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Information on surface tension is necessary for modeling boiling processes in nanofluids. It was shown that the problem
of predicting the surface tension of complex thermodynamic systems, such as nanofluids, remains outstanding. It should
be noted that the surface tension of liquids and the saturated vapor pressure are due to a specific intermolecular inter-
action in the region of spatial heterogeneity of the substance (surface layer). Moreover, the compositions of the surface
layer of nanofluid and its liquid phase are not equal. The presence of nanoparticles in the base fluid affects the compo-
sition of the surface layer of liquids. However, there are no methods for determining the composition of the surface lay-
er of nanofluids and this fact complicates establishing the dependence of the surface tension on the state parameters of
nanofluids. It should be mentioned that the number of possible methodological errors in measurements of the saturated
vapor pressure of nanofluids is significantly lower than for the surface tension measurements. Therefore, in the devel-
opment of models for predicting the surface tension, scientific and practical interest has establishing the relationship
between the surface tension and the saturated vapor pressure of nanofluids. In the presented work, we consider the
nanofluids of isopropanol/Al,Oz nanoparticles and o-xylene/fullerenes Cg. Saturated vapor pressure and surface ten-
sion of nanofluids of isopropanol/Al,Oz nanoparticles have been studied in the temperature range 293 — 363 K and
concentrations of Al,O3 nanoparticles 0-8.71 g/kg. Measurement of saturated vapor pressure and surface tension of
nanofluids of o-xylene/fullerenes Cqy have been performed in the temperature range 283 — 348 K and the concentration
of Cgo 0-7.5 g/kg. It is shown that additives of Al,O; nanoparticles and fullerenes Cg, lead to a decrease in the surface
tension and increase in the saturated vapor pressure. It is shown that there is a universal dependence between the re-

duced surface tension and saturated vapor pressure for the researched nanofluids.
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1 Introduction

Recently, we can note increasing the interest in studying
the prospects of nanofluids as working fluids of vapor com-
pression refrigeration equipment (solution of refriger-
ant/compressor oil/nanoparticles) and as coolants (heat
transfer fluids containing nanoparticles) [1-5]. Therefore,
the problem of experimental investigation and predicting of
nanofluids thermophysical properties promising for refrig-
eration is of current importance.

The surface tension of nanofluids is rather difficult
measured because two reason. Firstly, the equilibrium in
the measuring cell with studied samples is achieved long
time [6]. Secondly, the nanoparticles influence interfacial
angle. But information on surface tension is necessary for
modelling boiling processes with nanofluids.

A number of papers dedicated to development the pre-
dicting methods for the surface tension of pure liquids and
their mixtures [7-25] have been published from the middle
of the last century to the presents. These methods can be
divided into two types: empirical correlations and methods
based on thermodynamic approaches.
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The empirical methods have been widely used and will
be used in further. But the experimental investigation of
each new multicomponent technical liquid is needed quite
large monetary and human labor expenditures.

Methods based on thermodynamic approaches are re-
viewed in [7-9]. Molecular dynamic simulations were first
used in 1976 when Rao et al. [10] presented the possibility
of computing the surface tension of a liquid film from sta-
tistical thermodynamic relations. Currently, this approach is
successfully applied for surface tension predicting for both
pure liquid and their mixtures [11]. Nevertheless, models
based on molecular dynamics are not suitable for complex
thermodynamic systems.

Introduced by Brock and Bird in 1955 the correspond-
ing states principle allows to estimate surface tension from
the critical constants [12]. Curl and Pitzer improved this
model, which is restricted to short and weakly polar mole-
cules by introducing an acentric shape parameter [13]. For
example, in recently published papers [14, 15] new simple
correlations based on the principles are corresponding states
proposed to estimate the temperature-dependent liquids
surface tension. The new correlations were obtained by
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fitting surface tension data of number different liquids (re-
frigerants, hydrocarbons and some other inorganic liquids).
The new correlations have several fitting coefficients and
require such input data: critical point temperature, triple
point temperature and surface tension or temperature and
surface tension values at the boiling point.

Group contribution-based methods are popular ap-
proaches to predict physicochemical properties. For pur-
pose of surface tension prediction, a model was introduced
by Egemen et al. in 2000 [16]. Moreover, an extended
model was proposed by Conte et al [17]. Li et al. [18] pre-
sented a new method based on a combination of corre-
sponding-states and group contribution models. In addition,
Zhelezny et al. proposed a new scaling principle—
quantitative structure-property relationship method for pre-
dicting the physicochemical (including surface tension)
properties [19].

As can we see from short review, the major number of
studies on predicting the surface tension considered pure
liquids. There is some progress in predicting the surface
tension of various mixtures using the thermodynamic ap-
proach [11, 20, 21]. There are some studies dedicated pre-
dicting the surface tension of mixtures refrigerants and so-
lutions of refrigerant in compressor oil [5, 7, 22, 23], that
we are interested in. But studies dedicated predicting the
surface tension of nanofluids are absence at present. Based
on mentioned, we can be stated that the problem of predict-
ing the surface tension of complex thermodynamic systems,
such as nanofluids, remains outstanding.

It should be noted that the surface tension of liquids and
the saturated vapor pressure are due to a specific intermo-
lecular interaction in the region of spatial heterogeneity of
the substance (surface layer). Moreover, the compositions
of the surface layer of solutions and nanofluids and their
bulk liquid phase are not equal [23]. The presence of nano-
particles in the base fluid affects the composition and struc-
ture of the surface layer of liquids. However, there are no
methods for determining the composition of the surface
layer of nanofluids and this fact complicates establishing
the dependence of the surface tension on the state parame-
ters of nanofluids.

It should be mentioned that the number of possible
methodological errors in measurements of the saturated
vapor pressure of nanofluids is significantly lower than for
the surface tension measurements. Therefore, scientific and
practical interest has establishing the relation between the
surface tension and the saturated vapor pressure of nanoflu-
ids when developing the predicting models on surface ten-
sion.

2 Objects of study

The objects of study were been two fluids: nanofluids
isopropanol/Al,O; nanoparticles and solution of fullerenes
Cgo in 0-Xylene.

Sigma-Aldrich isopropanol/Al,O3 nanofluid (Product Ne
702129) with a nanoparticle content of 0.20+0.01 kg-kg™
was used in this study. This nanofluid was chosen because
isopropanol forms stable over time colloidal solutions with
Al,O; nanoparticles over a wide range of concentrations
and temperatures [26]. According to the manufacturer, the
size of the Al,O; nanoparticles (CAS 1344-28-1) was not
greater than 50 nm (dynamic light scattering) with a purity

of 99.9% (Trace Metals Analysis). Samples were prepared
by diluting the nanofluid Ne 702129 with isopropyl alcohol
(CAS 67-63-0, 99.7% purity). Diluted nanofluid was ho-
mogenized by simple, short term mechanical shaking.

0-Xylene was chosen as base fluid due to it is good
solvent for fullerene Cgy Over a wide range of concentra-
tions and temperatures [27]. According to the manufacturer
(Suzhou Dade Carbon Nanotechnology Co., Ltd), the purity
of Cgp (CAS 99685-96-8) was not less than 99.5%. Samples
were prepared by mixing the fullerenes Cq with o-xylene
(CAS 95-47-6, 99.7% purity). Solution was homogenized
by sonication for 2 hours using the ultrasonic bath.

Colloidal stability of nanofluid isopropanol/Al,O;
nanofluids was studied in our previous paper [26] and ex-
cellent stability for wide nanoparticles mass fraction range
was shown. Mass fraction of Cgq in 0-Xylene was chosen in
accordance with [27] to provide full solubility of fullerenes
without clasterisation.

3 An experimental investigation of the surface
tension and saturated vapor pressure

Determination of the saturated vapor pressure P for the
samples has been performed by a static experimental meth-
od. An experimental setup has been designed in order to
measure the saturation vapor pressure of the nanofluids. A
schematic outline of the experimental setup is shown
in Fig. 1.

Figure 1 — Schematic of experimental setup for investiga-
tion of the saturation vapor pressure of the nanofluids: 1 -
Experimental cell; 2 - Background heater; 3 - Booster heat-
er; 4 - Mixer; 5 - Contact thermometer, 6 - Temperature
control system; 7 - DC power supply B5-44; 8 - DC power
supply B5-49; 9 - Heater for ballast capillary; 10 - Pressure
transducer WIKA S-10; 11 - Multimeter M3510A; 12 -
Thermocouple (DT838); 13 - Platinum resistance thermom-
eter TR10A; 14 - Valve; 15 - Thermostat.

For investigation the effect of Al,O; nanoparticles and
Ceo additives on the surface tension o the modified differen-
tial method of capillary rise has been applied. The essence
of this method is the measurements of the difference for
height of rising of the liquid’s meniscus in a few capillary
pair and following calculation of the weighted average val-
ue of capillary constant a’. This makes it possible to signif-
icantly increase the accuracy of the experimental data.
A schematic outline of the experimental setup is given
in Fig. 2.
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Figure 2 — Schematic of experimental setup for investiga-
tion of the surface tension of the nanofluids: 1 - Experi-
mental cell; 2 - Background heater; 3 - Regulating heater; 4
- Mixer; 5 — Thermostat; 6 - Multimeter M3510A, 7 - Plati-
num resistance thermometer TR10A; 8 - Contact thermom-
eter, 9 - Temperature control system; 10 — Cathetometer;
11 - Capillaries; 12 - Flange; 13 — Glass

Saturated vapor pressure and surface tension of samples
have been studied in the temperature range 293-363 K and
mass fraction range of Al,O; 0-8.71 g-kg™ nanoparticles.
Measurement of saturated vapor pressure and surface ten-
sion of solutions of o-xylene/fullerenes Cgy have been per-
formed in the temperature range 283-348 K and the mass
fraction range of Cgo 0-7.5 g-kg™.

The surface tension, capillary constant and densities of
the liquid and vapor phases of studied liquids are related as

o=05-g-a°-(p'~p"), @
where p' and p" are the density of liquid and vapor phas-

es, respectively; g is an acceleration of gravity; a’ is the
capillary constant.

It is shown that additives of Al,O; nanoparticles and
fullerenes Cg, lead to a decrease in the surface tension and
increase in the saturated vapor pressure.

The experimental data on saturated vapor pressure and
surface tension for nanofluids isopropanol/ Al,O; nanopar-
ticles and solution o-Xylene/fullerene Cgq, were fitted as
R = f(WAIZOS(CGO)!T) and o= f(W/-\I203(C60)'T)' The ex-

perimental and fitted data on surface tension and saturated
vapor pressure are presented in Figs. 3-6.
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Figure 3 — Temperature dependencies on the surface
tension for the nanofluids isopropanol/Al,O4
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Figure 4 — Temperature dependencies on the surface ten-
sion for the o-xylene/fullerene
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Figure 5 — Temperature dependencies on the saturated va-
por pressure for the nanofluids isopropanol/Al,O;
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Figure 6 — Temperature dependencies on the saturated va-
por pressure for the o-xylene/fullerene Cgq solutions
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The dependencies on the saturated vapor pressure from
surface tension at different mass fraction of nanoparticles
Al,O3; or fullerenes Cg for the nanofluids isopropa-
nol/Al,O; and for solutions o0-xylene/Cg, demonstrated
Figs. 7-8.
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Figure 7 — The dependencies on the saturated vapor pres-
sure from surface tension at different mass fraction of na-
noparticles wajp03 for the nanofluids isopropanol/Al,O3
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Figure 8 — The dependencies on the saturated vapor pres-
sure from surface tension at different mass fraction of full-
erenes Wcgo for the o-xylene/fullerene Cgy solutions

Analysis of obtained experimental data shows there is a
relationship between the saturated vapor pressure and sur-
face tension for the objects of study at all ranges of nano-
particles mass fractions.

Previously similar conclusion has been obtained for
halogen hydrocarbons and its solution with mineral com-
pressor oils [23]. This conclusion can use to develop the
methods for surface tension prediction with using the more
available and precision information about saturated vapor
pressure of liquids, solutions or nanofluids.

The graphics confirmation of presence the relationship
between the saturated vapor pressure, surface tension and
nanoparticles mass fraction are shown on Figs. 9 and 10.
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Figure 9 — Relationship between the saturated vapor pres-
sure, surface tension and nanoparticles Al,O3; mass fraction
for nanofluid isopropanol/Al,Os in temperature range 293 —
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Figure 10 — Relationship between the saturated vapor pres-
sure, surface tension and fullerenes Cgq mass fraction for
solution 0-Xylene/Cg in temperature range 283 — 343 K

4 Relationship between surface tension and satu-
rated vapor pressure for nanofluids

The functional relationship between the surface tension
and saturated vapor pressure of the liquids was examined
using following reduced parameters:

o(t) =21 @

nb

P
n(t)=In| —< , 3

0=v{ 3 @
where @, n are reduced surface tension and saturated vapor
pressure; oy, iS the surface tension of a saturated liquid at
the normal boiling point; Pc is the critical pressure;

t=1-T/T. is the reduced temperature; 7 is the critical

temperature.

In our previous paper [23] it was demonstrated the ex-
istence of the functional relationship between the surface
tension and saturated vapor pressure for the pure liquids. It
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makes it possible to predict the surface tension of pure lig-
uids in a wide temperature range, using available infor-
mation on the saturated vapor pressure. Analysis of the re-
lationship between functions ¢ and = for different hydro-
carbons showed similar behavior (see Fig. 11, [23]).
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Figure 11 — Relationship between ¢ and 7 for some hydro-
carbons [23]

The main difficulty to establish the relationship
@(t)=f(n(t))for nanofluids is lack of information about

its pseudocritical pressure.

But as was shown in [5] the additives of nanoparticles
do not lead to significant variation in pseudocritical pres-
sure. Therefore as an assumption we use the constant value
of pseudocritical pressure equal the value for pure base
fluid. At the first stage of the study was established the rela-

tionship (t) = f (n(t)) for nanofluids isopropanol/Al,O;
in temperature range 298 — 343 K (Fig. 12) and for solu-

tions 0-Xylene/Cq in temperature range 283 — 348 K
(Fig. 13).
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Figure 12 — Relationship between ¢ and n for nanofluids
isopropanol/Al,O; in temperature range 298 — 343 K

Analysis of the relationship between functions ¢ and &
for studied nanofluids at different mass fraction of nanopar-
ticles show presence almost linear dependences (see Fig.
13). This makes possible to predict the surface tension of
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nanofluids in a wide temperature range using available in-
formation on the saturated vapor pressure.
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Figure 13 — Relationship between ¢ and 7 for solutions o-
Xylene/Cgq in temperature range 283 — 348 K

In our further research we are going to evaluate pseudo-
critical temperature and pressure for nanofluid isopropa-
nol/Al,O; and solution o-xylene/Cg, with using the meth-
odology [5] and estimate functional relationship between
surface tension and saturated vapor pressure for the studied
nanofluids.

5 Conclusion

Based on obtained experimental data the several conclu-
sions can be made.

The nanoparticles Al,O; and fullerenes Cgo additives
lead to decrease the surface tension and increase the satu-
rated vapor pressure at different mass fraction of additives
in base fluids. We assume that the reason for these effects is
the difference between the effective mass fraction of nano-
particles in the surface layer of nanofluid and the mass frac-
tion of nanoparticles in the bulk of liquid phase. This effect,
as well as the presence of adsorption molecules of base
fluid on the nanoparticles surface in the nanofluid, leads to
a change in the structure of the surface layer of nanofluids.
In the surface layer the forces of mutual attraction between
the molecules of the base fluid decrease, which contributes
to a decrease in surface tension and an increase in saturated
vapor pressure.

It was shown that relationship between reduced surface
tension and reduced saturated vapor pressure for studied
nanofluids at different mass fraction of nanoparticles has
almost linear dependences. This makes possible to predict
the surface tension of nanofluids in a wide temperature
range using available information on the saturated vapor
pressure.

Goal of authors’s further studies is establishment of a
functional relationship between reduced surface tension and
reduced saturated vapor pressure for different nanofluids.
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B3aeMo3B’s130K MiXK NTOBEpXHEBMM HaTAroM Ta TUCKOM Hacu4veHux napiBs
Ana moaenbHUX HaHoNIAIB
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s modenosanus npoyecie Kuninhsa Hanoarioie Heobxiona ingopmayin npo ix nosepxuesuti namse. B po6omi noxa-
3aHO, WO NUMAHHA NPOSHO3VBAHHS NOBEPXHEB020 HAMAZY CKIAOHUX MEPMOOUHAMIUHUX CUCTeM, MAKUX K HAHO@oi-
ou, ocmaemocs Hesupiwenum. Cnio 3a3Hauumu, wo NOGepXHesull Hamse PIOUH i MUCK HACUYEHUX Napieé 06yMOoe/eHi
CReYUDIUHOI0 MIJNCMONEKYISAPHOIO 83AEMOOIEI0 8 00AACMI NPOCMOPOBOT HEOOHOPIOHOCMI peuosUHU (HOBEPXHEBO20 ULd-
Py 6 obnacmi epanuyi po30diny pioxkoi ma 2azonodionoi gasz). Ckiad nosepxnesozo wapy HaHo@oidy i piokoi gaszu 6
00 ’emi HaHOPI0I0y He pieni. HaseHicmb HAHOYACMUHOK 6 OA3086ill PIOUHI BNIUBAE HA CKIAO NOBEPXHEE020 WAPY PIOUH.
Oo0nax 8i0cymui Memoou U3HAYEHHS CKIAOY NOBEPXHEB020 WAapy HAHOGII0IOY, WO YCKIAOHIOE BCMAHOBICHHS 3A1eMHC-
HOCMI NOBEPXHE8020 Hams2y 6i0 napamempieé cmany Hano@duoioie. Cuio 3a3nasumu, wo KIbKICHb MONCIUSUX Mem O-
001102TYHUX NOXUDOOK BUMIPIOBAHHS MUCKY HACUYEHUX NAPI8 HAHOMII0I0I6 3HAUHO HUJICHe, HIJIC NPU GUMIPDIOBAHHI NOBED-
xHegoeo Hamszy. Tomy npu po3pobyi mooenell NpoSHO3Y8AHHA NOBEPXHEB020 HAMAZY HAYKOBULL I NPAKMUYHUL IHmepec
MA€e 8CMAHOBNEHHS 83AEMO38 A3KY MIJNC NOBEPXHEBUM HAMA2OM | MUCKOM HACUYeHUX napie Hanogwidis. B npedcmas-
JeHitt pobomi 00 ’ekmamu docnioxcenns Oyau nanouoiou izonponanor/nanowacmuku AI203 ma o-xcunon/yrepenu
C60. Tuck nacuuwenux napie ma nogepxmesuii Hamse 0asl HaHOPm0idy izonponanor/nanouacmuxu AI203 oyau excne-
PUMEHMANbHO 6UsHaueHi 6 inmepeani memnepamyp 293 —363 K ma npu kxounyemmpayii namowacmunox Al203
0-8,71 2lke, a ons cucmemu o-xcunon | pynepenu C60 — ¢ inmepsani memnepamyp 283 — 348 K ma npu xonyenmpayii
@ynepenise C60 0-7,5 alke. Ioxazano, wo dobasxu nanouacmunox AI203 ma ¢ynepenie C60 6edymov do 30inbuienms
MUCKY HACUHEHUX Napie ma 00 3HUNCEHHSI NOBEPXHEE020 Hamszy 0a308ux pioun. B pobomi nasedeno ananiz 63a€mosio-
HOWEHHS MIJIC BETUNUHAMU 36€0€HO20 NOBEPXHEBO20 HAMAZY MA 36e0eH020 MUCKY Hacudenux napis. [lokazano, wo ic-
HY€ YHIBEPCANbHA 3ANEHCHICIb MIdHC 36e0eHUMU 3HAYEHHAMU NOBEPXHEB020 HAMAZY | MUCKY HACUYEeHUX napie 0 0oc-
JHOXHCYBAHUX HAHOPDMI0IOIB.
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