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Abstract  A major problem of modern science and 
industry is intensification of a heat transfer. One of the most 
promising ways for its solution is use of nanofluids as heat 
carrier and coolant that is capable to operate at high specific 
heat fluxes. In the course of nanofluids boiling porous 
sediments of nanoparticles are formed on the heating 
surfaces and provide a stable nucleate boiling mode. 
Whereas the specific heat fluxes grow up to 300-400% 
compared with water there is observed a significant increase 
of heat transfer coefficients, which is probably associated 
with the increase of porosity, roughness and wettability of 
heating surface. In order to clarify this question we studied 
the process of nanostructures formation in the course of 
different nanofluids boiling on the surface of Ni/Cr- heater. 
The morphology and topography of artificial coatings were 
studied and the results were compared with the values of the 
basic boiling parameters: specific heat flux and heat transfer 
coefficient. The conclusions based on experimental results 
are: maximum values of the specific heat flux and the heat 
transfer coefficient refer for nanofluids consisting of a 
mixture of nanoparticles with anisometric shape. While 
boiling process in on they are able to create nanostructures 
with the most developed surface roughness and porosity. 
Most likely, this is due to the highest density of nucleation 
sites and the area of heat transfer surface formed in these 
nanostructures. 
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1. Introduction 
Commonly called “nanofluids” (NFs) are the new 

generations of heat transfer medium, containing the colloidal 
dispersion of nanoparticles (NPs) in usual liquids (water, 

ethylene glycol, oils, etc.) [1]. Due to their increased heat 
conductivity and abnormally high heat exchange at NFs 
boiling they are promising for cooling of different power 
equipment (nuclear reactors, etc). We investigated the 
phenomenon of intensification of heat transfer by forming a 
porous layer of nanoparticles deposited on the heating 
surface at nanofluids boiling. The essence of this 
phenomenon is that the formed layer initiates a sustainable 
bubble boiling regime, which provides for high specific heat 
fluxes (q) and heat transfer coefficients (α), significantly 
higher than similar values for distilled water. For example, 
the value of q at boiling of water-based NFs may increase by 
300-400% compared to pure water and to achieve the value 
of 3-4·106 W/m2, and the heat transfer coefficient (a) may 
exceed 45000 W/m2K [1]. Moreover, it was found [2] that 
forming of the porous layer on the heater surface can delay or 
eliminate the phenomenon of the boiling crisis, which may 
lead to burnout and breakdown of equipment. It is assumed 
that all these positive effects are associated with alteration of 
the nature of heat transfer surface (wettability and roughness) 
and that a namely the porous structure and properties of 
deposited layer greatly determine the thermal parameters 
which characterize heat transfer at NFs boiling. 

The influence of heat surface wettability on intensity of 
heat transfer and critical heat flux (CHF) at boiling has been 
the subject of numerous studies. It is well known that the 
CHF decreases sharply on hydrophobic surfaces, while the 
hydrophilic surface produces higher heat-transfer 
coefficients, as well as higher values of CHF [4-12]. Recent 
advances in research of changing the surface energy of solids 
[5] have opened new opportunities to improve heat transfer 
during boiling by decreasing the contact angle of wetting at 
the expense of “Nanoscale Surface Modification 
Techniques”, i.e. the creation of nanostructures on heating 
surfaces [6]. 

The existence of such a connection has been noticed by 
several other researchers. For example, Kim and Buongiorno 
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with collaborators [7,8,9] noted that at nucleate boiling NFs 
based on oxides of aluminum, zirconium and silicium some 
nanoparticles are deposited on the heating surface and form a 
porous layer, giving significant growth of CHF. They also 
proved that this layer significantly increases a wettability of 
a heating surface, which is confirmed by the decrease of the 
contact angle of wetting of the surface after NF boiling 
compared with surfaces after distilled water boiling. The 
decrease of a contact angle is associated with changes of 
surface energy and surface morphology caused by the 
presence of a nanoparticles layer. On the basis of existing 
theories of hot/dry spots [10] the authors [8,9] showed that 
there is the certain connection between an increasing of a 
CHF and an improving of wettability of the surface. The 
results of their estimates of the CHF growth as far as the 
contact angle of wetting is reduced are in good coherence 
with the values obtained in the experiment. 

In another work of Pham et al. [11] on the example of 
water based NFs with Al2O3 nanoparticles and carbon 
nanotubes (CNTs) it has shown that for high values of CHF 
and the heat transfer coefficient at boiling it is not at all 
necessary to cover the surface of the heater by a continuous 
layer of nanoparticles and to have high wettability, although 
the latter is also important for heat transfer. A much more 
important parameter for intense heat exchange is a roughness 
of nanoparticles deposited layer on the heating surface. 
Although it is known [5], that the increase of roughness also 
improves wettability of the surfaces.  

According to [11] in the case of the combined nanofluid 
(Al2O3+CNТs) both factors act simultaneously 
(improvement of wettability and increase of surface 
roughness) and this leads to the relative high CHF value. 
Analysis of data about CHF value obtained in this work 
shows that the higher the roughness the more CHF regardless 
of the contact angle. 

Therefore, even if grows of the CHF at nanofluid boiling 
occurs due to contribution of both factors (wettability and 
surface roughness), the effect of roughness stronger and 
more dominant than the influence of the contact angle of 
wetting. This probably occurs because the increase in surface 
roughness of the heating raises not only the heat exchange 
area, but the density of the centers of vaporization. 

Investigations have confirmed the importance of surface 
wettability improvement and formation of nanostructures on 
the heater’s surface as an effective method to improve heat 
transfer during boiling process. 

Over the last decade, a considerable number of studies 
have shown that for NFs the increased values (up to 10-35%) 
of heat conductivity are characteristic in comparison with 
those for the base fluid (water, ethylene glycol) [3, 13-16], 
and that the use of NFs as heat transfer mediums allows to 
achieve high values of CHF and heat transfer coefficient at 
boiling [7-9, 17-20]. In spite of this, the mentioned increase 

of heat conductivity can’t explain the anomalously high 
intensity of heat transfer (>200%) at NFs boiling compared 
with water. Experiments have shown that the increased CHF 
and amax at NFs boiling are determined mainly by the state of 
the heating surface, its topological and chemical properties. 

It is clarified that there is the relation between the intensity 
of heat transfer and the character of nanostructured deposits 
on the heating surfaces at NFs boiling. Therefore, we 
examined in detail porous structure and topography of 
deposits, studied boiling curves for different NFs and 
obtained results are compared to such important heat 
exchange parameters as qcr and αmax. On the ground of the 
analysis of experimental data (graphical dependencies, photo 
images including scanning electron microscope and others 
[1,2]) it was obtained the interesting information about the 
influence of the shape and nanoparticles anisometry on the 
surface microrelief and the intensity of heat exchange. 
Resulted data is important for practical application of NFs. 

2. Materials and Methods 
Objects of present research were aqueous nanofluids 

based on natural aluminosilicates from Ukrainian deposits - 
attapulgite (AlSi-5), hydromica (AlSi-6) and a genetic 
mixture of montmorillonite and attapulgite (AlSi-7). Also 
the mixture of silicates and carbon nanotubes 
(AlSi-7+CNTs) was studied. For comparison it has been 
studied NF-based on water nanodispersion of titanium 
dioxide (TiO2) of rutile modification with isometric particles 
form (k = l/d » 2-5) (see Table 1) . 

Nanofluids were prepared on installation UZDN-2T by a 
short (2 min) ultrasonic dispersion of Ca2+/Na+ and 
Ca2+/Mg2+ - forms of aluminosilicates powders in distilled 
water without dispersant application.  

The dispersion composition and z-potential of NFs were 
determined by laser correlation spectrometer ZetaSizer 
NANO-ZS (Malvern Instrument, UK) and surface tension – 
by Wilhelmy plate method (modified tensiometer K6 
(KRŰSS GmbH, Germany). The stability of investigated 
NFs was evaluated both by their z-potential and 
sedimentation and was quite satisfactory for the 
measurement of thermal parameters. 

For the study of nanostructured deposits on the heating 
surfaces at NFs boiling we used porometer QuantaChrome® 
AsiQwinTM and scanning electron microscope JSM6700F. 

Heat engineering experiments were performed by 
specially designed and fully automated test unit [3], 
equipped with DC power supply and operated by program 
enabling to control in real time by PC all the parameters of a 
critical mode including CHF. It includes investigation of 
heat exchange process while pool boiling with reaching of 
critical heat flux. Test unit scheme is presented on Fig. 1. 
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Figure 1.  Scheme of the test unit. 1 – experimental reservoir; 2 – stopper; 3 – main heater; 4 – main heater bus; 5 – secondary heater; 6 – voltmeter for 
secondary heater; 7 – voltmeter for main heater; 8 – ammeter; 9 – rheostat for main heater; 10 – rheostat for secondary heater; 11 –thermocouple; 12 – down 
comer; 13 – circulating pump; 14 – additional heater; 15 – preheating reservoir; 16 – rheostat; 17 – NI-DAQmx USB-6009; 18 – PC; 19 – CSLA1CD; 20 – 
T-joint. I – experimental fluid; II – cooling water. 

Dependency of nichrome electrical resistance on its 
temperature was used to define heater outer surface 
temperature. All measurements of input and calculated 
parameters (voltage, current, critical heat flux, heat exchange 
coefficient etc.) were made with specially developed 
software. It was able to create graphical dependencies 
between them in real-time mode.  

Method provides fluid boiling on a surface of the main 
heater, which is horizontally disposed nichrome wire (0,31 
mm in a diameter and 143 mm in a length). Reaching of CHF 
is traced by real time graphs, which show us boiling curve for 
each experimental fluid during all process. Voltage control is 
provided with two rheostats connected by cascade scheme. It 
gives ability for very precise of voltage regulating and 
gradually draw near purposed amount of CHF. 

The main reservoir has apertures for installing the heaters, 
thermometer, thermocouples and connections to circulating 

contour, since nanofluids are unopaque that under their 
boiling impossible to fix visually the achievement of the 
critical heat flux. For this purpose program of the computer 
calculation of the specific heat flux (SHF) and heat transfer 
coefficient (HTC) is designed for observation for change 
parameter of boiling in real-time mode. 

The experimental procedure was as follows. Experimental 
vessel was filled by water or one of selected NFs. The 
working fluid was preheated by an auxiliary heater (500 W). 
Then, the main heater was turned on. Input power was 
automatically increased at a constant rate until the achieving 
of maximum SHF. Power supply was stopped after heater 
burnout. CHF measurement error did not exceed 1%. Fluid 
samples were collected for measurement of surface tension, 
zeta-potential and pH in order to control the stability of NF 
before and after the experiment. 

Described above test unit and experiment method are 
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capable to define main heat transfer parameters as SHF (q) 
and HTC (α). Well known equation is used: 

a = q / (t w - t f ) ,               (1) 
where wt  – heater outer surface temperature, oС 
(methodology of tw calculation is presented in the work [3]); 

ft  – liquid boiling temperature, oС; 
q = Q / F = I U / F,              (2) 

where Q – full heat load on the main heater, W; I – current, А; 
U – voltage, V; 

F = p d l - outer surface area of the heater (nichrome wire), 
m2; 
where d,l – diameter and length of the nichrome wire 
accordingly, m. 

3. Results and Discussion 
The mechanism of formation of nanostructures on boiling 

surfaces is much like the formation of scale on the heater 
surface, with the difference that in the first case there is the 
single-stage process, i.e. at nucleate boiling of NFs, NPs 
deposit on the surface near the centers of vaporization, 
whereas in the second case the process is multi-stage. First, 
in volume with temperature rise, the decomposition of the 
molecules of soluble bicarbonates of Ca, Mg, Fe and others 
are occurred then their condensation into larger particles of 
insoluble carbonates and then their deposition is taken place 
on the surface. In the first case there are more or less porous 
sediments, whereas in the second case there is a scale which 
has a dense structure with high thermal resistance, causing a 
sharp decrease of heat exchange intensity and as possible 
consequence - main heater burnout.  

We have found that the particles deposition and formation 
of nanostructures on the heating surface has been observed 
already in the pre-crisis area of the nucleate boiling of NFs 
(qcr < 0.7 МW/m2), which dramatically changes the shape 
boiling curve and increases heat transfer coefficient.  

Several factors are influenced for the boiling process and 
the nature of forming sediment. They are - a variety of 

electric current (DC or AC) as well as chemical nature, form 
and anisometry of nanoparticles etc. 

Experimental study of heat transfer at boiling of 
aluminosilicate NFs showed that the type of applied electric 
current significantly affects to the sediment formed on the 
heater surface and as a consequence of that to the thermal 
parameters of NFs. So, for example, it was found that at 
boiling when unit operating at direct current, all 
aluminosilicate NFs show intensive nanoparticles deposition 
on a copper anode.  

At the same time the sediment of nanoparticles (NPs) that 
formed around wire Ni/Cr-heater has a gel-like or porous 
structure. It has the shape of the cone directed by its base to 
the negative pole (cathode) (Fig.2a,b). This is probably due 
to the fact that the one part of negatively charged particles of 
the silicates discharge and form dense deposit on the anode. 
The other one deposited on the heater surface experience a 
growing repulsion, disintegrating (loosen) action and 
complete rejection as it approaches the negative pole. At the 
cathode and in the vicinity of it a precipitate is not formed or 
it is loosen by an electric field to such extent that aggregation 
of particles is eroded due to the turbulence caused by boiling. 

Indeed, as it can be seen from Fig.2a,b,c, the sediment 
formed around the Ni/Cr-wire has sharply non-uniform 
thickness and in the vicinity of the negative pole it is not 
formed in general (Fig.2c). At the same time, when the 
heater works at AC mode, the sediments are more or less 
uniform in their thickness. They are distributed along the 
entire length of Ni/Cr – wire, but not form a continuous 
coating. In this case the sediment thickness is much less 
(Fig.2d) as compared with that presented in the Fig.2a.  

Accordingly, the value of CHF at AC is significantly 
higher than for DC. For example, for attapulgite nanofluids 
CHF values are in the intervals 3.1 – 4.0 MW/m2 and 1.6 – 
2.24 MW/m2 depending on nanoparticles concentration, for 
AC and DC, respectively. However, the ratios of CHF values 
for nanofluids and distilled water remains constant in the 
range of 2.1 - 3.0, both for AC and DC [1]. 

 
Figure 2.  Photoimages of the heater after overburning. It is shown deposited porous gel-like layer of nanoparticles after boiling of AlSi-7 nanofluid at DC 
current (a,b), the anode side (b) and cathode (c) and after boiling AlSi-7 at AC (d). 
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The observed difference in the nature of deposits on the 
surface of the heater at AC and DC operation is explained by 
the superposition on to process of nanofluids boiling the 
phenomena of electrophoresis and electrocoagulation of the 
nanoparticles. These phenomena are the result of direct 
influence of the electric field on the suspension, which is 
stronger at DC. The numerous experimental data suggest that 
the stable suspensions and emulsions can coagulate in 
presence of external electric field [21-23]. The phenomenon 
of electrocoagulation was theoretically interpreted as a 
non-equilibrium electrosurface phenomenon [24-26]. The 
mechanism of electrocoagulation is closely related with 
electrical properties of disperse systems and with presence of 
the electric double layers (EDL) around colloid particles. 
Under the influence of the tangential component of external 
electric field, the ions of particles in their EDL move along 
their surface forming an electrosurface current. The density 
of this current is proportional to the local value of the given 
constituent of the electric field. The induced dipole moment 
(IDM) formed under the influence of external electric field 
determines the polarization (electrocoagulation) interactions 
between particles. These interactions are important at the 
distances that may be several times larger as compared with 

the size of the particles [24-26].  
For NFs with strongly hydrophilic particles (such as 

AlSi-5,6,7) this mechanism is realized at presence and 
maintaining of the structural barrier between particles. It can 
occur due to their fixation at a distant attractive well 
(secondary minimum) that became deeper due to the 
resulting dipole-dipole attractions. As a result, the sediments 
formed during the boiling around the heater have reversible 
gel-like structure (Fig.2b) and it transforms to the porous – 
xerogel structure after the drying (Fig.2a). Such sediment 
can be easily removed during the regeneration of the 
equipment and it is one of the advantages of such NFs.  

The electrochemical processes on the electrode, leading in 
particular to a significant change in value of pH, can also 
facilitate the structure formation in the sediment on the 
heating surface. In this case, the neutralization of a charge of 
particles and their irreversible coagulation (by neutralization 
mechanism) in the primary minimum are possible [26]. The 
removal of the residue from the electrodes and the heat 
transfer surfaces is almost impossible for irreversible 
coagulation. It can be a big problem for regeneration of 
equipment.

 
Figure 3.  ESM-image of the sediments on the heating surface after boiling of wate nanofluids on the basis of: a) - hydromica, b) –TiO2, c) - the natural 
mixture of attapulgite and montmorillonite, d) - the same mixture with the addition of 0.2 % of carbon nanotubes. 
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Beside of polarization of the EDL in nanofluids, the 
electric field intensifies the transport of charged particles 
into the sediment due to the electrophoresis (DC) and 
dipolophoresis (AC) [26]. The impact of these phenomena 
on the process of NP deposition under the boiling of 
nanofluids can significantly change the character of sediment 
formation on the heating surface, which is supported by the 
values of the corresponding thermal parameters at NFs 
boiling (Table 1). 

Now it is also clear that in addition to the type of 
applied electrical current (AC or DC) the process of 
sediment formation, the surface roughness and porous 
structure of the sediments can be influenced by the 
parameters of applied electric field (intensity, heterogeneity 
and frequency), properties of the particles (their size, shape, 
anisometry, charge and electrical conductivity), composition 
of the electrolyte, and other factors. All these factors in a 
line with particle hydrophilicity are important. They define 
the structure and wettability of porous boiling surface and 
as a consequence the heat transfer rate. For example, for 
anisometric particles the polarization interaction energy 
depends upon orientation of particles in electric field [26] 
and it allows regulation of micro/nano-reliefs and roughness 
of deposits. In general, the possibility of variation of 
different parameters and modes of process are rather wide. 
It allows affecting the "architecture" of nanostructured 
sediments and intensity of heat transfer during the boiling. 
These problems may be the subject of investigation in 
future. 

Thus, it is established that the type of electric current 
(AC or DC) significantly affects to the structure of the 
sediment, which is formed on the heater surface at NFs 
boiling and as a result to the thermal parameters of 
aluminosilicate NFs. 

Also, this paper presents materials about an impact of the 
topography of deposited NPs on the heating surface at NFs 
boiling to the character of the boiling curves and the intensity 
of heat exchange. It is obvious that the deposition of oxides 
and silicates particles on the metal heating surface make it 
more hydrophilic and rough, as evidenced by the decrease of 
the contact angle of wetting q [7-9,11] and ESM images of 
the surface sediments (Fig. 3). While the increase in 
wettability and surface roughness, as it is known [8-10], 
increase qcr и a.  

As is known [27], the boiling crisis is not only a 
hydrodynamic phenomenon. This crisis can be result of the 
expansion of the hot/dry spots developed during the process 
boiling. That why these hydrophility and surface wettability 
of nanoparticles have an important role in delaying the 
boiling crisis. For this reason, the more stable (too long and 
repeated boiling-cooling processes and with higher thermal 
parameters) NF filled with hydrophilic particles as compared 

with NF filled with hydrophobic particles (Sulfur and 
Carbon Black DG-100) were developed [3]. The relationship 
between the value of CHF and the surface wettability of NPs 
was previously discussed in detail [7-9]. At the high heat flux 
the hot/dry spots on the heater surface develop within the 
bases of the bubbles growing at certain nucleation sites 
[9,10,27]. The hot/dry spots can be reversible or irreversible. 
In absence of rewetting they are irreversible. It causes the 
rapid increase of the temperature and consequently the effect 
of burnout. The formation of dry spots and their spreading 
was registered using the high speed video technique [28]. 
The presence of the nanoparticle layer on the heating surface 
can help delay the critical heat flux. It is due to the increase 
of the surface wettability after departure of the bubble.  

Note that the vapour pressure in the centre of vapour 
formation drives the receding of liquid meniscus. From other 
hand the surface tension forces the contact line between 
phases to the minimum and drives the rewetting the hot/dry 
spots. It was postulated that CHF can occur when the vapour 
pressure exceed the surface tension force [9]. The following 
expression for the CHF was derived on the basis of these 
arguments: 

qcr = k -1/2 rg hf g [ s (rf - rg ) g / rg
 2) ]1/4     (3) 

Here σ is surface tension; rf and rg are the densities of 
fluid and vapor respectively; hf g is the thickness of vapor 
layer near the heating surface.  

Note that Eq. (3) and the traditional Kutateladze-Zuber’s 
formula [29] are essentially the same except for the 
parameter k. According to [8] 

k = [( 1 - sin q /2) - (p /2 - q ) / 2 cos q )] -1/2  (4) 

where q is a contact angle (rad). 
The values of κ for o70~q  (clean surface) and 

o20~q  (nanoparticle-fouled surface) are about 7.1 and 
2.36, respectively.  

The substitution of these parameters to the Eq. (3) gives 
increase in the CHF value by a factor of 

73.1~36,2/10,7  or 73%. However, the introduction 
of the k only accounts the steady state interaction of heat 
medium and heating surface and does not accounts for the 
density of evaporation centers, own roughness of the surface, 
impact of NPs on the thermal conductivity and viscosity of 
NF.  

The recent calculations of the density and diameter of 
nucleation centers on modified surface (Cu created by an 
electrodeposition technique) revealed a direct link between 
these factors and the heat transfer coefficient (HTC) and 
CHF [30]. 
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Figure 4.  Boiling curves (a) and heat exchange coefficient as a function of surface superheat value (ΔT) (b) for hydromica based nanofluid (1) and distilled 
water (2) 

 

Figure 5.  Boiling curves (a) and heat exchange coefficient as a function of surface superheat value (ΔT) (b) for TiO2 based nanofluid (1) and distilled water 
(2) 

 

Figure 6.  Boiling curves (a) and heat exchange coefficient as a function of surface superheat value (ΔT) (b) for nanofluids AlSi-7+CNTs (1), AlSi-7 (2) 
and distilled water (3) 

Figure 4-6 show the boiling curves and the corresponding dependence of the heat transfer coefficient a from the magnitude 
of superheat (ΔT) for the studied NFs. The last form various nanostructured architectures on the surface of the heat exchange 
(Fig. 3.) 
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As it can be seen, the character of the surface microrelief and data of porous structure of deposited sediments, shown on Fig. 
3 and Table 2, are in the accordance with the value of the heat transfer coefficients, graphs for which are presented on Fig. 
4b-6b. 

Table 1.  Physicochemical characteristics, CHF (qcr) and amax values of some aqueous Nanofluids 

Investigated fluids 
on the basis of: 

Average 
particle 

size (nm) 

Particle 
concentrati
on (mass %) 

Anisometry 
coefficient 

k = l / d 
pH 

Surface 
tension 
at 200С 

s (mN/m) 

Electrokineti
c potential, 

z (mV) 

qcr х10-6 
(W/m2) 

amax, 

W/m2K 

Distillate water - 0 - 6.0 72.8 - 0.7 25000 

Hydromica (AlSi-6) 50-400 0.5 10-30 5.4 72.6 -25.7 1.45 25000 

TiO2 (rutile) 70-300 0.5 2-5 6.0 71.8 -39.5 1.55 35000 

Attapulgite (AlSi-5) 100-500 0.5 200-400 5.8 71.5 -18.0 1.65 36000 
Attapulgite + 

Montmorillonite 
(AlSi-7) 

50-500 0.5 200-500 5.9 72.6 -19.8 2.42 38000 

Attapulgite + 
Montmorillonite (1:1) 
+ Carbon Nanotube 

(0.2%) 
(AlSi-7+CNTs) 

70-3000 0.5 500-750 6.5  71.9 -11.5 3.50 52000 

Table 2.  Adsorption-structural characteristics of nanostructured coatings after nanofluids pool boiling  

Nanofluids on the basis of: 
Characteristics of nanostructured coatings 

Specific surface area, 
m2/g Average micropores radius, nm Micropores volume cm3/g 

Hydromica  85,0 4.2 0.2 

Attapulgite + Montmorillonite (1:1) 375 3.0 0.54 
Attapulgite + Montmorillonite (1:1) + 

Carbon Nanotubes (0.2%) 420 2.3 0.62 

 
From this comparison it follows that the higher roughness 

of surface sediments and anisometry of particles, the higher 
values of qcr and a characterizing the intensity of a heat 
transfer (see Table 1). 

However, the experience shows that if even the coefficient 
of anisometry is high, but the particle shape is flat, as it is 
typical for particles of hydromica (NF-6), the porosity and 
roughness of the deposits are low and the thermal parameters 
at boiling of such NF are low. 

Indeed hydromica (Fig. 3a), because of the plate shape of 
the nanoparticles, forms a close-packed plane layer with a 
relatively low roughness and weakly expressed porosity 
compared to other analyzed sediments. Respectively, and the 
heat transfer coefficient is low: amax

 = 25000 W/m2K (Fig. 
4b).  

For the NFs on the basis of TiO2 maximum heat transfer 
coefficient is relatively higher and achieves 35000 W/m2K 
(Fig.5b, Table 1). Obviously, this can be explained by the 
fact that the TiO2 nanoparticles are rounded and form a layer 
on the heater surface with a larger porosity and roughness 
(Fig.3b). 

Most clearly the effect of porosity and roughness of the 
sediment on heat transfer reveals for the two NFs: 1) mixture 
of natural silicates (montmorillonite and attapulgite) – 
AlSi-7 and 2) the same mixture with the addition of carbon 
nanotubes (AlSi-7 + CNTs). As can be seen from Fig. 3c,d 
and Table 2, the porosity and roughness of sediments surface, 

formed at boiling of the second NF, containing CNTs are 
significantly more noticeable than after boiling of the first 
NF. 

In this case, the heat transfer coefficients (amax) for the last 
two NFs presented on Fig. 6b significantly differ from 
similar coefficients for hydromica and TiO2 NFs (Fig.3b,4b): 
amax

 = 38000 and 52000 W/m2K, correspondingly. Such a 
large numeric value of heat transfer coefficients and their 
difference are explained by the high hydrophilicity of 
aluminosilicate NPs and their crystallochemical nature 
(second mixture). In addition, it is associated with different 
form (flat, needle, fibrous), and anisometry of NPs, giving 
nanostructured sediments with the most developed surface 
porosity and roughness at NFs boiling (Fig.3d). 

Obviously, these are the main three factors that maximize 
the density of the centers of vaporization, and as a 
consequence, determine the highest values of heat transfer 
coefficients (amax) and SHF (qsp). 

Indeed, the value of specific heat flux (q, W/m2) at boiling 
(both for common fluids and nanofluids) depends on the 
thermo-physical properties of the liquid and vapor (ρf, Ср, hv, 
ρv) and internal characteristics of the boiling process. The 
latter include the bubble departure frequency (f), the density 
of vaporization centers (N) and departure diameter of vapor 
bubbles (D), which determines the volume of “separation” 
bubble (V). 

Based on the mechanism described in the physical model 
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of boiling [31], the value of the critical heat flux qcr is 
associated at fluids boiling with the nucleation site density 
(N, 1/m2) by the following relationship: 

qcr = N× V× f × [ β× rf × Ср (Тv - Т∞ ) + hv× rv ]  (5) 

where β is the ratio of displaced fluid to volume of the 
detached bubble; rf is the fluid density in the core of the flow, 
kg/m3; Ср is specific heat capacity of fluid at constant 
pressure, J/kg×K; Тv and Т∞ are the average temperatures of 
the fluid volume transported in the flow core by detached 
bubbles and in the core of the flow, respectively, K; hv is 
specific heat of vaporization, J/kg; rv is the steam density, 
kg/m3. Here the values of q, N, V, f, β и Tn are the statistically 
averaged ones. 

At boiling of nanofluids the density of vaporization 
centers (N) increases most significantly increasing due to the 
deposition of the porous layer of nanoparticles on the boiling 
surface.  

The visual observation and data video registration of the 
nanofluids boiling processes showed that the nanostructured 
deposits are powerful "generators" of bubbles formation. It is 
the main reason for the CHF growth in contrast to boiling of 
single-phase fluids (e.g., water). For single-phase fluids at 
high specific heat fluxes the heating surface is isolated from 
the boiling fluid by continuous vapor film and it leads to the 
boiling crisis and consequently to the destruction of the 
heater. Thus, the roughness of the porous layer is the 
dominant factor in increase of specific heat flux.  

The main difference of the boiling mechanisms of 
nanofluids and base fluid (e.g. distilled water, etc.) is related 
with the presence of nanoparticles in NFs. The presence of 
these particles doesn’t results in significant change of the 
thermophysical and physico-chemical properties compared 
with these properties the base fluids (Table. 1). However, 
their presence affects the state of the heater by changes in 
roughness and wettability of surface and in internal 
characteristics of boiling process (such as N, D, f, Тv and Т∞). 
The video registration data of the boiling process evidenced 
the increasing of N and f values and decreasing of D value. In 
addition, the decreases of temperatures both at the boundary 
layer of nanofluids and at the heating surface were recorded. 
It indicates the beginning of vaporization at lower superheat 
values of heater surface at nanofluids boiling, compared with 
the single-component based fluids. It evidence that the start 
of vaporization can be observed at lower superheating of the 
heater surface for nanofluids than for the corresponding base 
fluid.  

In addition it is very likely that the introduction of carbon 
nanotubes with higher thermal conductivity reduces the 
thermal resistance of the deposited layer, contributing to 
intensification of heat transfer in the course of NFs boiling. 

Comparison of presented boiling curves (Fig. 4a, 5a, 6a) 
allow to make the conclusion about significant differences in 
specific heat flux for NFs which form at boiling different 
roughness of a sediment. So, at the same temperature 
difference between the heating surface and the temperature 
of the boiling liquid (ΔT=100 K) specific heat flux (qsp) for 

different NFs had the following values (MW/m2): water - 0,7; 
hydromica - 1,0; TiO2 - 1,4; AlSi7 - 1,5; AlSi7+CNTs - 1,8. 

Thus, it is established that presented experimentally 
obtained values of thermal parameters at NFs boiling are 
well correlated with porosity and roughness of deposited 
nanostructures, depending on the shape and the anisometry 
coefficient of NPs. Consequently, it makes sense for heat 
intensification to use NFs, which form at boiling 
nanostructural sediments with developed porosity and 
roughness.  

4. Conclusions 
1. It is found that the deposition of particles and formation 

of nanostructures on the heating surface have been observed 
at the pre-crisis range of the nucleate boiling of water NFs 
(qcr < 0.7 МW/m2).  

2. It is established that the type of electric current (AC or 
DC) significantly influence on the structure of the sediment, 
which is formed on the heater surface during NFs boiling 
and as a result the thermal parameters of aluminosilicate 
NFs.  

3. The architecture of the forming nanostructures (their 
topography and roughness) is determined by the shape and 
anisometry of nanoparticles. The architecture remains 
almost unchanged up to the temperatures which correspond 
to the beginning of the change of the NPs crystal structure. 

4. The significant correlation between porosity of 
deposited sediment and thermal parameters of NFs boiling 
was established. That is, with increasing of a specific 
surface area and pore volume of sediment the rate of heat 
flow and the intensity of heat transfer at NFs boiling 
increase. 

5. Maximum heat transfer characteristics of NF boiling 
(qsp и a) were registered in the case of NFs with a mixture 
of NPs with different anisometry and morphology, giving 
during boiling nanostructures with the most developed 
surface porosity and roughness. Most probably, this is due 
to the most high density centers of vaporization and 
heat-exchange area in these surface formed nanostructures. 
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