Finally, for its potential application in CSP plants, which work at high temperature, the 

nanofluid defined as the most promising, that with the highest volume fraction of BNNTs, 

was used in successive thermal cycles, reaching 573 K, following the procedure described 
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before. Figure 13a shows the results obtained of extinction coefficient at =335 registered 

from the UV-Vis spectra recorded before and after of each cycle. After first cycles, we 

can observe an increase in the extinction coefficient after the cycle, which may be because 

the heat applied provokes a large number of collisions in the heart of nanofluids that 

resulting in a more amount of nanomaterial in suspension, due to breakdown of some 

agglomerates. After five cycles, the changes in the extinction coefficient values are not 

significant, therefore the nanofluid system tends to some kind of stability. Moreover, the 

breakdown of agglomerates would lead agglomerates with lower sizes. Figure 13b shows 

the values of the particle size obtained before and after each thermal cycle. In some cases, 

two size distributions are obtained, as is described above (see Figure 3). In general, we 

can observe the agglomerate size decreases after heating, and also a tendency to reduce 

the agglomerate size after 10 cycles. But the decrease of size in the last cycles is lower, 

thus the nanofluid tends to stability, which is coherent with the extinction coefficient 

results. Moreover, the signal obtained by DLS shows more intense and narrow peaks after 

than before the cycle, as is shown in Figure 13c. Finally, Figure 13c shows STEM images 

from solid samples extracted before the first cycle and after the tenth cycle. In this image, 

isolated nanotubes have been observed. As we can observe, significant differences 

between the images taken before and after cycles have not been observed. And also, the 

diameter of the nanotubes isolated are very similar to that measured for BNNTs before 

preparing nanofluids (see Figure 1). Thus, no significant changes in the nano-morphology 

have occurred during the thermal cycles. 

In summary, in terms of stability, heating processes did not produce substantial changes 

in the nanofluid. An increase in extinction coefficient and a decreasing in particle size 

towards stability were observed, probably because of the heat promotes nanomaterial 
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movements and collisions, generating more amount of nanomaterial in suspension with 

lower sizes. 

 

 

Figure 13. Extinction coefficient values obtained at  = 335 nm (a), and particle size 

values (b) for the nanofluid with the highest concentration before and after thermal cycles. 

Example of the size distribution (c) and STEM images (d) before and after thermal cycles. 

 

4. Conclusions 

In summary, nanofluids based on boron nitride nanotubes dispersed in a heat transfer fluid 

commonly used in Concentrating Solar Power plants were prepared and characterized. 

Triton-X 100 was used as the surfactant. The nanofluids prepared were studied to 

determine their stability, surface tension, rheological and thermal properties. 

All the nanofluids presented suitable stability. Measurements from ultraviolet-visible 

spectroscopy revealed stability after their preparation with a moderate decrease in 
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extinction of radiation. Particle size measurements showed two different distribution sizes 

with a similar intensity of about 200-300 nm and 400-600 nm. The -potential values 

placed the nanofluids within the stable range. In addition, the presence of surfactant and 

BNNTs did not result in an observable change in surface tension values. 

Regarding their rheological properties, the nanofluids presented higher viscosity values 

than the base fluid, around 6% for the nanofluids with the highest concentration of 

nanomaterial, with a Newtonian behaviour in all nanofluids within the shear range 

studied. 

Concerning the thermal properties, the addition of surfactant led to a decrease in isobaric 

specific heat values and relatively constant thermal conductivity with regard to increases 

in temperature. However, the BNNT nanofluids showed a higher isobaric specific heat 

than the base fluid and an improvement in thermal conductivity with regard to the base 

fluid of up to 33% in the case of the nanofluid with highest nanomaterial concentration. 

Also, the efficiency of the nanofluids was estimated and an enhancement of 18% was 

obtained, and thermal efficiency of collector with nanofluids will be not significantly 

penalized by friction factor increase that is beneficial in practical use. Finally, good 

stability for the nanofluids was found at high temperature thanks to the analysis of the 

thermal cycles reaching 573 K.  

Thus, the conclusion can be drawn that BNNT-based nanofluids present a promising 

future alternative to the heat transfer fluid commonly used in Concentrating Solar Power 

plants. 
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