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B pobomi npuegedeni pesynoma-
mu excnepumMenmanviozo 00CHAiOHCeHHS
menaoisuunux eaacmusocmeil Xx0Jo0-
OUNBbHO20 MiHEPAILHOZ0 KOMNPECOPHOZ0
macmuna (ISO 9) 3 domimxamu nawo-
yacmunox MoS> (70 um) i Cu (50 um),
a makodc pe3yavmamu 6UMipié MuUcCKy
Hacuuenoi napu cymiweu usodyma-
HY 3 OMPUMAHUMU HAHOMACMUTLAMU.
Ompumani pesyaomamu 0eMOHCMPYIOMb
nO3UMuUeHULL 6NIUE 00OMILOK HAHOUACTU-
HOK Ha Xapaxmepucmuxu podoouux min
X0100UNbHUX anapamie

Kmouesgi cnosa: pos3uun xonodoazenm,/
macmuno, menno@izuuni eaacmugocmi,
muck Hacuuenoi napu, HAHOUACMUHKA,
HAHOMACMUIO0

B pabome npedcmaenenvt pesyvma-
Mol IKCREPUMEHMATILHOZ0 UCCAEO08AHUS
menaopuunecKux ceouUcme xXon00UnbHO-
20 MUHEPATILHO20 KOMNPECCOPHO20 MACAA
(IS0 9) ¢ npumecamu nanouacmuy MoS>
(70 um) u Cu (50 um), a maxice pe3ynv-
mamol uzMepeHull 0aeeHUsL HACHLULCH-
HbIX napoe cmeceu uzodymana ¢ noay-
yennoimu Hanomacaamu. Ioayuennovie
pe3ybmamot 0eMOHCMPUPYIOM NOTLOHCU-
meJtbHOe 8JUSHUE NPUMeECE HAHOUACMUY,
HA Xapaxmepucmuxu padouux mey XoJo-
OunbHbLIX annapamos

Kmoueevie caosa: pacmeop xaaoa-
eenm/macno, mennopuiureckue ceoii-
cmea, 0asjeHue HACLIUWEHHBIX Napos,
HaHoOwacmuya, HaHoMacao

| =,

1. Introduction

Nanofluids represent colloidal suspensions with particles
size of up to 100 nm in the underlying fluid. Impurity of
nanoparticles in the liquid could lead to the significant
increase in thermal conductivity and vapor pressure,
intensify the boiling heat transfer, could reduce friction
and, therefore, the wear of mating parts of mechanisms.
Currently, inclusion of nanoparticles to the composition of
compressor working fluids could be considered as one of
the most promising methods for improving refrigeration
performance [1, 2]. Most often, nanoparticles are added to
the compressor lubricant that is the essential component of
refrigeration real working fluid (RWF) [3]. At the same time
increase of energy efficiency of refrigeration equipment could
be achieved by changes in RWF thermophysical properties,
reduce of friction in the mating parts of compressor systems,
and enhancement of heat transfer in evaporator. In turn,
increase of heat transfer coefficient in the evaporator
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depends not only on refrigerant thermophysical properties
changes, but also on the formation of additional centers
of vaporization [4]. Stability of nanofluids essentially
determines the prospect of their use in refrigeration and a key
challenge in studying their properties. Clustering facilitates
nanoparticles fusion, which causes precipitationin the studied
nanofluids. This effect leads to the change of nanofluid
concentration. Changing of nanolubricant composition
should be reflected in the dynamics of changes in the
nanofluid thermophysical properties. These circumstances
make nanorefrigerants applications in refrigeration systems
quite problematic. In order to study these problems, the
measurements of surface tension, viscosity, and thermal
conductivity of nanolubricants and also of vapor pressure for
the refrigerant/nanolubricant mixtures were provided. The
composition of the investigated substances was consisted
of the following components: nanopowder - TiOy (10 nm),
MoS;, (70 nm), and Cu (50 nm), mineral compressor oil
ISO 9, and refrigerant R600a. A choice of surface tension




as one of the properties under investigation was dictated
by the fact that any clustering process will lead to a change
in the composition of the surface layer of the nanolubricant
liquid phase. Thus, possible changes in surface tension of the
nanolubricant and, hence, of the saturated vapor pressure
[5] of the nanolubricant/refrigerant mixture is a reliable
indicator reflecting the stability of working fluids in the
refrigeration equipment.

2. Samples preparation

Analysis of published works devoted to the study of
thermophysical properties of nanofluids [1, 2] shows that the
sample preparation is perhaps the key factor for obtaining
stable over time nanofluids. Techniques of uniform dispersion
of nanoparticles in the liquid is a prerequisite for obtaining
high-quality and most importantly, reproducible results of
the experimental data.

In our research, a special attention was done to the
sample preparation to provide their stability over the time.
Characteristics of the original oil sample and nanoparticles
TiOy are given in Tables 1 and 2. The average size of
nanoparticles in the oil was determined by dynamic light
scattering (laser spectroscopy correlation).

here py,,, = density of nanoparticles, p . = density of
nanofluid, p, = density of oil.

The mass concentration of the prepared sample was
0.008%. To destruct agglomerations of nanoparticles, a
sample was homogenized by using ultrasonic disperser at
room temperature for 30 minutes. To separate nanoparticle
clusters, the sample was centrifuged for 45 minutes. Thus
the mixture became transparent, homogeneous and could
be used for further investigations. Hydrodynamic radius of
TiOynanoparticles in oil was measured with laser correlation
spectroscopy method that is also known as the dynamic light
scattering technique. It was 10 nm with an uncertainty of
5%. Preparation of nanofluids based on oil and MoS, and
Cu nanoparticles was completed by gravimetric method,
followed by stirring the sample by the electromagnetic
stirrer and an ultrasonic disperser and centrifugation. The
concentration of MoS, and Cu nanoparticles in the oil was
equal to 0.1%.

3. Experimental research

3.1.Surface Tension

The Maximum Bubble Pressure method [8]

Table 1 (.5 used to study the nanolubricant surface

Characteristics of the compressor mineral oil ISO 9 tension. The advantages of this method are

Densiey | Kinematic | Kinematic ot | pour | Pseudo | Pseudo relatlyely low uncertainty of t?le O‘F)talned
20087 viscosity [ viscosity | Acid |50 f - critical | critical exper%mentgl data and laC.k of the contact angle
alt< | at400C, | at 100°C, | number oint, | Point, tempe- | pressure, | magnitude in the calculation formulas (its value
g/m cSt cSt K K rature, K| MPa can be changed by adding nanoparticles into
877 107 968 002 | 426 | 223 767" 190" the liquid) [8]. The experimental setup is shown

®) A part of the oil properties were obtained in the
Odessa State Academy of Refrigeration and from the oil
manufacturer, the pseudo-critical parameters were obtained
by the pulse method at the Institute of Thermal Physics, Ural
Scientific Center, Russian Academy of Sciences [6].

Table 2
Specifications of the nanoparticles TiO,
Composition of the . Average
Rutile, % | Anatase, % P size
Light- 28 ) 49 m?/g 10 nm
gray

Initial concentration of the TiO, nanoparticles in oil
was vol. 10%. The sample was diluted with the pure oil
to the concentration of 5% and then was stirred by the
electromagnetic stirrer during several hours. The obtained
sample had a significantly lower viscosity, allowing preparing
the working samples of nanolubricants with different
concentrations. The mass concentration of nanoparticles
was calculated by the formula

C= Prio, '(pnf B pA)

100, (1)
Put (Prio, =P )

in Figure 1. The main element of the setup
is the calibrated capillary tube located in the
measuring cell. The inner diameter of the capillary tube
(in the bottom part) was equal to 0.86 mm. The upper end
of the capillary is connected to the atmosphere. The outer
casing of the measuring cell is a pumped thermostat through
which the chiller liquid is circulated. Internal volume of
the measuring cell is filled with test liquid so that the
capillary was immersed in a liquid to a depth of not less than
15mm. Immersion depth of the capillary into the liquid was
measured by the cathetometer with the uncertainty of 0.02
mm.

The top of the capillary has a damper extension to reduce
the pressure pulsations in creating vacuum in the internal
volume of the measuring cell. With open drip, the liquid
with low vapor pressure follows from the measuring vessel
to the glass, creating a vacuum in the internal volume of
the measuring cell. By adjusting the frequency separation
of drops, one can create the necessary negative pressure
in the internal volume of the measuring cell, required for
the formation of air bubble at the end of the capillary in
the liquid. Maximum pressure in the bubble is fixed by the
differential pressure gauge. The upper part of the measuring
cell is a hermetically closed tube. A copper-constantan
thermocouple connected to a temperature measuring device
is installed inside the measuring cell.

Surface tension was calculated as

O-:E‘pm'g'Hmax.I<’
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here R = internal capillary radius; p, = density
of the manometric fluid; g is gravity acceleration;
K = coefficient accounted for type of manometric fluid,;
H,,.x = maximum lifting height of the manometric fluid.

10
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Fig. 1. Surface tension measuring device: 1 - thermocouple;
2 - calibrated capillary tube; 3 - measuring cell; 4 - nanofluid;
5 - graduated vessel; 6 - oil; 7 - glass;

8 - micromanometer; 9 - water cooler; 10 — millivoltmeter

3.2. Saturated Vapor Pressure

Saturated vapor pressure (VLE) measuring device using
the Static method is shown in fig. 2. The main part of the
measuring device is a constant volume cell with the ballast
capillary tube. The volume of the cell is equal to 346.49
sm3. The cell is placed into the temperature bath, and
experimental temperature was measured by the thermometer
with the uncertainty of 0.1 K.
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Fig. 2. VLE measuring device: 1 - measuring cell; 2 - hot
valve; 3 - thermostat; 4 - thermometer; 5 - millivoltmeter;
6, 10 - power supplies; 7 - heater;

8 - pressure sensor; 9 - thermocouple.

A piezoelectric pressure transducer, attached to the
top of the ballast capillary is used for the vapor pressure
measurements. Special design heater prevents possibility

of the refrigerant condensation on the ballast capillary.
The temperature of the capillary was measured by the
thermocouple connected to the sensitive millivoltmeter.
Before charging the measuring cell, the samples of the
fluid under investigation (oil/refrigerant mixture with
nanoparticles) were purified from the dissolved air. The
concentration of the mixture components was performed
by gravimetrical method. The criteria for establishing
thermodynamic equilibrium in the measuring cell are the
stable reading of temperature and saturated vapor pressure
in the measuring cell. An uncertainty of the experimental
results did not exceed 1%.

3.3. Thermal Conductivity

Thermal conductivity was measured using the Modified
Steady-State Hot-Wire method. The construction of the
measuring cell and thermal conductivity measuring device
are shown in fig. 3. A special feature of this apparatus is the
application of a thin-walled platinum capillary tube (outer
diameter = 1.0 mm, inner diameter = 0.9 mm) as the outer
resistance thermometer. A platinum wire (diameter = 0.1 mm
and length = 80 mm) located inside this capillary tube is
used as an electric heater and at the same time as the inner
resistance thermometer. In order to center this wire inside
the capillary tube, the latter was placed within a glass tube
that can be adjusted in two orthogonal directions by set
screws. The wire was centered by visual observation using
a microscope. The frame for this apparatus was designed to
have minimal clearance with the glass tube, thus eliminating
convective heat transfer from the tube outside.

Sample Cell

To Vacuum Pump E]
10 "

Vacuum T
) [ bt [—5—
Electrical
Scheme

Thermostated

Liquid :l

Pressure
Transducer

Fig. 3. Thermal conductivity apparatus. a) Measuring cell:
1 - central wire; 2 - platinum capillary; 3 - glass capillary;
4 - frame; 5 - set screw; 6 - window for visual observation;
7 - potential connection to capillary; 8 - spring; 9 - potential
connection to wire; 10 - current connection to capillary.
b) Thermal conductivity measuring device



Thermal conductivity was calculated from the measured
temperature difference, current, and resistance using the

formula
d
(%) ek

A=—2l—"1 , 3
2.w-1 AT ®

here d» = inner diameter of platinum capillary tube,
d;=diameterofplatinumwire,/=lengthofthiswire, /=current,
R = resistance of the wire, AT = temperature difference
between the wire and the capillary tube.

The geometric constant of the measuring cell,
In(d, /d;)/2-ml, was determined by measuring the values
of dy, d», and [, and then was verified by experiments using
standard reference data for toluene. Thermal conductivity
was calculated taking into account the corrections for end
effects, eccentricity of the wire, and radiation heat transfer.
The sum of these corrections did not exceed 0.5% of the
measured thermal conductivity.

The apparatus was installed in the vessel (fig. 3b),
placed in the special constant temperature bath to provide
temperature control within +0.01 K. The temperatures
of both resistance thermometers were determined by
measuring the potential difference across each thermometer
relative to the potential across standard resistances. The
accuracy of these measurements using a digital voltmeter is
within +10 nV. During thermal conductivity measurements,
the temperature drop between the wire and the capillary
tube in the fluid sample was 4 — 10 K. For these conditions,
Ra = Gr * Prvalues were less than 1000 in all experiments,
indicating negligible natural convection effects. Calculated
uncertainties in the experimental thermal conductivities
were within +0.8%.

3.4. Viscosity

Kinematic viscosity was measured by the Capillary Tube
Method (glass viscometer with, so called, “hanging level”).
Two capillary tubes with diameters 0.82 and 1.12 mm were
used. Viscosity was calculated by the formula

v=—t_.t.K, 4)

where v = kinematic viscosity, g = local acceleration due
to gravity, ¢ = average flow time, K = viscometer constant.

The viscometer was installed in the glass Dewar vessel,
and the temperature of this vessel was controlled within
+ 0.02 K. Calculated uncertainties in the experimental
viscosity data did not exceed +0.5%.

4. Results and discussion

The temperature dependence of the surface tension of
the pure mineral oil and the oil with the MoS, and TiO,
nanoparticles is shown in the fig. 4, and the results of
saturated vapor pressure measurements for the R600a/oil
mixture with the TiOs nanoparticles are given in
the fig. 5.

As it is seen from the fig. 4, the influence of the
nanoparticles on the surface tension is valuable (up to 12%)

despite of the small concentration of TiOy. This fact may
have a positive impact on the performance of the compression
systems (decrease of the oil surface tension should lead to
increase of vapor pressure of the refrigeration working fluid
in the crankcase, as it is seen from the fig. 5). The growth
of vapor pressure of the nanorefrigerant will increase its
density. Consequently, the mass flow of refrigerant and the
cooling capacity of the compressor system have to increase.

Analysis of the obtained experimental phase equilibrium
data shows that the influence of nanoparticles on the vapor
pressure depends on the temperature (see fig. 6 and 7). For
the system R600a/oil + TiO,, this influence increases with
increasing of the temperature. Opposing, for the system
R600a/0il + MoS,, the reverse effect is observed. The effect
of nanoparticles on the saturation vapor pressure decreases
with increasing the temperature. The greatest contribution
of nanoparticles to the vapor pressure is observed at the mass
oil concentration equal to 0.3. These effects probably related
to the different influence of nanoparticles on the structure
of the surface layer of the liquid phase of the refrigerant/oil
mixture.

The structure of the surface layer of the nanofluid liquid
phase is determined by the nature of diffusion processes at
the liquid-vapor interface. These processes, in turn, depend
on the ratio of nanoparticles and oil densities, viscosity, and
thermodynamic parameters.
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Fig. 4. Surface tension of pure oil (1), oil with MoS; (2), and
oil with TiO; (3)
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Fig. 5. Saturated vapor pressure of R600a/oil (1) and
R600a /oil with TiO, (2)
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Fig. 6. Deviations in saturated pressures of mixture
R600a/0il and R600a/Azmol + TiO,
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Fig. 7. Deviations in saturated pressures of mixture
R600a/oil and R600a/Azmol + MoS,

The influence of the TiOy and Cu nanoparticles on the
thermal conductivity and viscosity of the compressor oil
(our experimental data) is show in the fig. 8.

3

Deviation, %

20 30 40 50 60 70 80 90
Temperature, °C
Fig. 8. Deviations of experimental transport property data for
mineral oil with nanoparticles from the data for pure oil:

1 - thermal conductivity of oil + TiO,;2 - thermal conductivity
of oil + Cu; 3 - viscosity of oil + TiOy; 4 - viscosity of oil + Cu

The measurements were done at very small nanoparticle
concentrations  (0.008% and 0.1%, consequently).
These concentrations values were chosen because of the
specific compressor refrigeration system, since the loss of
nanoparticles in the sediment could effect the operation
of the throttle device. As it is seen from the fig. 8, the
established effect is not high but it could be augmented at
higher nanoparticle concentrations or with another type of
nanoparticles. Further researches of the transport properties
are required.

5. Conclusions

Methodology of preparation of the nanofluids consisted
of refrigeration compressor lubricant (mineral oil ISO 9)
with nanoparticles of TiO5 (10 nm), MoS, (70 nm), and
Cu (50 nm) is described. A set of experimental devices and
procedure of measuring thermophysical properties (surface
tension, saturated vapor pressure, thermal conductivity,
and viscosity) are given, the experimental data for the
surface tension, thermal conductivity, and viscosity of the
mineral oil with the nanoparticles of TiO,, MoS,, and Cu,
and also for the saturated vapor pressure of the R600a/oil
mixture with the TiO, nanoparticles are obtained. The
experimental results are discussed. Our research shows
that small admixtures of nanoparticles in the compressor
oil in a large extent affect the surface properties of liquids
(surface tension and saturated vapor pressure). A positive
impact of nanoparticles on the performance of compressor
systems is considered. It is shown that further research on
influence of temperature, shape, nature and concentration of
nanoparticles, and also the nature of the solvent are needed.
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Abstract

The results of thermophysical property and vapor-liquid equilibria studies for the systems mineral oil ISO 9 +
MoS5 (70 nm) and Cu (50 nm) nanoparticles, and R600a + nanolubricant are presented. Series of measurements:
surface tension (maximum bubble pressure method), thermal conductivity (steady-state hot-wire method),
viscosity (capillary tube method), and saturated vapor pressure (static method) were carried out. The size and
the concentration of nanoparticles in the lubricant were determined by dynamic light scattering (laser correlation
spectroscopy ). Experimental data demonstrate some positive effect of nanoparticles doping on the refrigerant
properties such as the decreasing of nanolubricant surface tension, thermal conductivity growth, and the shift of
vapor pressure curve in refrigerant/lubricant blends. Thus, the use of nanorefrigerants shows clearly the energy
efficiency enhance for the vapor compression refrigerating systems

Keywords: refrigerant/lubricant mixture, thermophysical properties, saturated vapor pressure, nanoparticles,

nanolubricant
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Mu npedcmaensemo mame-
Mamuuny Moodenb HAZPiIGAHHS
Oionoziunux mrxanun nio diero
J1a3epHO20 GUNPOMIHIOBAHHS, AKA
Hadae 3Mozy ouiHumu pPo3nodii
memnepamypu 6 0ionoziuHux
mranunax nio 0i€l0 aA3epHO20

BUNPOMIHIOBAHNHA

Knawuosi caoea: posnodin
memnepamyp, aasepne
BUNPOMIHIOBAHHA, HaANiENnpPo3ope
cepedosuue
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Mvt npedcmaensem mamema-
muueckyio moodeav Hazpesa 0Ouo-
Jlo2unecKux mramneil noo oeticmeu-
eM J1a3epHO20 U3YHeHus, Komopas
npedocmasnsaem 603MONCHOCMD
ouenumv pacnpedesienue memne-
pamypoL 8 6UOLOUMECKUX MKAHAX
noo odeiicmeuem JNA3EPHO20 UINY-
uenus

Knioueewvte cnosa: pacnpedene-
Hue memnepamyp, aaseproe u3ny-
Yenue, NOAYNPO3PauHas cpeoa
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Beryn

JlazepHe BUIMPOMIHIOBAHHS BIJIWBAE Ha OiOJTOTIYHY
TKAaHUHY TakuMmu OGisuyHuMu  GakTopaMu SK TeM-
neparypa, caabKuil eJeKTPUYHUN CTPYM, THCK Ta iH.
BigMiHHOI0O 0COGMMBICTIO HOro BILIMBY € JIOKaJi3allis.
XBUJI CBITJIOBOTO /ialla30HY BUIIPOMIHIOBAHHS MOTJIMHA-
I0THCSI Ta BiZlOMBAIOTHCS TOBEPXHEIO GIOTKAHUHU, TIPOMEHI
BHCOKOYACTOTHI MPOHUKAIOTH TIn0IIIe, ajie B OYAb-IKOMY
BUIIA/IKY30HaBILTBY OXOTIJIIOE TUThKUYACTUHY 6i0I0TiuHOT
TKaHUHU. [CHYIOTD Pi3HI MiZAX0AM /10 PO3B'sI3aHHA 3a/ayi
BIJIMBY JIa3€PHOTO BUIIPOMIHIOBaHHSI Ha 0i0JIOTiYHY TKa-
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HUHY Ta 6e3J1iY pisHOMaHITHUX (DIBMYHUX i YUCTOBUX MO-
nesei. Bizomi 3 miTepaTypHUX asKepes Mojesi B3aeMOii
6iOTKAaHUHU 3 JTa3ePHUM BUIIPOMIHIOBAHHSIM 00'€HYIOTH
Taki iX 0co6JIUBOCTI:
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BJIACTUBOCTI.
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