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HEAT TRANSFER CHARACTERISTICS OF MINIATURE
TWO-PHASE THERMOSYPHONS WITH NANOFLUIDS

This paper presents and analyzes experimental data on the total thermal resistances of two-phase miniature thermosyphons
with nanofluids, the geometric parameters of the thermosyphons for all experimental samples are identical: total length
700 mm, internal diameter 5 mm. The following nanofluids used as heat carriers are: aqueous nanofluid based on
carbon nanotubes, aqueous nanofluid based on synthetic diamond, and aqueous nanofluid based on amorphous carbon.
Much attention is also paid to the influence of the filling ratio on the heat transfer characteristics of the thermosyphons.
The influence of filling ratio and types of nanofiluid on the performance of miniature closed two-phase thermosyphons

is demonstrated.
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The problems associated with maintaining the tem-
perature regime and cooling of semiconductor devices
are becoming more urgent and complex every day, which
requires an increasingly integrated approach to solving
them. This problem becomes particularly urgent with
the development of high-power computing; so-called
supercomputers need effective “supercooling”.

Due to the fact that the packaging density of electronic
equipment, which is at the same time a miniaturization
criterion, is increasing every day, the cooling systems
that have been used for decades have not been able to
meet the new requirements for thermal stabilization and
maintaining the temperature in a given normalized range.

Two-phase cooling systems have proven themselves
to be highly efficient and fairly cheap, while also being
quite reliable. The operation principle of such systems
is based on the evaporation-condensation cycle. Apart
from efficiency, one of the main advantages of these
cooling systems is that they are passive, which reduces
the operating costs relating to the pumping of working
fluid. Such systems include heat pipes, thermosyphons,
and vapor chambers.

This work is devoted to the study of heat transfer
characteristics of thermosyphons (TS), because their
efficiency-reliability-price ratio is optimal among all
the mentioned types. Since there is no capillary-porous
structure, the cost and thermal resistance of this device
type are much lower than, e.g., for heat pipes. One of the
main disadvantages of thermosyphons is that they are not
functional against gravity, but many tasks do not require
this particular capability.

However, it should be noted that the operation of
thermosyphons is limited and depends on a large number
of determining factors, such as the filling ratio, the evapo-
ration zone length, the working fluid type, the geometric
parameters (system design), etc.

In recent years, increasing interest has arisen in the
use of nanofluids as heat carrier for evaporation-conden-
sation systems. A huge number of studies are devoted to
the use of nanofluids as heat carrier in thermosyphons.
Unfortunately, the existing works are quite limited and
often controversial, and moreover, the thermosyphon
designs that they deal with can hardly be considered
miniature. This study addresses miniature closed two-
phase thermosyphons with nanofluid-based coolants.

Literature analysis

Nanoparticles are particles characterized by a small
size, which is in the range of 1—100 nm [1]. Nanoparticles
have become widely used in various industries because
of their unique physical and chemical properties due to
their large ratio of the surface area and volume.

Nanofluid (NF) is a base fluid (water, oil, ethylene
glycol, etc.) with nanoparticles dispersed in it. NFs have
better thermophysical parameters, and thus a better heat
transfer, compared to the base fluid. However, it is worth
noting that one should take into account the influence of
many factors when manufacturing specific NFs for every
particular purpose. The thermophysical properties of the
obtained fluid are influenced by the size, shape and con-
centration of the nanoparticles, the thermal conductivity
of the nanoparticles and the base fluid, the temperature
of the base fluid, etc. [2—4].

It was also noted that the use of micron-sized nanopar-
ticles can lead to a decrease in heat transfer as a result of
the dispersed phase turbulence suppression [5].

As to using NFs as working fluids for evaporation-
condensation systems, despite the increasing number of
studies appearing every year, it is impossible to describe
clearly the advantages of their use and the quantitative
increase in the heat transfer efficiency at the moment.
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Thus, some studies note a positive effect of NF-based
heat carriers [6—14], while the others highlight their
negative effect [15, 16].

The main NFs that have already been studied are:
Al, O, — water; CuO — water; Ag — water; FeO —
water.

It is also worth emphasizing that most of the thermo-
syphons described in the above-mentioned publications
cannot be considered miniature, but it is the latter that
are of particular interest at the moment.

Research techniques

One of the main criteria for the heat transfer charac-
teristics of thermosyphons is thermal resistance, which
is defined as:
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where Q is the transferred heat flow;
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[ t_cz are the average temperature values of the evapora-
tor and condenser, respectively.

Average temperatures are used because even when the
stationary mode has already been established, the tem-
perature of the thermosyphon wall continues to change
with time (there are temperature ripples), therefore, the
temperature in the evaporation zone (EZ) and condensa-
tion zone (CZ) is determined by their average values for
the period of the stationary mode:
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The study of the heat transfer characteristics of the
miniature closed two-phase thermosyphons was carried
out on an experimental stand similar to that given in [17,
18] (Fig. 1).

Heat was supplied to the evaporation zone of the
thermosyphon by an electric heater, which was wound
onto the thermosyphon body over a heat-resistant di-
electric film with a thickness of 0.1 mm. For the manu-
facture of the heater, a nichrome wire with a diameter of
0.3 mm was used. Heat from the condenser was removed
by water running through a pipe-in-pipe condenser and
monitored using a flow meter & (Fig. 1). Cooling water
flow rate was kept constant and varied from 1.75-1073
to 7.85-1073 kgs.

The temperature in the main zones of thermosyphons
was determined using copper-constantan thermocouples
with an electrode diameter of 0.16 mm. Hot junctions of
thermocouples were soldered to the thermosyphon body.
The heat flux of the thermosyphon was changed using
a laboratory transformer and monitored in the evapora-
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Fig. 1. Schematic drawing of the experimental setup:

1 — miniature thermosyphon; 2 — evaporation zone heater;

3 — condenser; 4 — wattmeter; 5, 9 — voltage regulator (labora-

tory transformer); 6, /0 — voltage stabilizer; 7 — pressure tank;

8 — flow meter; // — heater for cooling water; /2, 13 — copper-

constantan thermocouples; /4 — analog-to-digital converter;
15 — personal computer

tion zone using a wattmeter 4. To reduce heat loss to the
environment, the thermosyphon was completely insulated
with basalt fiber.

The heater 2 was powered by a voltage regulator J,
which was connected via a voltage stabilizer 6 to the
mains (220 V, 50 Hz). The control of the supplied electric
power was carried out using a wattmeter 4 (D529). The
cooling water temperature was controlled with a heater
11 using a voltage regulator 9. The temperature of the
cooling water at the inlet and outlet of the condenser
was monitored using thermocouples /3. Signals from
all thermocouples /2 were fed to an analog-to-digital
converter /4 and then to a personal computer /5.

We studied three samples of thermosyphons with an
inner diameter of 5 mm and a length of 700 mm, filled
with different NFs (Table). To study the effect of the fill
ratio (FR), which characterizes the ratio of the volume
of the working fluid to the total volume of the evapora-
tion zone, a multi-section heater was used. As a result,
it was possible to change the FR in a wide range from

Properties of the nanofluids
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Heat carrier: Ma.ss Average Surface
fraction | diameter .
TS aqueous NF tension,
of NP, of NPs,
based on o mN/m
(] nm
TS1 | carbon nanotube 0,1 410—590 71,4
TS2 |synthetic diamond| 0,3 50—300 70,5
TS3 |amorphous carbon| 0,31 | 100—150 | 69,8
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Fig. 2. Schematic representation of the amount of heat carrier
relative to the evaporation zone volume at different filling
ratio values:

a—FR=044;b—FR=0.59;,¢c—FR=0.87,d — FR=1.66

0.4 to 1.7 (Fig. 2). The Table provides information on
the nanofluids used as coolants.

Research results

The study of the thermal resistance of miniature
thermosyphons with different working fluids showed that
their heat transfer characteristics are significantly higher
than of those with water as a heat carrier. The effect of
filling ratio on thermal resistance is shown in Fig. 3.

Fig. 3, a shows that for carbon-based thermosyphon
(TS1), the maximum transferred amount of heat corre-
sponds to FR = 0.44; the maximum transmitted heat flux is
180 W. The minimum recorded thermal resistance is
0.18 K/ W (FR=0.44). Moreover, an increase in 'R leads
to a decrease in the maximum heat flux and an increase
in thermal resistance.

Fig. 3, b shows that the heat transfer charac-
teristics of the thermosyphon with working fluid
based on synthetic diamond (TS2) are slightly lower
than those for TS1. The minimum thermal resis-
tance values for different filling ratios of TS1 and
TS2 are similar; however, the maximum heat fluxes are
somewhat lower. Thus, at FR = 0.44, the maximum heat

flux decreases to about 120 W. However, at FR > 0.44, the
thermosyphon TS2 has the maximum heat flux slightly
higher than does TS1.

It should be noted that the minimum thermal resis-
tances of TS2 and TS1 are close in their values to those
obtained in [6, 7]. However, the concentration and type
of nanopowders in water were slightly different.

Significantly lower are the values for the miniature ther-
mosyphon TS3 with working fluid based on amorphous
carbon (Fig. 3, ¢). The maximum heat flux for each FR
value decreased by about 1.5 times, and the thermal re-
sistance increased, its minimum value of 0.2 K/W being
fixed at FR = 0.44 (Fig. 3, ¢).

To generalize the experimental data presented above,
as well as to determine the effect of FR on the heat
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Fig. 3. Dependence of the thermal resistance R on the heat flux

for thermosyphons with working nanofluids based on carbon

nanotube (a), synthetic diamond (), and amorphous carbon (c)
at different filling ratio values:

I —FR=044;2—FR=0.59;3—FR=0.87,4—FR=1.66
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Fig. 4. Dependence of the maximum transferred heat flux O,

on the filling ratio for thermosyphons with working nanofluids
based on:

1 — carbon nanotube (TS1); 2 — synthetic diamond (TS2);
3 — amorphous carbon (TS3); 4 — water (TS4)

transfer characteristics of thermosyphons, the results
of experimental data are presented in the form of the
dependence of FR on the maximum transferred heat flux
(Fig. 4). Also, for the possibility of comparative analysis,
a thermosyphon was manufactured with an identical
design and water as a heat carrier (TS4).

Fig. 4 shows that the best heat transfer character-
istics were demonstrated by the thermosyphon TS2.
TS1 also showed good functionality. It was the latter that
transmitted the maximum heat flux (FR = 0.44), which
amounted to 180 W.

As was mentioned above, the lowest heat transfer
characteristics among the thermosyphons with nanofluids
was demonstrated by TS3. However, even this thermosy-
phon transfers the heat flux much more effectively than
the one with water (TS4).

For all tested thermosyphons, the following depen-
dence is traced: the maximum heat flux increases with
decreasing FR (increasing the length of the evaporation
zone). This is due to the fact that the liquid column located
above the evaporation zone creates additional hydraulic
resistance for the movement of the vapor phase from the
evaporation zone to the condensation zone.

Conclusions

Thus, the studies of miniature thermosyphons with
aqueous nanofluids based on carbon nanotubes, syn-
thetic diamond and amorphous carbon showed that the
heat transfer characteristics of the thermosyphons with
nanofluids significantly exceed those of thermosyphons
filled with ordinary fluids (water).

The experimental results show that using nanofluides
as heat carriers in miniature thermosyphons is promis-
ing, however it is evident that other types of nanofluids
also need to be tested as heat carriers (type of nanofluid,
concentration, size of nanoparticles, etc.), and life tests
need to be carried out.
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TEIUIOIIEPETABAJIbHI XAPAKTEPUCTHUKHU IBOPA3HUX
MIHIATIOPHUX TEPMOCH®OHIB 3 HAHOPIIMHAMUN

V 36'a3xy 3 nocmitinum 30inbueHHAM WinbHOCMI YNAKOGKYU €NIeKMPOHHO20 OONAOHAHHS, AKA OOHOYACHO € I Kpumepiem
MiHiamopusayii, cmaioms 8ce OiNbW HALANGHUMU | CKIAOHUMU NPOONeMU, NO8'A3aHI 3 NIOMPUMAHHAM MeMNepamypHo-
20 PeHCUMY I OXONOONCEHHAM HANIBNPOBIOHUKOBUX npucmpois. Cucmemu 0X0N00M4CeHHs, AKi GUKOPUCTOBYBANUC BNPOOOBHC
decsamuiimo, 8xce He MONCYMb 3a0080JIbHUMU HOBL 6uMo2u 00 mepmocmadinizayii i niOmpumku memnepamypu 8 3a0aHo-
My Oianasoni, wo nompebye éce Oiibll KOMIIEKCHO20 NiOX00y 00 iIXHb02o supiwents. Kpim yboeo, cucmemu 0Xono0iceHnHs.
eIeKMPOHHO20 YCMAMKY8AHHS 3036UNAL NPOEKMYIObCA N0 KOHKpemHe mexuiyne piuieHns, i @ makux 6unaokax eiocymHs
MOJACTUBICIMb SMIHIOBAMU 2eOMEeMPUYHI NApamempu (OU3atiH cucmemu) 8 wupoxomy oianasoni. 3 yici npuyunu 015 nio8UUeH s
egpexmugrocmi pobomu cucmem OX0100AHCEHH MANO He EOUHO MOICTUBUM BAPIAHMOM € NONINULEHHS MENNOPIZUUHUX 61ACTIU-
socmeti mennionocis. Came 3 makow Memor npo8oOOUMbCS 3aMIHA 36UNALIHO20 MENIOHOCIA (600a, emAaHoNL, MEMAHON i iH.) Ha
HAHOPIOUHY.

YV oaniii pobomi excnepumeHmanbHo 0OCHONCEHT MENnIONePedasaibHi XapaKmepucmuKky, makxi sk mepmMiyHuil onip ma Max-
CUMANLHULL MeNo8ULl NOMIK, 080QAZHUX MIHIAMIOPHUX MEPMOCUDOHIE NPU BUKOPUCIIAHHI HAHOPIOUHU K MENIOHOCIA.
Locniodcennsn nposoounucs 3 mpooma 8UOAMU HAHOPIOUHU HA OCHOBI 800U 3 Gy2lleyeGUMU HAHOMPYOKAMU, HAHOYACMKAMU
CUHMEMUYHO20 anMa3zy i amopghHozo gyeneyio. 3azanbHa 008xcuHa mepmocughorna cmanosuna 700 mm, sHympiwnii diamemp
5 mm. Byno noxazano, wjo menionepeoasanbii Xapakmepucmuxy mepmMocu@onie 3 HaHoPiOUHoI0 3HAYHO Kpawji 3a NOKA3HU-
KU MepMOCU@OHI8, 3anpagieHux 600010. JJoCaioNceHO MaKodic naue KoegiyieHma 3an06HeHHs Ha MenIoNepedasaIbHi XapaK-
mepucmuKy mepmocugonis.

Ompumani  pe3yiomamu nOKA3aAU NePCReKMUGHICMb  BUKOPUCAHHA HAHOPIOUHU SK MENIOHOCIs ONsl MIHIAMIOPHUX
mepmocughonis.

Knouosi cnosa: miniamopruii mepmocu@oH, mepmivHuil onip, Koeqiyienm 3anoeHeHHs, HAHOPIOUHA, Meni106Ull NOMIK.
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TEIUIONEPENAIOINUWE XAPAKTEPUCTUKU JIBY XPA3HBIX
MUHUATIOPHBIX TEPMOCHU®OHOB C HAHOXUJKOCTAMU

B nacmosweii pabome sxcnepumenmanbHo Ucciedo8ansl menionepedaruue Xapakmepucmuki, maxkue Kax mepmuyeckoe co-
NpomusneHue U MaKCUMAanbHblil nepedasaemvlil menio8oll NOMoK, 08YX@Aa3HbIX MUHUATNIOPHBIX MEPMOCUGOHO8 NPU UCCe)0-
BAHUU HAHOJICUOKOCMU Kayecmege menionocumens. Hccnedoeanus npogoounucy ¢ mpems GUOamu HaHONCUOKOCMU HA OCHO-
6€ 8OObL: C YeNepOOHbIMU HAHOMPYOKAMU, HAHOYACMUYAMU CUHIMEMUYECKO20 AAMasa u amopgroo yerepoda. Obwas Onu-
na mepmocugona cocmasnsia 700 mm, enympennuii ouamemp 5 mm. bvino noxasano, umo menionepedaiowue xapaxme-
PUCIUKU MEPMOCUDOHO8 ¢ HAHONCUOKOCTNAMU ZHAYUMETHHO NPEGLIUUAIOM NOKA3AMENU MePMOCUPOH08, 3anpaBIeHHbIX 8O-
dou. Hccnedosano maxoice 6nusnue Kod@uyuenma 3anoiHenus Ha menionepeoaiowue Xapakmepucmuxku mepmocugoHos.
Tlonyuennvie pe3ynvmamul NOKA3GAU NEPCNEKMUBHOCTL UCNONb308AHUS HAHONCUOKOCMU 6 Kadecmee Men10HOCUmenst O Mu-
HUAMIOPHBIX MEPMOCUPDOHOS.

Knrouesvie cnosa: MuHuamioprn? mepmocud)o%t, mepmuyecKkoe conpomueilerue, Koa(j)¢uuuenm 3ANO0JIHeHUA, HaHOJ/CMdKOCﬂ’lb,
Menn060t NOMOKT.
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