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Hageoeno pesyavmamu excnepumenmanoHozo 00Cio-
HCeHHST menaodizuuHux eaacmusocmei x0a000azeHmy
R141b, posuuny R141b/nosepxneso-axmusna peuosuna
(IIAP) Span-80 i nanopmoioy R141b/Span-80/nanoua-
cmunxu TiOy. Bmicm ax IIAP, max i nanouacmunox TiOy y
06’eckmax docaioscennsa cxaadae 0,1 mac. %.

Bumipu nposedeno na ninii xuninns 6 inmepeanax mem-
nepamyp (273...293) K oas eycmunu, (293...343) K oas
noeepxnesozo namszy, (300...335) K oas ounamiunoi 6’a3-
xocmi, (293...348) K dns menaonpogionocmi, (261...334) K
0aa iz00apnoi menoemuocmi.

Iloxaszano, wo enaue IIAP ma nanouacmunox TiOy na
eycmuny xonodoazenmy R141b 6ye mesmaunum i cymip-
HUM i3 HeBU3HAMEHICMIO eKCNePUMEHMANbHUX O0AHUX
(@o 0,08 %). /lobaexu cymicno AP ma nanowacmunox
TiO, cnpusau 3nusicennio nogepxmuegozo namszy R141b
Ha eeaununy 0o 0,3 % y nopieusnni 3 uucmum R141b.
Hobaexu cymicno IMAP ma nanowacmunox TiO, ¢ R141b
cnpuanu 36irvuwennio 6’asxocmi na (0,8...1,0) %, a doéae-
xu ITAP npuszeodununu 00 cymmeeozo 3HUNCEHHS 6’f3-
xocmi — na (3,5...5,0) % y nopienanni 3 8’a3xicmio uucmo-
20 R141b. Iloxasano, wo dobasxu IIAP ¢ R141b cymmeeo
He 8nauearomv Ha MenionposioHicms (edpexm mne nepesu-
wyeas 0,25 %), a dobasxu cymicno ITAP ma nanowacmu-
nox TiOy npuszeodsamv 00 30invutenisa menaonpoeionocmi
xonodoazenmy (0,3...1) %. Byno 3agixcoeano 3nudncen-
na una (1,5...2,0) % numomoi izo6apnoi mennsoemnocmi npu
esedenni y R141b cymicno IIAP ma nanowacmunox TiO, ma
Hesnaune 30invuenns menioemmnocmi npu dooaeanni IIAP
(00 1,0 %).

3pobaeno eucnosox, wo eénaue 000a8oK HaHoOMACMU-
nox ma IIAP na mennoizuuni enacmusocmi xonodoa-
eenmy R141b € mneoonosnaunum ma HenpozHO308aAHUM.
Pesynavmamu excnepumenmanvHux 00CAI0NHCeHb GNAUBY
HAHOYACMUHOK HA MennoQi3uuHi 81ACMU80Cmi x01000a-
2enmy niomeepoiicyromo HeobOXiOHicmb Po3podKu Memooie
MO0eN06AHHA YUX 8ACMUBOCHEL HA OCHOBL YPAXYEAHHS
HAS6HOCMI HA NOBEPXHI HAHOUACMUHOK CMPYKMYpPOo8aHoi
Qasu 6az060i piounu aéo IIAP.

Kmouosi cnosa: xonodoazenm R141b, nanogpnioio R141b/
nanouacmunxuTiOy, 2ycmuna, nosepxnesuii Hamsez, NUMo-
Ma i300apna menyoemMHicms, menaonpoesionicmo, 6’a3xicmo
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Performed in the past two decades studies have shown

Application of nanofluids as working fluids is one of the
methods to improve the vapor compression refrigeration
systems performance, and consequently, reduce the costs of
cold production.

Nanofluids are colloidal systems containing the nanopar-
ticles of solid metals, metal oxides, or carbon allotropic mod-
ifications. The nanofluids are named “nanorefrigerant” in
a case the hydrocarbons or halogenated hydrocarbons (the
working fluids of vapor compression refrigeration systems)
are used as the base fluid.

that the addition of small amounts of nanoparticles can sig-
nificantly change the thermophysical properties of the base
fluid [1-10]. The application of nanofluids as coolants and
working fluids in thermal power systems (including refrig-
eration) can contribute to the intensification of heat transfer
processes in various heat exchangers [11-13].

Therefore, the study of the influence of nanoparticle ad-
ditives on various thermophysical properties of refrigerants
is of current importance. New empirical information on the
thermophysical properties of nanorefrigerants is needed
both for the development of calculation models for predict-




ing the nanofluids thermophysical properties and for the
modeling of heat transfer processes.

2. Literature review and problem statement

Some papers can be mentioned among the studies devot-
ed to the investigation of the nanorefrigerants thermophysi-
cal properties [1—11].

In paper [1], the data on thermal conductivity and vis-
cosity for nanofluids R134a/Al,O3 at the volume fraction
of nanoparticles from 1 to 5 % is presented. The increase in
thermal conductivity by (4...7) % and viscosity by 3 % at the
volume fraction of nanoparticles of 1 % in the temperature
range of (300...325) K has been shown. However, such prop-
erties as density, heat capacity and surface tension for the
considered nanofluid have not been investigated. That fact
limits the possibility of calculating the characteristics of the
heat transfer process.

In paper [2], the data on the thermal conductivity
and viscosity of the nanorefrigerants R134a/CuO at the
nanoparticle concentrations of 1 to 5 vol. % at temperatures
of 300 to 320 K are presented. The obtained results show
that the thermal conductivity of CuO/R134a nanorefriger-
ant increased (by 11.5 % for a nanofluid containing 5 vol %
of nanoparticles compared with a nanofluid containing
1 vol % of nanoparticles) and specific heat capacity decreas-
es with the augmentation of particle concentrations (by
12.5 % for a nanofluid containing 5 vol % of nanoparticles
compared with a nanofluid containing 1 vol % of nanoparti-
cles). The results of measurements of the viscosity and densi-
ty of the nanorefrigerant showed a significant increase with
the increase of nanoparticles volume fractions: more than
2-time viscosity increase for a nanofluid containing 5 vol %
of nanoparticles compared with a nanofluid containing
1 vol % of nanoparticles. The obtained results [2] indicate
the unpromising nature of the studied nanofluids. Since the
negative effect of increasing viscosity at high concentrations
of nanoparticles eliminated the positive effect of thermal
conductivity enhancement. It would be much more inter-
esting to study these effects at low (up to 1 vol. %) fractions
of nanoparticles, as well as to study the possibility of using
surfactants to control the viscosity of the nanofluid.

In paper [3], thermal conductivity and viscosity of the
Aly,O3/R141b nanorefrigerant for nanoparticles concentra-
tions of 0.5 to 2 vol. % at temperatures of 5 to 20 °C have
been investigated. The highest observed thermal conduc-
tivity and viscosity were 1.626 and 1.79 times greater for a
nanofluid containing 2 vol % of particles compared with the
properties of the base fluid. As in [1], such important proper-
ties for the analysis of heat transfer processes as density, heat
capacity and surface tension for the considered nanofluid [3]
have not been investigated.

The results of a detailed experimental investigation on
thermophysical properties of the nanofluid isopropanol/
Al,O3 have been presented in [4]. But the shortcoming of
this study is the lack of data on thermal conductivity of the
investigated system.

The reviews of experimental investigations of nano-
fluids thermophysical properties performed by a number
of researchers are presented in [5-7]. But the analysis of
information of the reviews [5—7] did not allow us to draw a
conclusion about the influence of the adding of nanoparticles

on the properties of base fluids. The main reason for this fact
is the absence of agreement in the results of various authors.

It has been found in [8] that the nanorefrigerants have a
much higher and strongly temperature-dependent thermal
conductivity at very low particle concentrations than pure
refrigerants. This can be considered as one of the key pa-
rameters for enhanced performance of refrigeration and air
conditioning systems.

There are papers dedicated to investigating the influence
of not only concentration but also the nanoparticles material
and shape [9] and nanoparticles size on the nanorefrigerants
thermophysical properties. The detailed review of performed
studies of nanorefrigerant thermophysical properties is pre-
sented in [11]. But the analysis of the information presented
in [9—11] did not allow us to draw a conclusion about the in-
fluence of the considered characteristics on thermophysical
properties of nanofluids.

It has been shown within the performed analysis that
the published experimental studies dedicated to the ther-
mophysical properties of nanofluids do not contain the com-
plete information necessary to predict the characteristics of
the heat transfer process by using the existing models.

The expediency of nanorefrigerants practical application
is analyzed in [12, 13], where the results of the study of heat
transfer during nanorefrigerants boiling in evaporators are
presented.

The authors of the paper [12] presented the results of the
study of the flow boiling heat transfer characteristics of four
nanorefrigerants (R141b/Cu, R141b/Al, R141b/Al,O3 and
R141b/CuO) in an internal thread copper tube. They found
that the maximum heat transfer coefficient of the four kinds
of nanorefrigerants increased by 17-25 %, the average heat
transfer coefficient increased by 3-20 %, and the maximum
heat transfer coefficient of the R141b/Cu nanorefrigerant in-
creased by 25 %. But the obtained effects [12] have not been
compared with a variation in thermophysical properties of
nanorefrigerants, which does not allow understanding the
reason for the heat transfer enhancement during boiling.

The authors of the paper [13] investigated the nucleate
pool boiling heat transfer of the nanorefrigerant 141b/
TiO, nanoparticles (at 0.01, 0.03 and 0.05 vol %) at differ-
ent pressures. Pool boiling experiments of nanofluids were
conducted and the results were compared with those of the
base refrigerant. The results indicate that the nucleate pool
boiling heat transfer deteriorated with increasing particle
concentrations, especially at high heat fluxes. At 0.05 vol %,
the boiling heat transfer curves were suppressed. But in the
paper [13], there is no comparison of the experimental results
with the heat transfer coefficients during nanorefrigerant
boiling calculated with using the existing correlations with
taking into account the thermophysical properties.

The results of experimental investigations on the influence
of the nanoparticles adding in refrigerants on the performance
of the vapor compression refrigeration system are presented
in [4, 11, 14]. The prospects of using the nanorefrigerants for
enhancement of the coefficient of performance of vapor com-
pression refrigeration systems are shown. However, the varia-
tion in the studied parameters in connection with the influence
of nanoparticle additives on the thermophysical properties
of nanorefrigerants has not been analyzed in the reviews [4,
11-14]. This fact does not allow analyzing the main factors
determining the change in the performance parameters of re-
frigeration systems that use nanorefrigerants as working fluids.



Thus, at present, there are no experimental studies con-
taining the complex investigation of thermophysical proper-
ties of any nanorefrigerant prepared according to a certain
technology using identical samples of nanoparticles.

It should be emphasized that the lack of accurate infor-
mation on the thermophysical properties of nanorefrigerants
does not allow us to correctly interpret the data on the effect
of nanoparticles on both the heat transfer processes and en-
hancement of the coefficient of performance of refrigeration
systems.

Several serious problems must be taken into account for
the successful introduction of nanorefrigerants to the indus-
try. It is worth noting that nanofluids are complex multicom-
ponent thermodynamic systems, which consist of the base
fluid, nanoparticles and, sometimes, surfactants.

Due to the thermodynamic instability of colloidal sys-
tems, the size of nanoparticles with sorbed on their surface
surfactant or base fluid molecules and, consequently, the
fraction of this interfacial phase, can change with tempera-
ture [15-17]. These changes can lead to variation in the
nanorefrigerant thermophysical properties. The additional
studies of the temperature dependence of changes in the
nanofluids structure are needed for the correct interpreta-
tion of the experimental data on the thermophysical proper-
ties of nanorefrigerants. According to the mentioned above,
the investigations of the colloidal stability of nanorefriger-
ants and determination of the nanoparticles hydrodynamic
diameter and the amount of base fluid or surfactant sorbed
on the surface of nanoparticles are needed.

Thus, not only the concentration of the components but
also the size and shape of the nanoparticles, the presence of
surfactants, the technology of nanofluids preparation, etc.
influence on the properties of nanofluids. For this reason,
the presented in the mentioned above studies data on the
influence of low concentrations of nanoparticles on viscos-
ity, surface tension, thermal conductivity and specific heat
capacity are often not in agreement with each other even
for systems with nanoparticles with the same chemical
nature.

As follows from [7, 18, 19], there are no accurate for prac-
tical purposes thermodynamic models for the calculation of
such nanofluids properties as thermal conductivity, viscosity
and heat capacity. As a rule, the presented in the litera-
ture correlations do not take into account the influence of
nanoparticle size, the presence of surfactants in nanofluids,
the structural changes in the layer of the molecules of base
fluids or surfactants sorbed on the nanoparticles surface
[7, 18, 19]. At the same time, some researchers state [7] that
the developed models for the calculation of thermophysical
properties are quite applicable for nanofluids with a low con-
centration of nanoparticles.

As follows from the above review, the study of the influ-
ence of low concentrations of nanoparticles and surfactants
on the complex of thermophysical properties of haloge-
nated hydrocarbon refrigerants is required to develop the
thermodynamic models for predicting the nanorefrigerants
properties and to analyze the heat transfer processes with
nanorefrigerants.

3. The aim and objectives of the study

The aim of this work is an experimental investigation of
the influence of TiOy nanoparticles on the density, surface

tension, specific isobaric heat capacity, viscosity and ther-
mal conductivity of the R141b refrigerant.

To achieve the set aim, the following objectives were to
be accomplished:

— to justify the choice of a model system based on the
halogenated hydrocarbon refrigerant with adding the metal
oxide nanoparticles and to prepare the colloidally stable
samples of nanofluids for experimental investigation their
thermophysical properties;

— to perform the experimental study of the density, vis-
cosity, surface tension, thermal conductivity and specific
isobaric heat capacity for samples: R141b, R141b/surfactant
and R141b/surfactant/TiOy nanoparticles;

— to analyze the variation in thermophysical properties of
the base refrigerant in the presence of a surfactant and TiO,
nanoparticles with using the obtained experimental data.

4. Materials and methods used in the study of
thermophysical properties of the R141b refrigerant,
R141b/Span-80 surfactant solution and R141b/Span-80
surfactant/TiO, nanoparticles nanofluid

4.1 Justification of the selection of the objects of
study and their preparation

Taking into account the variety of refrigerants used in
refrigeration systems, it is advisable to perform the tasks of
the study for the model system. The R141b refrigerant was
chosen as the base fluid for the model system in this study.
This refrigerant has been widely used for model studies by
many researchers [3, 10, 12, 13, 20, 21]. The nanorefrigerant
preparation has not been difficult because R141b has the
low vapor pressure at ambient temperatures. In addition, the
R141b refrigerant is in thermodynamic similarity with halo-
genated hydrocarbons refrigerants, which have been widely
used in the refrigerant industry.

TiO, nanoparticles are the industrial product with low
cost and they are often considered by researchers as a prom-
ising additive to halogenated hydrocarbons refrigerants
[4, 11, 14]. Tt should be taken into account that the con-
centration of nanoparticles in the working fluids is recom-
mended to be low (up to 0.5 wt. %) in orders to ensure good
colloidal stability and low cost of the nanorefrigerants.

In addition, information on the thermophysical proper-
ties of the R141b/TiO, nanorefrigerant is necessary for the
thermodynamic interpretation of previously obtained data
on the boiling processes of this nanofluid [20, 21]. The ef-
fects obtained in the study of the thermophysical properties
of the model system R141b/nanoparticles can be extended
to other halogenated hydrocarbons refrigerants, which are
widely used in the refrigeration industry and in air condi-
tioning systems.

According to the aforementioned, the R141b refrigerant,
CAS No. 1717-00-6 (manufactured by Zhejiang MR Refrig-
erant Co. Ltd, China) was selected as the base fluid for nano-
fluid preparation in the presented study. TiO, nanoparticles
were used as additives. According to the manufacturer’s
information, the size of the nanoparticles in the powder does
not exceed 25 nm, CAS No.1317-70-0 (Sigma-Aldrich).

The technology of preparation and results of the investi-
gation of the colloidal stability of the R141b/TiO nanofluid
containing various types of surfactants have been presented
in detail in [21]. The selection of the surfactants type and
their concentrations and the stability of the R141b/TiO,



nanofluids containing anionic, cationic or nonionic sur-
factants have been studied in [21]. Based on the obtained
results [21], it was concluded that the best colloidal stability
among the considered surfactants is provided by the Span-80
nonionic surfactant.

Additional studies conducted as part of this work
confirmed the sufficient colloidal stability of the R141b/
TiO, nanoparticles system in the presence of Span-80 CAS
No. 1338-43-8 (Sigma-Aldrich).

It should be taken into account that not only nanopar-
ticles but also surfactant additives will contribute to the
change in thermophysical properties of the base fluid. There-
fore, the research objects of this work are:

R141b refrigerant without nanoparticles and surfactants
additives — R141b;

— solution of the R141b refrigerant and Span-80 surfac-
tant (0.1 wt.%) — R141b/Surf,;

— nanofluid consisting of the R141b refrigerant, Span-80
surfactant (0.1 wt.%) and TiO, nanoparticles (0.1 wt.%) —
R141b/Surf./TiOs.

4. 2. Methods and equipment used in the experimental
study of the thermophysical properties

In the samples preparation, the amount of the compo-
nents has been determined by the gravimetric method. The
GR-300 precision balance with an uncertainty of 0.5 mg has
been used.

The measurements of the density for the object of the
study were performed by the pycnometric method using the
experimental setup described previously in [22,23]. The
glass cell containing the testing substance (pycnometer)
was placed in the thermostat equipped with an automatic
temperature control. The thermostat temperature stability
has been estimated to be within 0.02 K. For measuring the
level of the liquid phase of the sample in the pycnometer, the
KM 8 cathetometer with an uncertainty of 0.015 mm was used.

To investigate the surface tension, the modified differen-
tial method of capillary rise on the experimental setup pre-
sented in [22, 23] has been applied. The method’s advantage
is the use of more than one capillary pairs for measuring the
height differences of the liquid rising. The capillary constant
a® is calculated as the weighted average value. The use of
more than one capillary pairs significantly increases the
accuracy of the experimental data.

The following relationship was used for the calculation of
the surface tension for the object of the study:

6=05-g-a’(p'-p"), @

where o is the surface tension; p' and p" are the density of
liquid and vapor phases, g is acceleration of gravity; a® is the
capillary constant.

Data for the vapor density of R141b were taken from the
REFPROP database [24].

Experimental study of the dynamic viscosity for the
samples of the object of the study has been performed on the
Heppler viscosimeter (based on the rolling ball method).
The Heppler viscosimeter instrument uncertainty was 1.0 %
in the whole range of measurement. The measured dynamic
viscosity and density data have been used to calculate the
kinematic viscosity.

The specific isobaric heat capacity measurements were
performed using an adiabatic calorimeter. The detailed
description of the experimental setup was reported in [25].

The combined standard uncertainty of measuring the ab-
solute temperature of the container with the sample did
not exceed 0.03 K. The combined standard uncertainties of
determining the heat input did not exceed 2.5-10 J and the
temperature difference — 0.0045 K.

The thermal conductivity measurements of the objects of
the study were performed using two independent methods:
stationary hot-wire method and transient hot-wire method.
The diameter of the hot-wire was 0.1 mm, the thickness of
the sample of the studied substance was 0.55 mm. Method of
thermal conductivity measurement is presented in [26]. As
was shown by the performed analysis, stationary hot-wire
method allows obtaining reliable data for colloidal time-
stable nanofluids samples.

It should be noted that the key problem when studying
the thermophysical properties of nanofluids is the stability
of nanoparticles to agglomeration and sedimentation in the
range of experimental parameters. The nanoparticles in nano-
fluids can coalesce and precipitate. This leads to a variation in
the nanoparticles concentration in a colloidal solution and a
variation in the thermophysical properties of nanofluids with
time. In this regard, most of the measurements of thermal
conductivity have been obtained using the transient hot-wire
method, which has sufficient accuracy and quickness (the
measurement process takes no more than a few seconds).

5. Experimental results of the investigation of the
thermophysical properties of the R141b refrigerant,
R141b/Span-80 solution and R141b/Span-80,/TiO,

nanoparticles nanofluid

The density of the R141b refrigerant, solution of R141b/
Span-80 and nanofluid of R141b/Span-80/TiO, has been
measured in the temperature range from 273 to 298 K. The
temperature range for density measurement was taken to be
narrower than in the study of the other properties because
the effect of nanoparticle additives on the density of the base
fluid was insignificant.

The experimental data of the density for the object of the
study are shown in Table 1.

Table 1

Experimental values of the density p for the objects of the
study along the liquid-saturation line”

R141b R141b/Surf. R141b/Surf./TiO,
T(K) [pkgm®) | T(K) |pkgm?) | T(K) |p(kgm?)
273.22 1270.7 273.55 1270.1 273.21 1271.3
273.24 1270.4 280.17 1258.4 280.08 1259.1
278.20 1261.3 287.29 1245.9 287.68 1245.6
279.96 1258.8 293.63 1234.5 292.38 1237.3
283.70 1251.7 297.33 1228.1 298.51 1226.3
287.40 1245.4 - - - -
292.87 1235.5 - - - -
298.02 1226.4 - - - -

Note: * —standarduncertainty of temperature mesurementu(T)=0.1 K.
Expanded uncertainty of density mesurement U(p)=(7.2—8.8) kg:m™
(0.95 level of confidence).

Temperature dependences of the density in the tempera-
ture range from 273 to 293 K for the objects of the study
were fitted by the equation:



p=a+b-T+c-T% (2)

The experimental data on the density and relative devi-
ations for the density of R141b/Surf. and R141b/Surf./TiO,
from the density of pure R141b are shown in Fig. 1.
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Fig. 1. Temperature dependences of the density of the
objects of the study and deviations 100-(p— Py, )/Pruss Of

the density of R141b/Surf. or R141b /Surf. /TiO, from the
density of pure R141b

The experimental data of the capillary constant a? and
data on the surface tension o of the object of the study ob-
tained from the experiment and Eq. (1) are shown in Table 2.

Obtained data on the surface tension of the object of
the study in the temperature range from 293 to 343 K were
fitted by the equation:

c=a+b-T. 3)

The experimental data on the surface tension and rela-
tive deviations for the surface tension of R141b/Surf. and
R141b/Surf./TiOy from the surface tension of pure R141b
are shown in Fig. 2.
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Fig. 2. Temperature dependences of the surface tension of
the objects of the study and deviations
100~((5—(5R141b)/0m1b of the surface tension of
R141b/Surf. or R141b /Surf. /TiO, from the surface tension
of pure R141b

The experimental data of the dynamic viscosity n and
kinematic viscosity v of the object of the study are shown in
Table 3.

Table 2
Experimental values of the capillary constant a? and surface tension o for the object of the study along the liquid-saturation line”
R141b R141b/Surf. R141b/Surf./TiO,
T (K) a’ (mm?) o (mN-m™) T (K) a’ (mm?) o(mN'm) T (K) a’ (mm?) o (mN-m™)

297.83 3.082 18.60 293.60 3.155 19.17 300.76 3.046 18.29
308.07 2.943 17.45 308.35 2.932 17.38 306.82 2.947 17.51
322.79 2.706 15.61 322.83 2.718 15.68 309.07 2.932 17.09
333.35 2.562 14.47 343.36 2.407 13.30 312.15 2.872 16.90
340.26 2.456 13.66 - - 322.93 2.715 15.66
- - - - - 342.19 2.416 13.38

Note: * — Standard uncertainty of temperature mesurement u(T)=0.1 K. Expanded uncertainty of capillary constant mesurement
U@@?)=(0.014-0.022) mm?, expanded uncertainty of surface tension determinationt U(c)=(0.11—-0.24) mN-m~" (0.95 level of confidence)

Table 3
Experimental values of the dynamic viscosity 1} and kinematic viscosity v for the object of the study along the liquid-saturation line”
R141b R141b/Surf. R141b/Surf./TiO,

T (K) 1 (mPa-s) v (mm?2s1) T (K) n (mPa-s) v (mm?2s1) T (K) 1 (mPa-s) v (mm?s1)
300.55 0.4021 0.3271 299.81 0.3849 0.3127 306.16 0.3839 0.3152
302.99 0.3912 0.3195 301.51 0.3807 0.3102 313.00 0.3622 0.3006
315.18 0.3505 0.2920 313.24 0.3438 0.2855 324.03 0.3294 0.2786
318.58 0.3425 0.2870 314.53 0.3339 0.2779 333.15 0.3079 0.2647
322.89 0.3310 0.2794 32391 0.3136 0.2653 - - -
331.80 0.3083 0.2644 324.12 0.3164 0.2677 - - -
335.23 0.3003 0.2592 333.18 0.2966 0.2550 - — -

- - - 333.47 0.2931 0.2521 - - -

Note: * — standard uncertainty of temperature mesurement u(T)=0.1 K. Expanded uncertainty of dynamic viscosity mesurement U(i7)=(0.0032—
—0.0043) mPa-s, expanded uncertainty of kinematic viscosity determinationt U(v)=(0.0036—0.0049) mm?-s™ (0.95 level of confidence)



Obtained data on the kinematic viscosity of the object of
the study in the temperature range from 300 to 335 K were
fitted by the equation:

lg(lg(v+a))=b~c-1g(T). )

The experimental data on the kinematic viscosity and
relative deviations for the kinematic viscosity of R141b/Surf.
and R141b/Surf./TiO, from the kinematic viscosity of pure
R141b are shown in Fig. 3.
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Fig. 3. Temperature dependences of the kinematic viscosity of

the objects of the study and deviations 100-(V=V,;,)/ Vi

of the kinematic viscosity of R141b /Surf. or R141b /Surf./
TiO, from the kinematic viscosity of pure R141b

The experimental data of the thermal conductivity A of
the object of the study are shown in Table 4.

Table 4

Experimental values of the thermal conductivity A for the
objects of the study along the liquid-saturation line”

R141b R141b/Surf. R141b/Surf./TiO,
& [ ity | 7O | g | T | i
294.19 0.09511 293.81 0.09538 293.77 0.09642
315.16 0.08906 304.83 0.09151 314.93 0.08964
324.76 0.08617 327.71 0.08498 334.48 0.08365
347.22 0.07936 347.05 0.07950 348.26 0.07993

Note: * — standard uncertainty of temperature mesurement u(T)=0.1 K.
Expanded uncertainty of thermal conductivity mesurement U(1)=
=(0.0011 - 0.0014) W-m"-K" (0.95 level of confidence)

Obtained data on the thermal conductivity of the object
of the study in the temperature range from 293 to 348 K
were fitted by the equation:

A=a+b-T. )

The experimental data on the thermal conductivity and
relative deviations for the thermal conductivity of R141b/
Surf. and R141b/Surf./TiO, from the thermal conductivity
of pure R141b are shown in Fig. 4.

The experimental data of the specific isobaric heat capac-
ity C, of the objects of the study are shown in Table 5.

Obtained data on the specific isobaric heat capacity of
the object of the study in the temperature range from 261 to
334 K were fitted by the equation:

Co=a+b-T*+c-T" (6)
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Fig. 4. Temperature dependences of the thermal conductivity of
the objects of the study and deviations 100(A =241, )/Agisrs
of the thermal conductivity of R141b /Surf. or R141b /Surf./
TiO, from the thermal conductivity of pure R141b

Table 5

Experimental values of the specific isobaric heat capacity C,
for the objects of the study”

R141b R141b/Surf. R141b/Surf./TiO,

T | gag x| 7O | qag iy | TR | qaelcy
261.38 | 1116.4 280.34 1128.0 277.44 1107.0
265.46 1119.5 284.40 1132.1 281.31 1108.8
269.30 1121.4 288.45 1143.6 285.41 1113.3
273.35 1121.8 292.34 1146.4 289.47 1118.4
277.40 1123.0 296.45 1151.6 293.29 1120.6
281.43 1127.0 300.40 1167.2 297.32 1128.9
285.44 1131.3 304.44 1173.9 301.31 1135.8
289.43 1135.8 308.34 1182.5 305.40 1144.0
293.40 1140.0 312.43 1188.5 309.45 1154.4
296.37 1147.7 316.39 1191.3 313.36 1162.3
300.40 1154.6 320.33 1197.5 317.35 1166.1
304.35| 1163.2 324.35 1203.5 321.32 1177.9
308.38 | 1169.4 327.70 1219.0 325.38 1185.1
31239 | 11777 - - 329.40 1191.0
316.38 | 11859 - - 332.85 1193.8
32039 | 11913 - - - -
324.38 1196.7 - - - -
32833 | 1206.1 - - - -
332.36 1213.0 - - - -
334.42 1217.7 — - - —

Note: * — Standard uncertainty of temperature measurement
u(T)=0.1 K. Expanded uncertainty of specific isobaric heat ca-
pacity measurement U(C,)=(8.7-9.8) J-kg-K'" (0.95 level of con-
fidence).

The experimental data on the specific isobaric heat
capacity and relative deviations for the specific isobaric
heat capacity of R141b/Surf. and R141b/Surf./TiO, from
the specific isobaric heat capacity of pure R141b are shown
in Fig. 5.

The coefficients of equations (2)—(6) and fitting stan-
dard errors of experimental results are presented in Table 6.
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Table 6

Coefficients of Egs. (2)—(6) for the calculation of the
thermophysical properties of the R141b refrigerant,
R141b/Span-80 solution and R141b /Span-80/TiO,

nanoparticles nanofluid along the liquid-saturation line

Osgzgty"f R141b | R141b/Surf. | R141b/Surf,/TiO,
Density p (kg:m™>)
a 1726.2 1737.8 1730.6
b -1.5710 —1.6560 -1.5931
c -35.606-10 | -19.700-107 -32.242107
Fitting stan-
dard error 0.2403 0.0976 0.0415
(kgm™)
Surface tension ¢ (mN-m™")
a 53.450 53.775 53.288
b -0.11698 -0.11795 -0.11663
Fitting stan-
dard error 0.0455 0.0356 0.0876
(mN'm!)
Kinematic viscosity v (mm?s!)
a 0.83490 1.12876 1.02431
b 10.2758 2.0751 3.2907
c 4.62609 1.16083 1.68443
Fitting stan-
dard error 0.00189 0.00301 0.00211
(mm?%s1)
Thermal conductivity A (W-m.K!)
a 0.18264 0.18180 0.18558
b -29.724105 | =29.514-107 -30.408-107
Fitting
standard error | 0.000114 0.000330 0.000292
(W-mL.K)
Specific heat capacity C, (J-kg!-K1)
a 1167.80 731.53 956.22
b -28.064-104 | 64.973-10* 11.741-104
c 29.421-107 | —18.806-10° 9.1252-10
Fitting stan-
dard error 3.35 2.53 2.52
(Jkg K"

Comparison of the obtained values of fitting standard
errors with the uncertainties of the experimental data con-
firms the adequacy of the proposed fitted dependencies.

6. Discussion of the results of studies on the influence
of the additives of TiO, nanoparticles and Span-80
surfactant on the thermophysical properties of the R141b
refrigerant

As it was shown in the performed experimental study,
the effect of the Span-80 surfactant and TiO, nanoparticles
on the density of R141b was within the measurement uncer-
tainties. It is necessary to state a common for all samples ten-
dency to increase the density of the liquid with the addition
of even small amounts of surfactants and nanoparticles. The
obtained results are reliable because density measurements
were performed on exactly the same experimental setup for
all objects of the study. In this case, the deviations of the
experimental data and the data obtained by fitting equations
(fitting standard errors in Table 6) are quite low.

As we can see from Fig. 2, the additives of the Span-80
surfactant to the R141b refrigerant practically had not
provided the variation in surface tension (the effect does
not exceed the measurement uncertainty). The addition of
TiO4 nanoparticles with the Span-80 surfactant to R141b
had provided a slight decrease in the surface tension in the
entire temperature range of the experiment (up to 0.3 % at
high temperatures). These results are in conformity with
the results of the study of the nanoparticles influence on
the surface tension of refrigerants and solutions with oils
presented in [23]. The obtained effect can be explained
by an increase in the concentration of nanoparticles in the
surface layer of the liquid phase. This fact contributes to
a decrease in the surface energy and, consequently, to a
decrease in the surface tension. It should be emphasized
that the decrease in the working fluid surface tension can
contribute to the enhancement of the heat transfer process
during boiling.

As we can see from the results of the study (Fig. 3),
the Span-80 surfactant additives in the R141b refrigerant
contribute to the major decrease in viscosity — (3.5...5) %.
This effect is very significant since the surfactant concen-
tration in the R141b refrigerant is low. But the presence of
both the Span-80 surfactant and TiOy nanoparticles in the
refrigerant leads to an increase in viscosity — up to 1 %.
The increase in viscosity is one of the negative effects that
limit the nanofluids introduction into the industry. The
presence of the surfactant contributes to providing only a
slight increase in viscosity for the studied system (R141b/
surfactant Span-80/TiO,). In this case, the increase in en-
ergy consumption for the circulation of the working fluid
will be insignificant.

As we can see from the experimental results presented
in Fig. 4, the additives of the Span-80 surfactant in the
R141b refrigerant do not contribute to the significant
influence on the thermal conductivity (effect does not ex-
ceed 0.25 %). However, the addition of TiOy nanoparticles
contributes to the increase (from 0.3 to 1 %) in the thermal
conductivity of the R141b refrigerant. As is well known,
the thermal conductivity enhanced is the main factor that
contributed to the growth of interest in the application of
nanofluids as coolants and working fluids of refrigeration
systems. Recently, the observed in a number of studies



effects of enhancement in the thermal conductivity of
base fluids containing nanoparticle additives [5, 7, 27]
have been doubted. The obtained effects were attributed
to the incorrect implementation of the experimental mea-
surements [27]. However, it should be emphasized that
the experimental data (Table 4) were obtained with the
correct estimation of the noise effects and with variations
in temperature differences in the studied sample with using
exactly the same measuring cell for all objects of the study.
The obtained by adding a small amount of nanoparticles
(0.1 wt. %) effect of the thermal conductivity increase can
be considered as significant. The observed increase in the
refrigerant thermal conductivity will contribute to the in-
tensification of heat transfer processes in the equipment of
refrigeration systems.

As follows from the results of the study (Fig.5), the
addition of the Span-80 surfactant to the R141b refrigerant
does not have a significant effect on the specific isobaric heat
capacity. The addition of TiOy nanoparticles leads to a sig-
nificant decrease in the specific isobaric heat capacity of the
refrigerant — by (1.5 ... 2) %. The obtained result cannot be
explained only by the lower value of the specific heat capac-
ity of the nanoparticles material. It should be noted that the
additivity rule is often used by various authors [7] when de-
termining the heat capacity of nanofluids. The specific heat
capacity for the studied thermodynamic system calculated
by the additive rule had the values exceeding the obtained
experimental data for the nanofluid.

The presence of a structured layer of molecules of
the base fluid (or surfactant molecules) on the surface of
nanoparticles can explain the significant decrease in spe-
cific heat capacity and increase in thermal conductivity of
nanofluids [15-17]. The results of the experimental studies
confirm the requirement to develop the methods for pre-
dicting the thermophysical properties of nanofluids. These
methods can be based on taking into account the presence of
a structured phase consisting of the base fluid or surfactant
molecules on the surface of nanoparticles. This phase has
properties different from the properties of the base fluid or
surfactant in the bulk fluid. To solve this task, additional
measurements in a wider range of temperatures and con-
centrations of nanoparticles (including finding the optimal
concentration of nanoparticles) should be performed.

The obtained data on the thermophysical properties of
the studied system can also be used for developing models
of predicting the heat transfer coefficients during nanofluids
boiling.

It should be noted that both the nanoparticles concen-
tration and the technology for preparing nanofluids are
significantly influenced by the thermophysical properties of
nanofluids and heat transfer processes. Therefore, the results
obtained in this work can be extended to similar systems
only if the identical preparing technology will be used.

7. Conclusions

1. The choice of a model system based on the R141b ha-
logenated hydrocarbon refrigerant with adding TiO, metal
oxide nanoparticles has been justified.

The nanorefrigerant preparation has not been diffi-
cult because R141b has the low vapor pressure at ambient
temperatures. In addition, the R141b refrigerant is in
thermodynamic similarity with halogenated hydrocarbons

refrigerants, which have been widely used in the refrigerant
industry. TiOy nanoparticles are the industrial product
with low cost and they are often considered by research-
ers as a promising additive to halogenated hydrocarbons
refrigerants.

It was found that the R141b/TiO, nanoparticles sys-
tem remains colloidally stable only in the presence of a
surfactant. Among surfactants of various nature, the best
stability of this system has been provided by the Span-80
non-ionic surfactant. The satisfactory stability of the R141b/
TiO, nanoparticles system in the presence of Span-80 CAS
No.1338-43-8 (Sigma-Aldrich) has been confirmed at in
the studies within this work. Thus, as a surfactant for the
R141b/TiO;y nanoparticles nanofluid, the Span-80 surfac-
tant at a concentration 0.1 wt. % in the solution can be rec-
ommended to use.

2. The experimental study of density, viscosity, surface
tension, thermal conductivity and specific isobaric heat
capacity for samples: R141b, R141b/Span-80 surfactant and
R141b/Span-80 surfactant/TiO, nanoparticles has been
performed.

The thermophysical properties of the objects of the
study have been performed along the liquid-saturation line
in the themperature ranges of (273...293) K for the den-
sity, (293...343) K for the surface tension, (300...335) K
for the kinematic viscosity, (293...348) K for the thermal
conductivity and (261...334) K for the specific isobaric heat
capacity.

3. The analysis of the influence of the Span-80 surfactant
and TiO, nanoparticles on the density, viscosity, surface
tension, thermal conductivity and specific isobaric heat
capacity of the R141b refrigerant has been performed with
using the obtained experimental data.

It was shown that the effect of surfactants and TiO,
nanoparticles on the density of the R141b refrigerant was
insignificant and within the uncertainty of the experimen-
tal data (up to 0.08 %). Additions of both the surfactants
and TiOy nanoparticles contributed to a decrease in the
surface tension of R141b by up to 0.3 % in comparison
with pure R141b. Additives of both the surfactants and
TiOy nanoparticles in R141b contributed to an increase
in viscosity of (0.8..1.0) %, and additives of surfactants
led to a significant decrease in viscosity — by (3.5...5.0) %
compared to the viscosity of pure R141b. It was shown
that surfactant additives in R141b did not significantly
influence the thermal conductivity (the effect did not
exceed 0.25 %), and additions of both the surfactants
and TiO, nanoparticles lead to an increase in the thermal
conductivity of the refrigerant by (0.3...1) %. A decrease
of the specific isobaric heat capacity by (1.5...2.0) % was
observed by adding the surfactants and TiO, nanoparticles
to R141b. The slight increase in the specific isobaric heat
capacity by adding the surfactants to R141b was observed
(up to 1.0 %).

It was concluded that the influence of the addition
of nanoparticles and surfactants on the thermophysical
properties of the R141b refrigerant is ambiguous and un-
predictable. The results of experimental studies on the ef-
fect of nanoparticles on the thermophysical properties of a
refrigerant confirm the importance of developing methods
for predicting these properties. This method can be based
on taking into account the presence of a structured phase
of the base fluid or surfactant molecules on the surface of
nanoparticles.
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Cenosivesi naneni 3i CMibHUKOBUM 3AN0BHI08AUEM HA OCHOGI
nosimepnozo nanepy <Nomexs> wWuUpOKo GUKOPUCMOBYIOMCS Y
810N0610aNLHUX KOHCMPYKUIAX PIZHOMAHIMH020 npusnauents. B
npoyeci eupobHuYmMEa maxux naneseli 0esaKi YUHHUKU MexXHOII0-
2141020 Npouecy, maxi K HAHOC 36 °A3Y101020 HA CMITLHUKOBUL
3anoeHI068a1, memMnepamypHi pedcumu Cywku i noaimepusauii
Hamnecen020 wapy, Hatidiu icmommo enuearoms na Qisuro-me-
XaHMHI XapaKxmepucmuxu 20mosux upoois. Cneuudinnum pax-
MopoM GUPOGHUUMEA CMINVHUK06020 3AN06HI8AYMA 3 NOJIMED-
HOo20 nanepy € tiozo Gazamocmadiiine NPOCOUEHHA CKIAAOOM
anpemyr04020, a NOMIM 36’A3Y104020 HA 3AKTIOUHUX ONEPAUIAX 3
HACMYNHUM CYWIHHAM i MePMO0GPOOK0I0 CIIbHUKOBUX OI0KIE.
B pesyavmami uyux onepauiit mae micue HepiGHOMIPHUL MenJio- i
Maconepenoc (Miepauisn) 36°43Y104020 610 UEHMPATLHOT NAOWU-
Hu nanesi 0o nepugepiiinux mopuesux ii 3on. Jlocaioxceno 3axo-
HOMIPHOCMI Ub020 HEPIBHOMIPHO20 MENJI0- | MACONEPEHOCY 36°-
3Y101020 Y3006%C 008xCUHU CMITbHUK06020 Kanany. Iloxaszano,
wWo Yi Aeuwa 00YMOo6IIeHi 2i0POOUHAMIMHUM PYXOM 36 ’A3Y1040-
20, WO BUKTUKAHI ZpadicHmamu memnepamypu, 1020 2YCmuHu
ma xoediyienma nosepxuesozo namswicinng. Ha ocnosi ubozo
PO3POONIeHo Memo0 6UHAMEHHS MOBWUHU WAPY 36°A3YI04020
Y3006%1C KaAHANe CMibHUKIG Npu eidomux (3adanux) 3axonax
3MIHU 2YCMUHU MA NOBEPXHEB020 HAMANCIHHS Y3008MHC 008HCUHU
YAPYHKU CMITBHUK 068020 3an06HI08ava. Memoo 00360.15€ mexHo-
J0ZIMHUMU 3ACO0AMU 3HUSUMU HePIBHOMIPHICMb MACOnepenocy,
3a0e3neuusuu nompidnui donyck na Qisuxo-mexaniuni xapax-
mepucmuKy CmilbHUK0BUX 3AN06HI0BAYIE 3 NOTIIMEPHO20 nanepy.
Poszensanyma 3adaua maconepenocy 00360auaa eaubute posKpu-
mu Mexaizmu Qopmyeanus HepiBHOMIPHO20 WAPY NPOCOUEH-
HA HA emanax npouecy CYWiHHA npu GUPOOHUYMET CMITbHUKO-
6020 3anogHiosaua 3 nogimepnozo nanepy. Buxopucmosyirouu
ompuMani MeXarizMu i MexHoON02IMHI MONCTUGOCIE PezYyNt08aH-
H XAPAKMepucmux 36’°A3Y10uux, MONCIAUCO NOJINWUmu pig-
HOMIPHICIb MOSUUHY Wapy Y3006iC KAHANIE CMIIbHUKIE 00 3HA-
uenw, axi sabesnevanmv nompidnuil donyck na Qisuro-mexaniuni
xXapaxmepucmuxu CmiibHUK06020 3an06H08a4a
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HOMIPHICIb NPOCOUEHHS
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1. Introduction

Extension of the scope of application of sandwich
structures with a honeycomb filler in various areas of
technology in some cases became possible solely using
the honeycombs based on polymer paper “Nomex”. Such
structures have several unique features: lightness at a high
level of mechanical characteristics, good heat and sound

insulating characteristics, high fatigue resistance and
shock suppression [1, 2].

These properties led to their widespread use in import-
ant structures for aircraft interiors, for heat and noise insu-
lation of the underbody space of carrier rockets, as well as in
building structures [3, 4].

In the process of production of such structures, some
factors of the technological process significantly affect phys-




