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Abstract

The paper presents the results of the experimental research of thermal properties (thermal conductivity, heat capacity,
density and temperature diffusivity) of nitrogen- and oxygen-containing liquids in pure form and in the form containing 0.5 %
fullerene-like carbons and carbon nanotubes with diameter d = 40 nm, 50 nm, 60 nm) in the temperature range 293—453 K and in
the pressure range 0.101-49.01 MPa. To measure thermal conductivity, heat capacity and temperature diffusivity, special
setups designed by professors E.S. Platunov, M.M. Safarov and L.F. Golubev were used. The computer-aided method of
monotonous heating and regular thermal first-order regime was applied. The total relative error of measuring thermal
conductivity, heat capacity, density and temperature diffusivity was equal to 2.6, 3.4, 0.1, 4.5 % when confidence probability
o =0.95. Using the law of corresponding states and experimental data on thermal conductivity, heat capacity, density and
temperature diffusivity of the samples, the empirical equation for calculating the thermophysical properties of unexplored
liquids under different temperatures and pressures was obtained.
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Introduction

Nanofluids being produced have to meet certain
requirements. They should be uniform, resistant to
agglomeration and precipitation for a long time; they
should be free of chemical reactions, etc. According to
many authors, the main problem is agglomeration.
It should be noted that the tendency towards
agglomeration reflects one of the most important
properties of nanoparticles — their high surface activity.
On the one hand, high surface activity of nanoparticles
allows the smaller particles do not sink (not to
precipitate), and, on the other hand, they tend to form
agglomerates. This feature of nanoparticles significantly
affects the technologies for nanofluids producing and
keeping them in operation condition.

Two crystalline allotropic modifications of carbon
(graphite and diamond) have been known since ancient
times. As early as 1973 D.A. Bochvar and
E.N. Galperin proposed that a closed polyhedron of

carbon atoms in the form of a truncated icosahedron
might have a closed electron shell and high binding
energy. However, this work was not accepted by
scientific community, and only in 1985 H. Kroto with
his co-workers discovered an intensive peak with a
mass of 720u in the mass-spectrum of graphite
decomposition products under the laser beam. This
fact was explained by the presence of Cgy molecules.
The other less intensive peak with a weight of 840 u
was associated with C,, molecule. The fascinating
story of this discovery was detailed in Kroto, Smalley
and Curl’s Nobel lectures. A new allotropic
modification of carbon was called “fullerene”. In 1990
Kritschmer’s method for producing fullerenes in
macroscopic quantities led to the intensive studies and
emergence of new trends in solid-state physics,
chemistry of aromatic compounds and molecular
electronics.

Fullerenes are resistant polyhydric carbon clusters
with the amount of atoms from several dozens or
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more. The number of carbon atoms in such a cluster is
not random, and complies with certain laws. The form
of fullerenes is a spheroid, the faces of which form
pentagons and hexagons. According to the Euler’s
geometrical calculations, to construct such a polyhedron
the number of pentagonal faces should be twelve, the
number of the hexagonal faces can be chosen
arbitrarily. Such a requirement is met by clusters with
the number of atoms n = 32, 44, 50, 58, 60, 70, 72, 78,
80, 82, 84 etc. Owing to its highest stability and
symmetry, fullerene Cg, is of great interest from the
experimental point of view.

Numerous experimental and theoretical papers on
various aspects of the physics of Cg in different states
(an isolated molecule, Cg in solutions, and especially
Cs 1n the solid state) have already been published. Cg,
forms molecular crystals at temperatures below 600 K.
Crystals of high purity (99.98 %) and of millimeter
sizes may be grown from the gaseous phase. Isolated
C, molecules are called fullerenes; fullerites are
fullerenes in the solid state, including polymerized
fullerene structures. Diversified fullerene derivatives
include intercalated compounds and endohedral
fullerenes. Intercalation allows introducing impurities
into the cavities of the fullerite crystal lattice and
endohedral fullerenes are formed while different kinds
of atoms are introduced into a C,, cluster.

From the chemical point of view, fullerenes can
be considered as three-dimensional analogues of
planar aromatic compounds, but with the important
difference: the conjugation with an electronic system is
permanent. Fullerenes do not contain hydrogen which
can participate in a substitution reaction. There are two
types of chemical reactions with fullerenes: addition
reactions and redox reactions, leading to covalent
exohedral compounds and salts, respectively. If one
could find a chemical reaction, which would open a
window in a fullerene cage, allowing injection of a
small molecule or atom and further regeneration of the
cluster, one can get a method of endohedral fullerenes
obtaining. However, the majority of endohedral metal
fullerenes are being generated either in the presence of
a alien substance, or by implantation.

The most efficient method of fullerenes production
is based on thermal decomposition of the graphite.
If graphite is heated moderately, the bond between
the individual layers of graphite is broken, but
vaporized material does not decompose into single
atoms. Such vaporized layer consists of individual
fragments that are a combination of hexagons. These
fragments build Cq, molecule and other fullerenes.
For decomposition of graphite in the preparation of
fullerenes we can use resistive and high-frequency

heating of a graphite electrode, combustion of
hydrocarbons, laser irradiation of a graphite surface,
evaporation of graphite by a focused sunbeam. These
processes are carried out in a buffer gas and helium is
commonly used as such. Arc discharge with graphite
electrodes in a helium atmosphere is mostly used to
obtain fullerene. The main role of helium is associated
with the cooling of fragments that have high degree of
vibrational excitation, which prevents their integration
into a stable structure. Optimum pressure of helium is
in the range of 50-100 Torr. The basis of the method is
simple: an electric arc with an evaporating anode is
ignited between two graphite electrodes. The carbon
black, containing from 1 to 40 % (depending on the
geometric and technological parameters) of fullerenes,
sets out on the walls of the reactor. For extracting
fullerenes from the fullerene-containing carbon black,
their separation and purification, the solvent extraction
and column chromatography are used. At the first
stage the carbon black is treated by non-polar solvent
(toluene, xylene, carbon disulfide). The extraction
efficiency is achieved by using Soxhlet extractor or by
ultrasonication. The obtained solution of fullerenes is
separated from the residue by filtration and
centrifugation, the solvent is distilled or evaporated.
The solid residue comprises a mixture of fullerenes, in
varying degrees of solvated solvent. Separation of
fullerenes into the individual compounds is carried out
by means of column liquid chromatography or high
pressure liquid chromatography. Complete removal of
the solvent from the solid sample of fullerene is carried
out by keeping it at 150-250 °C under dynamic
vacuum for several hours. Further increase in purity
degree is achieved by sublimation of purified samples.
Experimental studies of effective thermal
conductivity of such nanofluids as: gold + toluene,
aluminum oxide + water, titanium oxide + water,
copper oxide + water, carbon nanotube + water are
presented in [26]. The diameters of these spherical
particles were respectively 1, 65, 20, 40 and 33 nm; the
average length and diameter of carbon nanotubes were
10 °m and 150 nm. The author’s measurement results
[26] have shown that the effective thermal
conductivity of nanofluids is not abnormally high, and
with good accuracy can be predicted by the model [6]
for spherical nanoparticles and with the help of
Yamada and Ota’s single-cell model for carbon
nanotubes [26].The most detailed analysis of the
revealed unusual properties of nanofluids is given in
the review [27]. In addition to strong growth of
thermal conductivity with a low concentration of
nanoparticles, the author indicates other important
properties of nanofluids that distinguish them from
conventional suspensions. In particular, they include the
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nonlinear dependence of thermal
conductivity on the concentration of
the nanoparticles and its strong
dependence on temperature and
particle size. Non-linear dependence
between thermal conductivity and
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concentration of particles was first
found while researching carbon
nanotubes-oil nanofluids [28]. Strong
dependence of thermal conductivity
of nanofluids on temperature and
particle size was described in a
number of papers. Measurement
results obtained by different authors
were classified according to the
nanoparticles material. Water, ethylene
glycol, oil, and polymers-based
composite materials were used as the
base liquids. Also, the materials of
nanoparticles were different. They
included multi-walled carbon
nanotubes, gold, copper, silicon
carbide, aluminium oxide and titanium.
It is well known that particles tend to
agglomerate and this process affects thermal
conductivity of the fluid. It was shown that the
presence of nanoparticles in liquids greatly increases
thermal conductivity, besides the scale of increasing
thermal conductivity depends on the material of
nanoparticles and their volume fraction. Thus, while
some experimental results testify to the anomalous
behavior of thermal conductivity, others confirm
common understanding of suspensions. Such
a controversy between different authors’ data is due to
a wide variety of factors affecting thermal conductivity
of nanofluids and necessitates further accumulation
of experimental data and their systematization.

2. The experimental

2.1. The experimental setup for measuring
thermophysical properties (, C,, a) of solutions
and liquids under different temperatures
and pressures

To measure the coefficient of temperature
diffusivity, thermal conductivity and heat capacity of
liquids under different temperatures and pressures, an
experimental setup was used according to the method
of regular thermal regime [2, 12-15] (Fig. 1) and
density (Fig. 2 and 3).

This setup (Fig. 1) consists of a cylindrical vessel
1, placed inside the outer vessel 3 filled with

Bk 2

Fig. 1. The setup for determining the thermophysical
properties (A, C,, a) for high state parameters:
1 — cylindrical vessel; 2 — insulator; 3 — outer vessel; 4 — electric network;
5 — coil for cooling; 6 — heater; 7 — thermostat; 9 — thermostating liquid;
10 — thermometer; 11 — auger-mixer; /2 — electric motor; /3 — a-calorimeter;
14 — contact thermometer; /5 — galvanometer; 8, 16, 22 — valves; 17 — stainless metal tube;
18, 19 — pressure vessels; 20 — polyethylene bags; 2/ — deadweight pressure tester
MP-2500; 23 — metallic glass to fill the testing liquid or solution

thermostatic liquid 9, which is placed in a medium
calorimeter /3. The receptacles are divided by an
insulator 2. The device comprises a coil for cooling J5;
a heater 6 for heating and setting experimental
temperature; a thermostat 7 to protect from
overheating; a valve § for a drain of thermostating
liquid; a thermometer /0 for monitoring the
temperature; an auger-mixer // for the active fluid
mixing and equalization of the temperature gradient;
an electric motor / for rotating the screw; a contact
thermometer /4 to set the temperature of the
experiment; a galvanometer /5; an electric network 4.
To create the pressure of liquid the device is provided
with a pressing vessel /8 and a deadweight pressure
tester MP-2500 2/. A pressing vessel /8 and a
calorimeter /3 are connected by stainless steel tubes
17. To perform the experiment a stopwatch is required.

To monitor the temperature of a-calorimeter we
used a differential chrome-aluminum thermocouple
with a diameter of 0.15 mm, the ends of which were
connected to a galvanometer /5. A cold junction of the
differential thermocouple was placed into the
thermostating liquid and a hot junction — into the
center of a-calorimeter /3. The calculations showed
that confidence limit error of thermal conductivity
measured by regular thermal regime of the first kind in
a relative form at o=0.95 was equal to 1.9 %,
procedure error was 0.4 %, instrumental error
was 1.1 %. The total relative measurement error was
3.4 %.
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2.2. Method for measuring thermophysical
properties (A, C,, a) of solutions and liquids
under different temperatures and pressures

In the closed position of valves 76,22 the test
liquid is poured into a glass 23, then valves 22, 16 are
opened and when the calorimeter is filled with the
liquid, they are closed. Before the experiment the
liquid in the setup is degassed by means of heating the
experimental device up to the boiling point at the open
position of the high pressure valve 23. The stationary
thermal condition under the given temperature of the
experiment is set after the heating. The required
pressure is created by the MP-2500 deadweight
pressure tester through the pressure vessel of the
device. Then the calorimeter with the test material and
fixed thermocouple is heated to a certain temperature
and put into a thermostat. During the setting of the
regular mode the change in the temperature is
observed. If the object is cooled under a constant
temperature, provided the heat transfer coefficient is
relatively high, then for the period of the regular
regime the cooling graph of the object (in semi-
logarithmic coordinates it is designated as In(A7)=
=f(A1)) is represented in the form of a straight line.
According to this graph, you can find the index (rate)
of cooling (m) through the ratio [2, 11-15, 17]:

m = In(AT)/Ar, (1)
where AT is a difference between the temperature at
some point of the test object and the constant ambient
temperature (thermostating liquid); At is the cooling
time.

K.M. Kolarov’s [2] experimental setup, shown in
Fig. 1, is used to determine the temperature diffusivity
of dairy products and tomato pastes [2].

After being upgraded by us, the Kolarov’s setup
allows measuring the temperature diffusivity of the

~220
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Fig. 2. The experimental setup for measuring the specific heat
of liquids and solutions depending on the temperature
under the atmospheric pressure

analyzed nanofluids, solutions, liquids under different
temperature and pressure conditions.

The coefficient of temperature diffusivity by the
method of two points is determined by the formula
[2, 6]:

a=Fm, (2)

where m — is cooling rate, 1/s — is determined by the
formula used for the thermal conductivity
determination; F — is the value that takes into account
the shape and size of a-calorimeter [2].

F = ! =0,34-10* m?, (3)

22T

where R and [ are the radius of the cylinder and its
height, respectively.

To calculate the thermal conductivity coefficient
of colloidal solutions the following formula was used:

h=A4C,m, W/(mK), (4)

where A — the coefficient of the calorimeter form,
obtained during the setup calibration; C, — specific
heat capacity of the reference sample; m — the cooling
rate (1/s) was determined by formula (1).

By thermal diffusivity, thermal conductivity and
density of the solutions under various temperatures and
pressures the specific heat of test solutions was
calculated using the formula:

A J
© o T ®

2.3. The experimental setup
for measuring specific heat capacity
of solutions depending on the temperature
under atmospheric pressure

The experimental setup for measuring specific
heat of liquids under the temperature range of
273473 K and atmospheric pressure was developed
by M.M. Safarov. According to the method of
monotonous heating, the setup (Fig.2) consists of a
calorimeter /, a graph plotter 2, a container with
melting ice 3 and electrical measuring instruments
9,10[14].

The calorimeter consists of a metal cylinder on
the outer surface of which the heater is wound 4.
Inside the cylinder the intermediate core of calorimeter
in the form of a cylindrical radiator 5 with a high
thermal conductivity is located. The grooves of the
core are filled with test liquid, and along
the axis there is a hot junction of the differential
thermocouple 6. The calorimeter is insulated from
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outside with asbestos and placed in a
copper cylinder 7 and its temperature

is equal to the temperature of melting
ice [33].

Such a construction of the
calorimeter allows measuring the heat
capacity of liquids during monotonous
heating. The presence of the
intermediate core in the form of a
radiator 5 excludes the influence of
thermal conductivity of the liquid on
the measurements in this condition.

The experiment is carried out in
the following order. The calorimeter
is filled with test liquid & and
a copper cylinder is placed into the
ice-water mixture 3. The calorimeter
is kept for one hour under the
temperature of melting ice to achieve
the thermodynamic equilibrium. Then
the heater of calorimeter is switched on
4 and simultaneously the graph plotter H-3306 2 starts.
Its X-axis represents the time and Y-axis fixes the
temperature of the calorimeter.

2.4. Experimental setup for measuring
the specific heat capacity of solutions
under high state parameters

To measure the heat capacity of liquids under high
temperatures and pressures the experimental setup was
used according to the method of monotonous heating
[14-15, 21-22].

Professor M.M. Safarov’s setup basically consists
of a measuring cell (container) /, a chamber (the
pressure container) of high pressure 6 and electrical
measuring devices 15, 16 (Fig.3). The measuring
cell / is placed into the copper glass /9 on which the
nichrome heater is wound 3. Through the thin-walled
stainless steel tubes the measuring cell / is connected
with the pressure vessel 6. The heater 3 and the hot
junction of the thermocouple 20 are under atmospheric
pressure. When measuring we used the differential
chrome-aluminium thermocouple with a diameter of
0.15 mm, the ends of which were connected to the
graph plotter 2. The cold junction of the differential
thermocouple was placed into the Dewar vessel with
melting ice and the hot junction touched the body of
the measuring cell /. To measure the specific heat
capacity under high pressure and high temperature the
setup was equipped with a cylindrical electric furnace 3.
Its outer diameter is 34 mm and its inner diameter is
24 mm. On the outer surface of the electric furnace
there is an electric heater in the form of a spiral made of
the nichrome wire with a diameter of 1 mm. Asbestos
was used as insulation. The electric furnace was

Fig. 3.The experimental equipment

for measuring the heat capacity of liquids
and solutions under high state parameters:
I — metal vessel; 2 — the H-306 graph plotter; 3 — nichrome heater;
4 — heat-insulating layer (asbestos); 5 — chrome-aluminum thermocouple;
6 — pressure vessel; 7 — valve; 8 — metallic glass to fill solutions;
9 — 2500 pressure vessel; /0 — uninvestigated sample; /7 — apolyethylene bag;
12 —the Dewar vessel; 13 — valve; /4 — capillary tube (stainless steel);
15 — ammeter; 16 — voltmeter; /7 — potentiostat (LATR); /8 — stabilizer;
19 — copper cylinder with nichrome heater; 20 — thermocouple junction

insulated from the outside and from the ends.
The electric furnace was powered by the laboratory
transformer (LATR) /7 and the stabilizer /8. Current
and voltage were measured by an ammeter /5 and
voltmeter /6. In this setup the pressure vessel was used
for measuring the thermal conductivity of the solutions
under various temperatures and pressures. To verify the
correctness of the experiment procedure the test
measurings were carried out with toluene,
n-hexane and kerosene. The specific heat capacity of
the control samples under atmospheric pressure was
measured in the temperature range 273-373 K.
The experimental values of specific heat capacity of
the control samples are shown in Fig. 4. This graph
also shows the data from [13]. As you can see, the
experimental data on the specific heat capacity of

C,, I(kgK)
2400 e v 2

22004 ,~° 2
=2
2000 d o I

1800 1 -

273 293 313 333 353 373 T,K

Fig. 4. The comparison of experimental values of the samples
heat capacity with the following data [1]:
1 —toluene; 2 — kerosene; 3 — n-hexane;
e — the author’s data; o — data [1]
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Calorimeter with
_an investigated object
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Fig. 5. The dependence of temperature Az
in the measuring unit on time v

toluene, n-hexane and kerosene coincide with the data
from [13] through the whole temperature range. Being
sure that the equipment qualitatively and quantitatively
reproduces the heat capacity of the control samples
depending on temperature and pressure we started to
measure the specific heat of test objects.

The procedure for measuring the specific heat.
When the valves 7 are closed, the test solution is
poured into the glasses 8. Then the valves 7 are
opened and after filling the measuring cell (container)
with test solution they are closed again .

The required pressure is formed by the MP-2500
deadweight tester through the pressure vessel in the
device. Then the electric furnace circuit is switched on
and simultaneously the H-306 graph plotter is switched
on too. Each measuring of the heat capacity allowed
obtaining a graph which is shown in Fig. 5. Thus, by
comparing two graphs, the specific heat capacity of the
test solutions is calculated.

2.5. Formulas for calculating the specific heat
capacity of solutions on the basis
of experimental data

The specific heat capacity of the test solutions
according to the experimental data (Fig. 2 and 3) was
calculated using the following formula:

Cp:rx(mlCl+B+Krav)—rl(B+KtaV), ©)
Tymy
where m, — test liquid mass; m; — -calibration

_ Ut
b

liquid mass; T,, 7, — heating time of the

calibration liquid, 1, — heating time of test liquid;
B=4093 and K=-0,04 - are the constants

determined by measuring the thermal conductivity of
the calibration liquid under the constant heating power.

Formula (6) eliminates the influence of the
parasitic heat flows on measuring the specific heat due
to the introduction of permanent measuring cells.

The heat capacity of test solutions according to
the experimental data (Fig.3) in a wide range of
temperatures and pressures is calculated by the
formula:

I’RAt
C,= ,
mAT
where / — is current intensity; R — resistance of the
heater; m — mass of test objects; AT — difference of
temperatures; At — the change in temperature of the
measuring cell in time Art.

(7

2.6. Calculation of measurement
inaccuracy of the specific heat capacity
of the investigated solutions

According to Eq. (6) the confidence interval limit

error of measuring the specific heat capacity is
determined from the ratios [3, 4, 16, 19, 20, 24, 25]

oc, , (oc, Y 5
AC, = (G—B"} (At,) +(6_ml: (Amy)” +

+(Z%j2 (AG) + (aa%jz (AB)’ + aa%jz (AK)? +

o 20 o o202y :

arcp ., oYy
(8)
where
6rx Tymy ,
oC
p_nG. (10)
6m1 T]ml
oC
p_ LM, (11)
oG tym,
oC -
p_txTh Tl; (12)
OB T,
oK Tlmx
6Cp _ Tl(B+KTaV)_Tx(m1C1 +B+KTaV) . (14)

amx Y (mx )2
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oc, 1, (mC+B+Kr,)
P _ x UM av

= 5 : (15)
1 Tm,

Using Eq. (6) and taking into account the ratios
(8) — (15), the confidence limit error in measuring the
specific heat capacity in the relative form with
o = 0,95 was calculated.

Information on the quantitative assessment of the
C, error is shown in Table 1.

AM&T

The calculations showed that the confidence limit
of the error in measuring the specific heat capacity in
the relative form with a=0.95 is 045 %, the
procedure error is 1.37 % and the instrumental error is
1.18 %. The total relative error of C, is 3.0 %.
The detailed calculation of a separate measuring error
of the heat capacity is given in Appendix 2.

The error calculation of the measuring specific
heat capacity (Fig.3) is done in accordance with
[3, 11, 14-16, 19-21, 24, 25].

Table 1
Initial data to quantify the confidence limit of measurement error of thermal conductivity

No. Data name Value
1 The diameter of the calorimeter core d, m 1.72:107*
2 The error in determining the core diameter (by a micrometer) Ad, m 5107
3 Inner diameter of the calorimeter d,, m 1.85:10
4 The error in determining the diameter of the calorimeter Ad,, m (indicating Alesometer NO-50A) 5107
5  The length of the calorimeter core /, m 17102
6  The error in determining the core length A/, m 1-10°
7 The specific heat capacity of the material of measuring cylinder C;, J/(kg-K) 391
8  The error in determining the specific heat capacity of the measuring cylinder AC;, J/(kg-K) 4.5
9 The total heat capacity of the core (of measuring cylinder) C,, J/K 137.0
10 The error in determining the total heat capacity (of measuring cylinder) AC,, /K 4.2
11 The total heat capacity of the investigated layer C,, J/K 5.36
12 The error in determining the heat capacity of the investigated layer AC,, J/K 0.03
13 The regular cooling time t, ¢ 35
14 The error in determining the cooling time At, ¢ 0.2
IS5 The core mass G, kg 0.35
16 The error in measuring the core mass AG,, kg 1-10*
17  The layer mass G, kg 0.032
18  The error in determining the layer mass AG, kg 1-10*
19 The density of the material of measuring cylinder p, kg/m’ 8920
20  The error in determining the density of the measuring cylinder material Ap, kg/m’ 25
21 The regular cooling pace m, 1/s 14.7-10°
22 The error in determining the regular cooling pace Am, 1/c 0.06:10°
23 The experimental pressure P, MPa (MP-2500 deadweight tester) 49.05
24 The error in measuring pressure AP, MPa 0.005
25  The value of the thermal conductivity of toluene A, W/(m-K) 0.135
26 The confidence limit of the error of measuring in the relative form with . = 0.95 % 1.8
27  The procedure error, % 1.8
28  The instrumental error, % 1.8
29  The total relative error of measurements, % 5.4
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According to Eq. (7) the confidence error limit of
the results of measuring specific heat capacity is
determined from the ratio:

T

2 2
oC oC 2
=2 | (Am) +| =2 | (At)? 16
BN
where
oCy _ 21Rm; (17)
ol mAt
2
%y _Lhs, 18)
OR mAt
2
% Lk, (19
ot mAt
2
oc, 1 RAr; 20)
om m*At
2
oc, _ 1 RATz' 1)
ot m(Ar)

Using equations (6) and (7) and taking into
account the ratios (16) — (21) the confidence limits of
error of heat capacity in the relative form with o = 0.95
were calculated.

The total confidence limit of measurement error
of specific heat capacity with o = 0.95 does not exceed
3.2 %. Initial data for calculating the heat capacity
(Fig. 3) are presented in Table 1.

2.7. The description of the experimental
setup for measuring the specific heat
capacity of investigated solutions
in regular thermal regime

To measure the specific heat capacity of solutions
under atmospheric pressure (7' = 293 K), we assembled
the experimental setup working according to the
second method of the regular thermal regime
[12, 15, 21, 24].

This experimental setup is shown in Fig. 6.
It consists of a cardboard tube / with a diameter of
40 cm and with a height of 1.5 m, a calorimeter 2,
a synchronous motor 3, an impeller 4 and M 195/1
mirror galvanometer 9. The tube 7 is placed on the
cylindrical supports 6 and raised 15cm above the

floor. A fan which is rotated by a synchronous motor
with a frequency of 3000 r/min is installed on the
floor along the tube axis The fan creates the forced
air flow and provides the condition o = const.
The conditions of ¢=const are ensured by
thermostating the premises.

The cylindrical measuring calorimeter is made of
red copper and has the following dimensions: inner
and outer diameters are equal to 29.5 and 31.5 mm,
respectively, its height is 103 mm. The suspension is
mounted on the wupper end of the measuring
calorimeter and the junction of a differential measuring
thermocouple is inserted axially through this end (8).
The hot junction of the differential thermocouple is
inserted through the dual channel strip and is located
along the axis of the measuring calorimeter, in its
central part. The cold junction of a differential
thermocouple is in the air flow at a distance of
1.5-2 cm from the calorimeter. The bottom end of the
measuring calorimeter is threaded. The sample 5 is
filled through the bottom open end of the measuring
calorimeter and the copper stopper is screwed.
The measuring calorimeter is placed in a chamber
which is immersed into the TS-24 liquid thermostat.
The measuring calorimeter and the sample in the
thermostat are uniformly warmed up to the
temperature which is 10-15°C above the room
temperature. After that, the chamber with a measuring
calorimeter is removed from the thermostat and the
calorimeter is suspended along the axis of the tube 7,
wherein the forced air flow is created.

The ends of the differential thermocouple § are
connected to a mirror galvanometer 9, through which
the cooling rate of the measuring calorimeter m is
determined.

Fig. 6. The experimental setup for measuring
the specific heat capacity of solutions
and powders under room temperature
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To determine the heat-transfer coefficient o we
used a normal calorimeter which is a solid cylinder,
made of red copper. Its height and diameter are the
same as those of the measuring calorimeter. The hot
junction of differential thermocouple is mounted into
the normal calorimeter like in the measuring
calorimeter &. The surface of the normal calorimeter is
processed in the same way as the surface of the
measuring calorimeter. The normal calorimeter is
warmed up in a TS-24 thermostat and then is
suspended along the axis of the tube / at the same
distance from the fan like the measuring calorimeter.

The specific heat capacity C, of the samples is

determined according to the formula [15, 22, 24]:

Sy(a Cg
o-(2-)

22
M\\m S 2)

where S — is a surface of measuring calorimeter; M; —
is a mass of the investigated sample; Cy, — is a heat
capacity of the shell of the measuring calorimeter;
y — “criterion” value.

The field of temperatures of normal calorimeter is
considered uniform and therefore the criterion  for it
is equal to 1. In this case, the coefficient of heat
dissipation a is determined by the formula:

(23)

_ n
o=m, S
where m,, and C, — are the rate of cooling and the heat
capacity of the normal calorimeter, respectively.
According to Eq.(22) we can calculate the
specific heat capacity of the test sample on the basis of
the experimental data.

3. Results and Discussion

As a pilot experiment the study of the dependence
of the specific heat of the solution containing 90 %
cottonseed oil and 10 % pure gasoline (wt. %) was
carried out. The measurement results are shown in
Table 2 which correspond to the results calculated by
formula (7), indicating the correctness of the calculation
according to (6) and measurement techniques in general.

Tables 3 and 4 show the results of determining
thermal conductivity of the colloidal liquid hydrazine
hydrate, both in pure form and containing fullerene
(Cy), depending on temperature and pressure.
Experiments were carried out on the measuring setup,
the functional diagram of which is shown in Fig. 1.

Tables 3, 4 present the results of the experimental
data on thermal conductivity of the investigated
samples, depending on the temperature, pressure and
concentration of fullerene (C;; dyy = 40 nm).

Tables 3 and 4 demonstrate that thermal
conductivity of the fluid colloidal hydrazine hydrate
both in pure form or containing fullerene C,, decreases
with increasing temperature, while the pressure
increase leads to the drop of thermal conductivity of
the liquid hydrazine hydrate.

For example, when the temperature is 293 K
and the pressure changes in the range
0.101-49.01 MPa, the thermal conductivity of the
colloidal system (hydrazine hydrate + 0.5 % C;)
increases by 47.4 %, when the temperature is 541.3 K
it increases by 89.1 %, and when 7 = 702.4 it increases
10-fold. It was found that the addition of 0.5 % C;, in
hydrazine hydrate when 77=293 K and P =0.101 MPa
increases its thermal conductivity by 28.9 %, under the
temperature 702.4 K and the pressure P =49.01 MPa
thermal conductivity increases by 32.6 %.

Table 2

Comparison of the experimental and calculated (by a formula) values for specific heat capacity
(C,, J/(kg-K) of the solution (90 % cotton oil + 10 % pure gasoline (mass. %)) depending
on temperature and pressure

P, MPa 0.101 491 9.81 29.43 39.24 49.01
TK S A, % S A, % < A, % S A, % S A, % < A, %
> exp. | calc. exp. | calc. exp. | calc. exp. | calc. exp. | calc. exp. | calc.
291.4 1751 1674 4.4 1662 1646 1.0 1579 1556 1.5 1409 1384 1.8 1331 1302 2.2 1247 1209 3.1
3106 1797 1780 0.9 1747 1732 0.9 1669 1649 1.2 1481 1410 1.4 1405 1384 1.5 1321 1300 1.6
331.7 1931 1900 1.6 1833 1803 1.6 1746 1716 1.7 1565 1534 2.0 1486 1472 0.9 1388 1357 2.2
348.2 1895 1867 1.5 1806 1783 1.3 1628 1591 2.3 1546 1524 1.4 1458 1408 34
365.4 1969 1962 04 1879 1852 1.4 1698 1684 0.8 1617 1600 1.1 1523 1501 1.4
390.4 2084 2070 0.7 1993 1963 1.5 1805 1786 1.1 1718 1687 1.8 1620 1594 1.6
415.7 2191 2171 1.0 2101 2082 09 1902 1889 0.7 1820 1784 2.0 1719 1702 1.0
440.1 2299 2283 0.7 2208 2186 1.0 2018 2000 0.9 1939 1900 2.0 1837 1804 1.8
467.9 2409 2384 1.0 2321 2300 0.9 2131 2102 1.4 2051 2005 2.2 1954 1903 2.6
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Table 3

Thermal conductivity (A-10°, W/(m-K)) of colloidal
system (hydrazine hydrate + 0.1 % C;,) under
different temperatures and pressures

Table 4

Thermal conductivity (1-10°, W/(m-K)) of colloidal
systems (hydrazine hydrate + 0.5 % C;,) under
different temperatures and pressures

Pressure P, MPa

Pressure P, MPa

LK 0.101 491 981 19.62 29.43 3924 49.1 LK 0.101 491 981 19.62 29.43 3924 49.01
2933 462.3 490.8 508.7 580.4 601.7 640.5 680.3 293.5 5552 600.3 6254 692.5 725.6 763.4 818.5
313.4 4304 480.3 490.1 570.6 5903 630.7 674.4 313.2 5403 580.5 6083 682.0 7185 752.6 7903
331.5 4202 458.6 575.2 5503 578.1 620.0 660.2 3314 522.5 5627 584.6 6609 7003 7352 780.0
353.6 400.8 426.7 454.7 535.7 566.8 600.8 640.3 353.6 506.8 548.6 5749 653.1 690.8 7254 772.6
373.0 380.3 4083 4325 523.7 550.5 585.7 630.0 373.0 4804 5203 5500 6325 6687 700.9 755.0
3954 360.5 390.5 4163 5124 530.6 5753 610.4 3052 455.6 4955 525.6 6154 6506 6857 7364
4232 - 3602 3902 486.7 5103 5504 5903 A36  — 4703 5005 5957 6304 6663 7189
4485 — 3304 370.6 4602 5004 5367 570.0 4325 4569 4886 SS0.8 6206 6585 7063
g e ST G e ma s e e e
5033 — 2705 3124 422.0 4503 480.7 525.0 4732 = 4186 4306 3526 3925 6302 6750
523.0 -~ 2554 3002 4152 4405 4703 518.6 4914 - 3802 4286 5402 578.2 609.8 660.2
5414~ 2300 2803 3954 4300 4620 500 >0~ 3625 400432045573 5824 6385
5580 — 2203 2700 3802 412.6 4503 4802 >3 - 3384 3829 5052 540.6 5682 6203
5732 - 2062 2553 370.1 402.0 440.1 4702 000 - 3256 368.7 495.0 5284 5574 6125
598.1 — 1804 2304 3583 3705 4156 4600 /02— 3002 3456 4752 5036 5358 3904
6184 — 1755 220.6 350.0 3652 408.5 4403 991 - 2753 3284 4573 4963 520.6 575.0
638.0 — 1683 2124 3483 363.5 400.0 430.1 6232 — 2567 3156 448.6 482.1 508.7 557.6
6583 —  167.5 201.6 346.4 360.7 395.4 4272 6422 - 250.0 306.7 4452 4753 490.0 5503
673.0 -  164.6 200.0 344.7 3589 390.7 420.2 6633 - 2483 300.0 439.7 464.8 4832 540.6
6932 — 1558 1982 340.5 3564 388.7 418.5 682.5 — 2457 2957 4345 46079 480.9 536.9
7232 — 1500 196.7 336.9 351.7 388.0 416.7 7024 - 2438 292.6 431.6 4587 477.6 530.4

To calculate specific heat capacity of liquid Similarly, for calculating the temperature

hydrazine hydrate containing nanostructured fullerene
and carbon nanotubes with a diameter of 50 nm
depending on the temperature and molar mass under
atmospheric pressure the following approximated
equation (24) was proposed:

2
C,=|47.63-10" L1 8193102 L |+1.353 |x
Tl Tl

{-32-10‘3[ﬂ}mz-lo*}
my

x(—27.963-103u2 +6.999-10°u+ 3037.07), J/(kg-K).
(24)

Using equation (24) we can calculate the specific
heat capacity of unexplored solutions (with the
arithmetic average error of 0.3 % depending on the
temperature under atmospheric pressure. For this
purpose it is necessary to know only the mass value of
concentration or molar mass.

diffusivity, thermal conductivity and heat capacity of
heat carriers depending on pressure the following
equations were proposed:

2
a= 0.892(ij —1.123(ij+1.232 X
P* P*
n\ n
X a(—*] +b(—j+c X
[ n n*

x(—1.52-10_12 (p1)+3.499-107p, —1.88-10‘6), s?/m;

P

(EREE,

%(2:406:107 (p,, ) ~5.8:107 p, +35.253), W/(m K);

2
A= {0.2844[%} +76.19-107 -0.638} x
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P P
c, {0.299—*—1.165—*“.866}
P P

x[ (l*j+bi*+c}<
n n

x(0.206(p1)2 —496.69p, + 300568.04), J/(kg-K),
(25)

where p; — is the density of heat carriers; a, b and ¢ —
are the coefficients of the equation (Tables 5-7).

Using Eq. (25) one can calculate the temperature
diffusivity, thermal conductivity and heat capacity
of the experimentally unexplored regions of heat

Table 5

The coefficients (a, b, ¢) for the equation
of temperature diffusivity (25)

Heat carrier Coefficients
a b c
Water + graphite powder -0.94 0.7496 1.35
Antifreeze + graphite powder —1.306 1.652 0.865
Antifreeze + carbon black -0.4839 0.7103  0.8883
Water + carbon nanotubes -0.097 -0.0563  1.108
Antifreeze + carbon nanotubes -0.32565 0.5301  0.8268
Table 6

The coefficients (a, b, c) for the equation
the thermal conductivity (25)

. Coefficients
Heat carrier
a b c
Water + graphite powder -0.67 0.72752 0.85513
Antifreeze + graphite powder —1.9437768 2.3317729 0.7585789
Antifreeze + carbon black -0.4342  0.7016265 0.7445
Water + carbon nanotubes —0.1676  0.1144348 1.0658697
Antifreeze + carbon nanotubes —0.326212  0.53943 0.8204
Table 7
The coefficients (a, b, c) for the equation
the heat capacity (25)
. Coefficients
Heat carrier
a b c

Water + graphite powder 0.181625 -0.2979 0.8355
Antifreeze + graphite powder  —0.04379  0.2698  1.144848
Antifreeze + carbon black 0.147696 -0.292434 1.171
Water + carbon nanotubes 0.538525 —0.4866 0.6053
Antifreeze + carbon nanotubes  —0.30528 0.448 1.6533

carriers: antifreeze + carbon black, antifreeze + graphite,
water + graphite, antifreeze + carbon nanotubes and
water + carbon-nanotube depending on pressure under
room temperature. For this purpose it is necessary
to know only the values of density and concentration
of heat carriers.

Verification of equations (25) showed that they
describe the temperature diffusivity, thermal
conductivity and heat capacity of the heat carriers
under investigation in the range of pressures from
atmospheric up to 0.141 MPa under the room
temperature with the mean square error of 7.61 %.

It is known that liquids and solids have two basic
mechanisms of thermal conductivity: by free electrons
(electronic thermal conductivity) and by atomic
vibrations (phonons or lattice thermal conductivity).
Phonon thermal conductivity dominates in dielectrics,
which are basically liquids, including clean water.
Electronic thermal conductivity dominates in metals.
To explain the reasons for the thermal conductivity
increase in nanofluids containing particles of highly
heat-conducting materials, researchers analyze several
basic mechanisms: Brownian motion of nanoparticles;
the formation of high thermal conductivity of the
liquid layer (with a molecular level thickness) at the
liquid-particle interface; ballast transfer of thermal
energy within a single nanoparticle and between
nanoparticles which occurs when they are in contact;

and the effects of mnanoparticle clustering
[5-8,17,23,26-31].
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