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In order to improve the heat transfer
characteristics of miniature thermosyphons, a study
of the processes of heat transfer by them using water
and nanofluids as heat carriers was carried out. A
water mixture based on nanoparticles of Ukrainian
natural aluminosilicate — attapulgite with the
addition of 0.1 % carbon nanotubes was used as
nanofluids. The data of the study of the maximum
heat flow and the minimum thermal resistance of
copper thermosyphons with an internal diameter
of 5 mm and a length of 700 mm are presented.
Orientation of thermosyphons in space: vertical.
The length of the heating zone varied from 50 mm to
200 mm, with the same amount of heat-carrier. The
fill factor varied from 0.44 to 1.93.

A comparisonwas performed of the heat transfer
capabilities of thermosyphons with water and with
a nanofluid with a mass concentration of 0.5 %.
It has been shown that nanofluid thermosyphons
transmit 53 % more heat flow compared to water,
and thermal resistances are reduced by 25 %.

The influence of the concentration of
nanoparticles on the heat transfer characteristics
of thermosyphons is shown. Nanofluids with
concentrations (0.1 %, 0.5 %, 0.7 %) showed the
same level of thermal resistances, with an increase
in maximum heat flows compared to distilled
water. Thus, when compared with the lowest
concentration (0.1 %), the use of 0.5 % nanofluid
gives an advantage of up to 40 %, and 0.7 % —
an advantage of up to 51 %. This is explained by
the appearance of a specific porous structure of
anisometric nanoparticles on the heating surface,
which contributes to the appearance of additional
centers of vaporization during boiling and improves
the heat transfer characteristics of thermosyphons.

Thus, the use of such thermosyphons with
nanofluids when cooling elements of electronic

equipment could improve their functional
characteristics
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1. Introduction

The current state of development of electronic equipment
is associated with a decrease in weight and size character-
istics and an increase in their functional capabilities. This
leads to an increase in the temperature level of its elements
and their possible failure. Therefore, there is an urgent task
of maintaining the given temperature mode of operation
of such small-sized electronic devices. At the same time, it
should be taken into account that the specific heat fluxes on
the surfaces of such elements can reach significant values,
which cannot be removed by traditional methods (radiators
with air cooling). One of the possible ways of removing
large heat flow densities from small-sized electronic devices
is the use of two-phase evaporation-condensation systems.
Such cooling systems include thermosyphons, heat pipes,
steam chambers, pulsating and contour heat pipes, etc. It is
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thermosyphons, in addition to ease of manufacture, low cost,
and reliability, which are characterized by lower thermal
resistance than heat pipes due to the absence of a capillary
structure in them. Various liquids are used as heat carriers
in thermosyphons. Depending on the given temperature
range, it can be water, alcohols, freons, etc. However, in some
cases, thermosyphons with ordinary heat-carriers are not
able to remove significant heat flows from electronic devices.
The appearance of so-called nanofluids as heat carriers in
thermosyphons has made it possible to improve their heat
transfer characteristics.

The term nanofluid is used to refer to a colloidal solution
consisting of a carrier liquid and dispersed nanoparticles
with characteristic sizes from 1 to 100 nm. Solid nanopar-
ticles are usually particles of chemically stable metals and
their oxides. Nanofluids based on carbon nanotubes are also
often used. Their feature is that the diameter varies from




one to several nanometers, and the length can reach tens,
hundreds, and even thousands of microns [1, 2].

At the same time, such substances are characterized by
unique thermal and electrical properties. For example, the
thermal conductivity of nanofluids increases compared to
the base fluid. It also depends on the properties of micropar-
ticles and their configuration [3—6].

It is known that when using a nanofluid as a heat carrier
in power equipment, it is possible to increase the specific
densities of heat flows [7]. The main mechanism for in-
creasing heat flows is not so much an increase in thermal
conductivity of the working fluid [8] but an intensification
of the boiling process due to the formation of roughness and
a porous structure on the heating surface [9, 10].

At the same time, there is a problem of increasing the
heat transfer characteristics of miniature thermosyphons,
which, with small dimensions, would be able to remove
significant heat flows with minimal thermal resistance at
the same time. Limiting the dimensions of such systems
affects the heat exchange process due to the intervention of
capillary forces, as well as the forces of inertia and gravity.
Therefore, the intensity of heat transfer in the evaporation
and condensation zones is much lower compared to the
large volume. There are still no criteria by which it would
be possible to determine when the influence of limited space
begins to affect the internal processes of heat transfer in
miniature thermosyphons. The use of nanofluids of different
concentrations as heat carriers in order to improve their heat
transfer capabilities will help determine ways to create effec-
tive miniature cooling systems. It is to solve these problems
that the use of nanofluids as a heat carrier in thermosyphons
can help. For the successful and effective implementation of
such cooling systems based on miniature thermosyphons
with nanofluids as heat carriers, it is necessary to thorough-
ly study the processes occurring in them. This will make
it possible to improve the heat transfer characteristics of
miniature cooling systems. Therefore, research in this area is
important and necessary for practical application.

2. Literature review and problem statement

Paper [11] investigates the use of aqueous nanofluid with
copper oxide particles (d,,=30-10" m). It has been proven
that in the case of using a nanofluid compared to water, it
was possible to achieve a significant improvement in heat
transfer and an improvement in the isothermality of the
thermosyphon wall, with a simultaneous decrease in its tem-
perature. Also, the values of the maximum heat flow in the
heating zone for samples with nanofluid increased by 120 %
compared to water. It was found that there is an optimal
mass concentration of copper oxide nanoparticles in the base
fluid, which is 1.0 %, at which maximum heat flows were
observed. But in the work, the study was carried out at one
filling factor (50 %) and the length of the thermosyphon did
not exceed 350 mm. It is not entirely clear how the indicators
of the heat transfer characteristics of thermosyphons will
change for other geometric parameters.

At the same time, similar effects are described in
works [12—14]. Thus, in [12], a study of the heat transfer
characteristics of thermosyphons of different internal diam-
eters filled with two types of working fluids (distilled water
mixed with silver nanofluids 0.5 % by mass and pure water)
was conducted. It was shown that thermosyphons with sil-

ver-based nanofluids transmitted significantly higher maxi-
mum heat fluxes than thermosyphons with pure water. The
dependence of the influence of the inner diameter of the
thermosyphon and the saturation temperature on the maxi-
mum heat flows was recorded. When these parameters were
increased, the maximum heat fluxes increased significantly.
However, the study was conducted for 50 % charging of the
heating zone with a heat-carrier and a constant concentra-
tion of silver nanoparticles (0.5 %) in water. Therefore, it is
not known what the heat transfer characteristics of thermo-
syphons will be at other filling parameters and concentra-
tion of nanoparticles in the liquid.

In work [13], the issue of thermal improvement of the
productivity of thermosyphon heat pipes using iron oxide -
nanofluid as a working fluid is considered. Deionized water
with diluted iron oxide nanoparticles was used as the base
liquid. The mass concentration was 2 % and 5.3 %. Research
was conducted at two angles of inclination of the thermosy-
phon heat pipe, 45° and 90° (vertical). It was shown that the
more iron oxide nanoparticles were dispersed in the working
fluid, the higher the heat transfer characteristics of such
a device compared to water. With the vertical location of
the thermosyphon heat pipe (90°), the characteristics were
improved than at 45°. However, this conclusion is not very
consistent with previous studies of thermosyphons when
the angle of inclination is changed, where the reverse nature
of the influence of the angle of inclination on the maximum
heat flow is asserted.

Also, in [14], along with an increase in the critical heat
flow, a decrease in the thermal resistance of thermosyphons
when used as a heat-carrier with iron oxide nanoparticles
compared to distilled water is noted.

However, work [15] shows the opposite effect. Ac-
id-treated carbon nanotubes have been shown to increase
both surface tension and water wettability. The changed
interphase properties cause a modification of the boiling
mechanism, which is characterized by an increase in the di-
ameter of the bubbles, a tendency to coalescence, a decrease
in the density of active nucleation sites and the frequency
of separation. Deterioration of operational characteristics
when using water-based nanofluid and carbon nanotubes
led to high temperature in the heating zone and increased
thermal resistance.

In [16], the total thermal resistance of a closed two-
phase thermosyphon was investigated using pure water and
various aqueous nanofluids with Al,O3, CuO, and laponite
clay nanoparticles. The mechanism of blocking of active
cavities by agglomerates of nanoparticles is described, as a
result of which the number of active centers of vaporization
decreases. The worst results were demonstrated by nanoflu-
id with laponite clay. Due to its use, thermal resistance has
increased by 55 % compared to water.

However, it is interesting to note that the use of nano-
fluids based on clay minerals as a heat carrier for energy
systems has proven very successful [17].

Thus, such mutually exclusive and contradictory re-
search results show that the topic of using nanofluids as
heat carriers in thermosyphons is not sufficiently elucidated.
This especially applies to the influence of the mass concen-
tration of nanoparticles in the base fluid on the efficiency of
heat transfer by miniature thermosyphons. There is also an
unsolved problem of using nanofluids with different ther-
mophysical properties of nanoparticles in thermosyphons.
It is not entirely clear how the filling factor affects the max-



imum heat fluxes and thermal Table 1
resistance of miniature thermo- Geometric characteristics of thermosyphons
syphons when using nanofluids
as heat carriers. Inner | Overall | Lengthofthe |Condensation
diameter, | length, heating zone, | band length, | Fill factor, F=L;/L., Heat-carrier
diymm | Iy, mm Lyp, MM [, mm
3. The aim and objectives of the 5.0 700 44;100; 150; 200 200 1.93; 0.88; 0.59; 0.44 Water
study 5.0 700 44; 100; 150; 200 200 1.93; 0.88; 0.59; 0.44 | Nanofluid 0.1 wt%
5.0 700 44;100; 150; 200 200 1.93; 0.88; 0.59; 0.44 | Nanofluid 0.5 wt%
Our research aimed to im- 5.0 700 44; 100; 150; 200 200 1.93; 0.88; 0.59; 0.44 | Nanofluid 0.7 wt%

prove the efficiency of heat trans-
fer processes by miniature ther-
mosyphons using nanofluids based on Ukrainian natural
aluminosilicates with the addition of carbon nanotubes as
heat carriers. This could make it possible to — the heat trans-
fer characteristics of thermosyphons for cooling electronics.

To achieve the goal, the following tasks must be solved:

—to find out the effect of using the above-mentioned
nanofluid instead of water on the thermal resistance of min-
iature two-phase thermosyphons;

— to determine the influence of the filling factor on the
heat transfer characteristics of miniature thermosyphons
with nanofluids;

—to determine the influence of the concentration of
nanoparticles in the base liquid on the maximum heat flows
and the minimum thermal resistance of miniature thermo-
syphons.

4. The study materials and methods

The object of our research is physical phenomena and pro-
cesses of heat transfer in miniature closed evaporative-con-
densation cooling systems. The subject of the study is the de-
termination of the influence of regime and geometric factors
on the processes of evaporation and condensation in miniature
two-phase thermosyphons with different heat carriers.

As a research hypothesis, the statement that the in-
crease in the heat transfer capacity of thermosyphons with
nanofluids as heat carriers is ensured by the presence of
deposition of nanoparticles on the heat exchange surface is
accepted. This increases the number of vaporization centers
and increases the intensity of heat transfer. An experi-
mental study with statistical processing of the results was
chosen as the method.

To test the hypothesis, copper thermosyphons with a to-
tal length of 700 mm were selected. The inner diameter was
5 mm, the wall thickness was 0.5 mm. The length of the con-
densation zone was fixed and was 200 mm. Heating took place
with the help of a multi-section heater of different lengths
(from 45 mm to 200 mm). Thus, by changing its length, a
change in the filling factor was achieved. The filling factor is
the ratio of the liquid volume V; to the internal volume of the
heating zone V,, of the thermosyphon (F,=V;/V,,). With the
same internal diameter dj,, the filling factor was determined
as the ratio of the filling height of the heat-carrier £; to the
length of the heating zone L., (F,=hy/L.,). The height of
filling with heat-carrier for all thermosyphons was the same
and was 881 mm.

The geometric characteristics of the studied thermosy-
phons are given in Table 1.

The experimental bench (Fig. 1) was an installation for
researching the heat transfer characteristics of evapora-
tion-condensation systems.

The studied sample 1 was placed and fixed in a labora-
tory tripod. A multi-section nichrome heater 2 was wound
on the heating zone of the sample, which was powered by
a laboratory autotransformer 5 from the network through
a voltage stabilizer 6. The outer surface of the heater was
covered with a layer of basalt fiber (with a preliminary
calculation of the effective thickness of the insulation lay-
er). The power supplied to the heater was monitored using
wattmeter 4. Heat removal from the experimental sample
was performed using a tube-in-tube heat exchanger 3, where
the heat-carrier was supplied through rotameter 8 from the
pressure tank 7.

7

V
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Fig. 1. Scheme of an experimental bench for the study of heat
transfer characteristics of evaporative-condensing systems

The temperature of the surface of thermosyphons and
cooling water at the inlet and outlet of the heat exchanger
was controlled using copper - constantan thermocouples
11, 12 with an absolute error of £0.1 °C. The signal from the
thermocouples was transmitted using an analog-to-digital
converter (ADC) 9 to a personal computer (PC) 10. Next,
the information was stored, and further data processing was
carried out.

The temperature of the cooling water at the inlet to the
condenser was maintained at 201 °C. Water consumption
was constant 4,9-1073 kg /s+0,1-103 kg /s and was controlled
by rotameter 8.

The total thermal resistance of thermosyphons was
determined as the ratio between the difference in average
temperatures in the heating and condensation zones to the
transmitted heat flow:

R:];U—

M



The electrical power supplied to the heating zone of ther-
mosyphons is not equal to the power transmitted along its
length to the condensation zone due to heat removal through
the insulation. Therefore, the heat flow transmitted along
the length of the thermosyphon was calculated according to
the following dependence:

Q.. =G-C,(T,, ~T,), (2)

where G is the flow of water that cooled the condensation
zone, kg/s; C,, — specific heat capacity of water, J/kgK; Ty,
T;, — water temperatures after leaving the condenser and
before entering the condenser, °C.

The calculation of the errors of the heat flow, which is
removed, did not exceed 5 %, and the thermal resistance did
not exceed 7 %.

Distilled water and aqueous nanofluid based on
previously purified natural aluminosilicate - attapulg-
ite (Ukraine) with the addition of 0.1 % carbon nano-
tubes (CNTs) were used as heat-carriers. Nanofluids were
obtained by ultrasonic dispersion of the corresponding
nanopowders in a solution of anionic surfactant on a
UZDN-2T disperser at a frequency of 22 kHz and a pow-
er of 500 W. The average particle size according to the
data of the analysis on the laser correlation spectrometer
ZetaSizer NANO-ZS (Malvern Instrument, UK) was
300-400 nm.

The initial mass concentration of nanoparticles of
the dispersed phase (aluminosilicate+CNT) in water
was 0.5 %. In order to study the influence of the con-
centration of nanoparticles on the heat transfer charac-
teristics of thermosyphons, samples of nanofluid with
an increased concentration (0.7 %) and with a reduced
concentration (0.1 %) were prepared. Thermosyphons
with the same mass and dimensional characteristics were
filled with the indicated nanofluids. The experimental
study was carried out with stepwise heat supply to the
heating zone. The increase in heat flow occurred after the
stabilization of heat transfer

5. Results of investigating the influence of the use
of nanofluids on the heat transfer characteristics of
thermosyphons

5. 1. The effect of using a nanofluid instead of water
on the thermal resistance and maximum heat fluxes of
miniature two-phase thermosyphons

One of the main heat transfer characteristics of evapo-
ration-condensation systems (heat pipes, thermosyphons) is
the value of the minimum thermal resistance R, and the
maximum heat flow transmitted Q.. These parameters
depend on many factors. First of all, on the geometric char-
acteristics of the thermosyphons (inner diameter, length of
the heat exchange zones, and total length), on the amount of
filled heat-carrier (filling factor F,), as well as the thermo-
physical properties of heat-carriers.

The start of heat transfer in the thermosyphon is connected
with the activation of the steam generation centers in the heat-
ing zone. When the heat flow is brought to this zone along the
inner wall, a thermal boundary layer is formed in the liquid. Its
thickness, depending on the geometric parameters of the ther-
mosyphon, can be proportional to its inner diameter. And then
almost the entire heat-carrier can be in an overheated (metasta-
ble) state relative to the saturation temperature. Activation of
the first vaporization center leads to the appearance of a bubble,
which, after detaching from the surface, grows in volume and
can reach the inner diameter of the thermosyphon. As a result,
part of the superheated liquid is ejected by such a steam bubble
from the heating zone to the condensation zone. At the same
time, the temperature in the heating zone drops sharply, and in
the condensation zone it rises. Such a phenomenon as “geyser
boiling” [18, 19] depends both on the type of liquid and the
amount of refueling, and on the mode parameters. Our studies
showed that there is an area of heat flows in which the tempera-
ture pulsations of the thermosyphon wall occur. Basically, this
area lies in the range of initial heat flows, when the conditions
for activation of at least one center of vaporization are created
in the heating zone of the thermosyphon (Fig. 2).
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In addition, in order to
compare and determine the
expediency of using nano-
fluids, a similar sample of a
miniature closed two-phase
thermosyphon with distilled
water as a heat-carrier was
manufactured and tested. It was this sample that acted as
a reference and comparisons were performed relative to it.
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Fig. 2. Dependence of the temperature of the thermosyphon wall with an inner diameter of
5.0-10"3 m on time when the heat flow changes (F,=0.44) (water heat-carrier based on a
mixture of carbon nanotubes and attapulgite (0.5 %)): 1 — heating zone;

2 — adiabatic zone; 3 — condensation zone

An increase in the heat flow leads to a gradual decrease
in the amplitude of pulsations, which is associated with an



increase in the number of active centers of vaporization and
an increase in the pressure in the thermosyphon. At the same
time, the separation diameters of the bubbles decrease, and
their number increases, which helps decrease the thickness
of the thermal boundary layer. And the ejection of part of
the heat-carrier from the heating zone to the condensation
zone stops.

A further increase in the heat flow leads to a gradual in-
crease in temperature in all zones of the thermosyphon. The
transition from bubbling boiling mode to film boiling led to
a sharp increase in temperature in the heating zone and the
thermal resistance of the thermosyphon increased rapidly. In
Fig. 2, this was observed at Q=146.3 W.

The use of nanofluid as a heat carrier in miniature
thermosyphons showed a significant increase in maximum
heat flows. Figures 3—5 show the dependences for different
filling factors F,=0.44, 0.59, and 0.88. The comparison was
made with thermosyphons that were filled with water and
nanofluid.

Thus, the use of an aqueous nanofluid based on a mixture
of carbon nanotubes and attapulgite, in comparison with
water, at F,=0.44, led to an increase in the maximum trans-
mitted heat flux by approximately 53 % (Fig. 3).
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Fig. 3. Dependence of thermal resistance on the transmitted
heat flow for F,=0.44: 1 — miniature thermosyphon with water;
2 — miniature thermosyphon with a water heat-carrier based
on a mixture of carbon nanotubes and attapulgite (0.5 %)

It is important to note that as an improvement in trans-
mission characteristics, not only an increase in heat flux
was recorded but also a simultaneous decrease in thermal
resistance by 23 %, albeit slightly. The initial operating
modes, in this case from 20 W to 30 W, are characterized
by modes of undeveloped boiling, a larger error of determi-
nation, and a large amplitude of temperature fluctuations.
In addition, the operation of thermosyphons under these
modes (not optimal) is not advisable. From the point of
view of system optimization, it would be more expedient for
such small thermal loads to switch to thermosyphons with
a smaller diameter, which would work under the “minimum
thermal resistance mode”. Thus, it would be possible to
reduce the total mass and dimensions while not losing in
terms of heat transfer.

Due to the transition from water to an aqueous
heat-carrier with a mixture of attapulgite nanoparticles
and carbon nanotubes at F,=0.59, it was possible to in-
crease the maximum transferred heat flow by 22 % (Fig. 4).
At the same time, as in the case of F,=0.44, a decrease in
thermal resistance by approximately 25 % was recorded
in parallel.
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Fig. 4. Dependence of thermal resistance on the transferred
heat flow for £,=0.59: 1 — miniature thermosyphon with water;
2 — miniature thermosyphon with a water heat-carrier based on

a mixture of carbon nanotubes and attapulgite (0.5 %)

For F,=0.88, the nature of the change in heat transfer
characteristics is identical to that shown in Fig. 3, 4. How-
ever, this leads to an increase in heat flow compared to water
by 47 %, and a decrease in thermal resistance by 25 % (Fig. 5).
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Fig. 5. Dependence of thermal resistance on the transmitted
heat flow for £,=0.88: 1 — thermosyphon with water;
2 — thermosyphon with a water heat-carrier based on a
mixture of carbon nanotubes and attapulgite (0.5 %)

3. 2. Influence of the filling factor on the heat transfer
characteristics of thermosyphons with nanofluids

Experimental data showed that with an increase in the
filling coefficients, a decrease in the maximum heat fluxes is
observed for both water and nanofluid (Fig. 6). Moreover, in
comparison with water, at almost all F,, the use of thermosy-
phons with nanofluids increased the maximum heat flows by
almost two times.

The change in transfer properties (maximum heat flow
transmitted by the system) with an increase in the fill-
ing factor is reversed. That is, the larger the filling factor
(smaller heating zone), the smaller the heat flow the cooling
system is able to transfer. This is explained by a simultane-
ous increase in the specific heat flow (heat flow density),
with a decrease in the area of the inlet. That is, the drying
of the heating zone occurs with smaller heat flows, under
conditions of equality of the height of the heat-carrier filling
Li=const, and a decrease in the length of the heating zone L,,.

To understand the nature of this change, it is important
to recall the procedure of changing the fill factor. As men-
tioned above, when d;,=const, the filling factor is defined
as the ratio of the filling height of the heat-carrier L; to the
length of the heating zone L.
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Fig. 6. Dependence of the maximum transferred heat flow on
the filling factor: 1 — thermosyphon with water;
2 — thermosyphon with a water heat-carrier based on a
mixture of carbon nanotubes and attapulgite (0.5 %)

It follows from this that the change in the filling factor
can occur by varying the mass (as a result of the height) of
the filling, and by changing the length of the heat supply
zone. In this work, the change was achieved by using a
multi-section heater and changing the length of the supply
zone. Fig. 7 shows the change in the filling factor of the
thermosyphon when the heat flow is supplied by heaters of
different lengths. In this case, the heat transfer characteris-
tics of the investigated thermosyphons can be used for cool-
ing systems of electronic equipment elements with specific
dimensions.

However, when using thermosyphons with different
mass of filling with heat-carriers and a constant length of the
heating zone (L.,=const), the opposite pattern is observed.
An increase in the filling factor leads to an increase in max-
imum heat flows and a decrease in the thermal resistance of
thermosyphons [21].

»

y
y

|, N |, N |,
M T Qout M bow ™ML T Lo
e[ el el
F~=0.59 F=0.88 / F~=1.93 /
Lo
[

/
)l
lov ) Q *}le Q* \Qin _Q_
; 0_4_ 4 _Q* h ) @_*
g) Lgl) LIS

Fig. 7. Scheme of operation of a thermosyphon with an inner
diameter of 5:10-3 m at different F, (h=const)

It is important to note that in this case, when comparing
the dependence of the heat flow on the filling factor, the
curve for the nanofluid over the entire studied range of Fr
is higher than the curve for water. This indicates an obvious
advantage of using nanofluids (an aqueous nanofluid with a

Qin

mixture of carbon nanotubes and attapulgite nanoparticles)
in terms of heat flows that can be transferred by the system,
compared to ordinary distilled water.

5. 3. Influence of nanoparticle concentration on heat
transfer characteristics of miniature thermosyphons

In addition to the basic composition of working heat-car-
rier, namely an aqueous nanofluid with a mixture of carbon
nanotubes and attapulgite particles with a mass concentra-
tion of 0.5 %, heat-carriers with an increased (0.7 %) and
reduced (0.1 %) content of nanoparticles were prepared. The
mass and dimensional characteristics of the system, the test
bench, heating and cooling conditions for the new samples
remained the same as for the sample with a concentration
of 0.5 %. The unification of research conditions was created
in order to make a correct comparison and determine the
influence of the concentration of nanoparticles on the heat
transfer characteristics of the system.

F,=0.44 (Fig.8) and 0.59 (Fig.9) were chosen as the
heat carrier filling coefficients under investigation.
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Fig. 8. Influence of nanoparticle concentration on heat transfer
characteristics for £,=0,44: 1—0,1%;2—10,5%;3—0,7%

Arrows in Fig. 3-5 and Fig. 8—9 indicate the begin-
ning of crisis phenomena, that is, the onset of the tran-
sition to the film boiling regime. At the same time, there
is a significant and uncontrollable increase in thermal
resistance due to an increase in temperature in the heating
zone. During film boiling, the flow of steam to the con-
densation zone decreases and the heating zone dries out.
In fact, this is the moment when the cooling system stops
performing its functions, and without taking appropriate
measures (turning off, switching to a mode with less heat
generation, etc.), the device fails due to overheating of the
wall in the heating zone.

For the above F,=0.44, the thermal resistance for
samples with a concentration of 0.1 %, 0.5 %, and 0.7 %
is practically unchanged, but with an increase in the con-
centration of nanoparticles, a significant increase in the
transmitted heat flux is observed. Thus, for concentrations
of 0.1 %, the maximum heat flow was 107.3 W, for 0.5 % —
141.7 W, and for the highest concentration (0.7 %), the
value reached 161.9 W. Thus, compared to the least con-
centrated working fluid (0.1 %), an increase to 0.5 % led
to an increase in heat flow by 40 %, and to 0.7 % by 51 %.

It should be emphasized that the addition of even the small-
est investigated concentration of nanoparticles to the base
fluid (0.1 %) led to an increase in the maximum heat flow up
to 12.5 %, and a decrease in thermal resistance up to 13 %
compared to water.
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Fig. 9. Influence of nanoparticle concentration on heat
transfer characteristics for £=0,59: 1 —0,1 %; 2 — 0,5 %;
3-0,7%

For F,=0.59, the thermal resistance situation remains
identical to F,=0.44, that is, its minimum value is in the same
range, within the measurement error, for all three studied
concentrations. Along with this, a significant increase in the
maximum heat flow is also recorded: water — 58.5 W; 0.1 %
nanofluid — 83.8 W; 0.5 % nanofluid —112.1 W, and 0.7 %
nanofluid — 118.4 W.

Based on these data, it can be stated that an increase in
the mass concentration of nanoparticles in the base liquid
leads to an increase in the heat transfer characteristics of
miniature thermosyphons.

6. Discussion of results of investigating the influence of
the use of nanofluids on the heat transfer characteristics
of thermosyphons

The effect of the filling factor F, on the maximum heat
flow of thermosyphons is observed to be the same for both
water and nanofluid. As can be seen from Fig. 3, 4, the
maximum heat flux at F,=0.59 decreased for both water and
nanofluids compared to F,=0.44. At F,=0.44 for the nanoflu-
id, it was equal to about 146 W, and at F,=0.59, its decrease
to 100 W was observed. This can be explained by the fact
that when F, increased, the part of the heating zone that was
not occupied by the liquid decreased. The intensity of heat
exchange in this zone depended on the thickness of the con-
densate film returning to the heating zone. As is known [20],
with small thicknesses of liquid films, heat transfer coeffi-
cients during boiling increase significantly and may exceed
the intensity of heat exchange in the area where the heat-car-
rier is located. Therefore, the smaller the area of the heating
zone on which the film of condensate is located (Fig. 7), the
smaller the value of the maximum heat transmitted by the
thermosyphon. Also, the heat flux density increases when
the length of the heating zone decreases. And that is why
film boiling occurs in the heating zone at lower values of
the total heat flow. The obtained results (Fig. 3—5) can be
interpreted within the limits of modern concepts [9, 10, 17].
Unlike a single-phase heat-carrier (water), the boiling of
nanofluids is accompanied by the formation of porous de-
posits of nanoparticles on the heated surface. As a result,
the roughness of the heat exchange surface increases, which
contributes to an increase in the number of potential centers
of vaporization. The physical mechanism responsible for in-
creasing the critical heat flux and delaying the boiling crisis
by nanofluids is the destabilization of the vapor film due to
the deposition of particles on the heating surface. In this

case, the presence of carbon nanotubes with high thermal
conductivity in the deposits of nanoparticles leads to an in-
crease not only in the convective component of heat transfer,
but also in the conductive one. At the same time, there is a
possibility of the effect of nanoparticles in the liquid on the
growth and detachment of steam bubbles during intense
boiling in the heating zone of the thermosyphon. Due to the
turbulence of the flow, nanoparticles fall on the interphase
boundary of the vapor bubble and reduce its separation
diameter, as well as contribute to its separation as soon as
possible. The intensity of heat transfer increases and this ex-
plains the decrease in thermal resistance of thermosyphons.
The increase in maximum heat flows occurs as a result of the
appearance of some non-isothermality of the heat exchange
surface. And as is known [19], the appearance of elements
with different thermal conductivity on the surface prevents
the spread of a vapor film during a boiling crisis. Non-iso-
thermality of the surface occurs due to the appearance on
the surface of elements of carbon nanoparticles (close to
graphene), the coefficient of thermal conductivity of which
is much higher than that of copper.

From Fig.8, 9, and by comparison with the data on
water (Fig. 3, 4), it is possible to see an increase in the
maximum heat flow due to an increase in the concentration
of nanoparticles in the base liquid. It has a non-linear de-
pendence, and the character becomes less pronounced with
further growth. However, it is advisable to study higher
concentrations in order to find its optimal level.

The increase in the maximum heat flow due to the in-
crease in the concentration of nanoparticles in the nanofluid
can be explained by the increase in the thickness of the
porous layer on the surface of the heating zone. This porous
layer arises due to the deposition of nanoparticles during the
boiling of the nanofluid. The greater the concentration of
nanoparticles, the greater the surface roughness. This leads
to a surface relief with a greater number of potential centers
of vapor formation while simultaneously promoting the rup-
ture of the vapor film in the event of a heat transfer crisis.
The intensity of heat transfer increases with a simultaneous
increase in maximum heat flows. It was shown in [22] that
with an increase in the roughness of the heating surface in
thermosyphons, both the intensity of heat transfer increases
and heat transfer occurs at increased heat flows.

In work [23], aqueous nanofluid with Al,03 (0.05 %) and
aqueous nanofluid with TiSiO4 (0.075 %) were studied. As a
result of studies of different concentrations, it was noted that
for Al,O3 it was 0.05 %, and for TiSiO,4 — 0.075 %. A further
increase in concentration led to a deterioration of thermal
resistance and intensity of heat exchange, in comparison
with the above.

Taking into account the experimental data, it should
be noted that the recommended mass application levels of
0.05 % and 0.075 % [23] are not absolute for many nanoflu-
ids. The optimal concentration of nanoparticles depends on
many factors (base liquid, material of nanoparticles, size and
shape of nanoparticles, etc.). Therefore, for individual groups
of nanoparticles and base fluids, the heat transfer character-
istics of thermosyphons can differ by several times, and even
by orders of magnitude.

The use of more concentrated heat-carriers and the
determination of the optimal level (points of change in the
trend for deterioration of thermal resistance and intensity of
heat exchange) are promising and relevant stages of further
research.



7. Conclusions

1. The heat transfer characteristics of miniature closed
two-phase thermosyphons were investigated, in which a wa-
ter nanofluid based on Ukrainian natural aluminosilicates,
namely a mixture of attapulgite nanoparticles with carbon
nanotubes, was used as a heat carrier.

It is shown that in the entire investigated range of heat
flows, miniature closed two-phase thermosyphons with nano-
fluid demonstrated significantly better heat transfer character-
istics than similar samples with water. Thus, due to the use of
nanofluids, it was possible to increase the maximum heat fluxes
transmitted to 53 % and reduce thermal resistance by 25 %.

2. Data on the influence of the filling coefficients of minia-
ture thermosyphons on the maximum heat flows for water and
nanofluids as heat carriers are given. It is shown that when the
filling factor increases, the maximum heat flows decrease. Thus,
with a filling factor of F,=0.44 for a nanofluid with a concentra-
tion of 0.5 %, the maximum heat flow was equal to 146.3 W,
and with F,=0.59, it decreased to 112.2 W. However, in com-
parison with water, thermosyphons filled with nanofluids
transmit approximately two and a half times greater heat flows.

3. The influence of nanoparticle concentrations in the
base liquid on the heat transfer characteristics of min-

iature thermosyphons is shown. The sample with a mass
concentration of 0.7 % showed the best characteristics. At
the same time, although the trend of increasing maximum
heat fluxes became less pronounced when going from
0.5% to 0.7 %, the thermal resistance remained at the
same level for all studied concentrations.
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