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This study investigated the heat transfer characteristics of modified two-phase
closed thermosyphon (TPCT) using water as the working fluid. In the modified
TPCT, to reduce thermal resistance, a small TPCT was inserted inside the adia-
batic section. For both the plain and modified thermosyphons the performances
were determined at various heat inputs from 71-960 W. The results showed that
the modified TPCT had less temperature difference between the evaporator and
condenser sections than the plain one. According to the experimental data, in the
modified TPCT, the thermal performance increased up to 20% over that of the
unmodified one.
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Introduction

Heat pipes are efficient heat transfer devices with extremely high thermal conduc-
tivity, which are used to transfer heat at a high rate by the evaporation and condensation of a
working fluid. Many benefits of the heat pipe, such as low cost, simple design, low maintenance
costs, and high rate of heat transfer, make this device extremely popular.

The TPCT is a simple form of heat pipe, in which its wick-like gravity helps to trans-
port working fluid to the evaporator section. Based on a simple structure, they are used in many
fields and many applications, such as chemical industry, spacecraft thermal control, and cooling
of gas-turbine rotor blades [1].

Numerous studies have examined the design and application for various kinds of heat
pipes, such as two-phase closed or open-cycle thermosyphons. Much of this research has fo-
cused on understanding the heat transfer characteristics and the effects of various parameters
such as filling ratio (FR), the ratio of initial liquid volume per total volume of evaporation sec-
tion), geometry, aspect ratio (AR), inclination angle, operational temperature and pressure on
their performance [2-5]. Park et al. [6] reported the results of experimental studies on the effects
of FR in the range of 10-70%, as well as the effect of heat-flow rate between 50-600 W on heat
transfer characteristics in TPCT with both smooth and grooved surfaces. They concluded that
the heat transfer coefficient of the evaporator increased with an increase in power, and that the
effect of the fill-charge ratio was nearly negligible for both surfaces. In another study, Noie [7]
investigated the effects of input heat transfer, FR, and AR of a two-phase closed thermosyphon
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under normal operating conditions, examining thermal performance, maximum heat transfer
rates for each AR at different FR and the boiling heat transfer coefficients for various AR.

Various studies with mechanical and surface modification have also been carried out
to improve the heat transfer characteristics of TPCT [8-10]. In recent research, Wang [11] stud-
ied the transient thermal performance of a bent heat pipe with a grooved surface at different
inclination angles, finding a small difference in the established temperature of the condenser
between straight and bent at the vertical orientation. Rahimi ez al. [12] examined the effect of
resurfacing the condenser and evaporator on overall performance of common closed two-phase
thermosyphons. They modified the internal surface in the condenser and evaporator sections to
transfer the heat in the evaporator and condenser sections. The result shows that the average
thermal performance increased up to 15.27% over the unmodified one.

In another approach, some studies used more efficient working fluids to increase ther-
mosyphon performance. This was done based on the thermal conductivity of working fluids,
which plays an important role in the heat transfer rate for both evaporator and condenser sec-
tions [13-16]. The typical working fluids in TPCT are water, methanol, propanol, R123, ethanol
and their mixtures [17, 18]. The effect of using an AL,O,-water nanofluid as a working fluid in
a two-phase closed thermosyphon was analyzed by Noie et al. [19], who examined a TPCT at
various input powers and found that the efficiency can be increased up to 14.7%. In addition,
temperatures were less widely distributed within the TPCT when an AL,O,/water nanofluid was
used instead of pure water.

In contrast to prior works, Khandekar et al. [20] used a nanofluid of Al,O;, CuO, and
laponite clay as working fluid and investigated overall thermal resistance of a two-phase closed
thermosyphon. The result showed that wettability of all nanofluids on a Cu surface was higher
than that of pure water which led to poor thermal performance.

Considerable experimental and theoretical efforts have been expended on optimizing op-
erating limits and design modifications for improving TPCT performance, such as reducing thermal
resistance, increasing TPCT efficiency and augmenting the overall heat transfer coefficient [21-25].

As aforementioned, most of previous studies focused on the processes of evaporation
and condensation and reducing the thermal resistance of these sections. As the thermal resis-
tance in the adiabatic section is quite important in reducing the thermal efficiency of a thermo-
syphon, the present study focused on reducing this section’s thermal resistance.

For this purpose, an internal TPCT was placed in the adiabatic section of the studied
thermosyphon, and the performance of this system was compared with that of an unmodified
thermosyphon.

Experimental apparatus and procedure

Figure 1 shows the schematic diagrams of the unmodified and modified TPCT system.
The main part of this system was a closed Cu tube with a length of 720 mm and an inner diam-
eter of 14 mm, which formed the evaporator, adiabatic, and condenser sections. To increase the
thermosyphon heat transfer performance, a small TPCT was inserted into the adiabatic section.
The internal TPCT was made from Cu tube with an inner diameter of 4.5 mm, a thickness of
0.75 mm, and a length of 240 mm. It was filled with water to 75% full and an AR of 20. This
modification was done to reduce the thermal resistance in the adiabatic section and increase the
heat transfer rate from the evaporation section to the condenser section.

The condenser section was constructed from a cylindrical shell with a height of
300 mm that surrounded the upper region of the thermosyphon. The cooling water entered
the condenser at a temperature of 15 °C, and its flow was controlled and measured by a flow
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Figure 1. (a) A schematic of the experimental rig and (b) position of internal
TPCT and thermocouples

meter (PLATON GRV14, 0.2-2.5 /min). During the experiments, the cooling water flow rate
was fixed at 0.8 I/min. Two thermocouples were mounted on the inlet and outlet to measure the
temperature of cooling water. The evaporator section had a length of 280 mm, and the required
energy for evaporation was supplied by an electric heater.

At the start of the experiment all the electrical (such as thermocouples and thermom-
eters) and mechanical (such as flow meter) equipment were calibrated.

The input power to the evaporator section was adjusted using an electrical energy
regulator (Variac) with a maximum power of 2 kW.

Uncertainties in the measurement may have resulted from measuring errors of param-
eters such as input power and flow rate, which were £2% and £0.4%, respectively.

To remove the non-condensable gases from the thermosyphon before each test, the
distilled water was charged into the tube under a vacuum pressure of —86 kPa.

To prevent heat loss, all three sections were entirely insulated by rock wool with a
thickness of 75 mm.

The local temperatures were measured with 14 k-type thermocouples. Six, three, and
five thermocouples were installed at the condenser, adiabatic and evaporator sections, respec-
tively. Figure 1 shows a schematic view of the configuration and their locations. A data logger
(Lutron, BTM-4208SD) monitored all measured data. The uncertainty of the measurement for
thermocouples, which included the data logger used in the experiment, was +0.5 °C.

To ensure the accuracy of the test, the system ran for 60 min to reach the steady-state
condition.

For both the unmodified and modified TPCT, the FR was 75%, and AR (the ratio of
evaporator section length to inside diameter, Le/ID) was 20. These values were chosen due to
some process limitations such as dry-out limitation, counter current flow limitation (CCFL)
or flooding, boiling limitation (BL), efc. Dry-out limitation becomes important as soon as FR
becomes less than 40%. However, if the FR is above 75%, the CCFL/flooding or BL may occur
[26], which can limit the heat that is input to the evaporator section.
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To check the repeatability of experimental results and the consistency of our observa-
tions, each test was repeated three times after reaching a steady-state. The difference between
the obtained temperatures along the thermosyphon for all repetitions was less than 5%.

Data reduction

To investigate the effect of the internal TPCT on two-phase closed thermosyphon per-
formance, the heat performance, as one of the most important characteristics in thermosyphon
performance, has been used by [12]:

e Qo x100 ()
where 77 is defined as the ratio of heat absorbed by the condenser section, O, , , to heat input to
the evaporator section via an electric power regulator, O, .

The amount of heat absorbed by the cooling water in the condenser section can be
calculated from inlet and outlet water temperature of the cooling water, T;, and 7, , in the fol-
lowing relation:

Qout = m Cp (]:)ut - ]:n) (2)

where m and c, are the mass flow rate and the heat capacity of the cooling water, respectively.
In addition, the heat input to the evaporator via an electric power regular may be ap-
proximated by:

O =V1=0 )

where V and 7 are the input electrical voltage and current measured, respectively. The total heat
loss, O, by radiation and free convection from the evaporator and condenser sections can be
calculated from egs. (4) and (5), respectively:

Ooss = Qraa T Ceony (4)
AT =) ©)

Here the free convection heat transfer coefficient is determined according to [27]:
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From eq. (6), the total heat loss was about 3.87% of the input power to the evaporator

section.
The average temperature of the TPCT on each section or real function was determined:

frdl

ave L (7)

The overall thermal resistance was defined:



Aghel, B., et al.: Experimental Study on Heat Transfer Characteristics of a Modified Two-Phase ...

THERMAL SCIENCE: Year 2017, Vol. 21, No. 6A, pp. 2481-2489 2485
R‘ p— 1 p— 7:1V54€ — TLVC,L‘ (8)
L= =
Uave Qi
where T, ., and T, . are the average temperatures of the evaporator and condenser sections,

respectively, and Q is the heat input to the evaporator section. The overall thermal difference
was calculated:
AT . =T. . —T 9)

overall — Tave,e ave,c

Results and discussion

In the current work, the experiments were carried out based on various heat inputs to
the evaporator section in the range of 71 < 0, <960 W. The wall temperatures achieved from
the thermocouple were simultaneously processed to monitor the temperature distribution along
the entire length of the TPCT, as illustrated in figs. 2(a)-2(d). In general, the results indicate that
temperatures within the TPCT sections increased when the heat input increased from 71-960 W.
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Figure 2. The TPCT temperature profiles at various heat inputs

To accurately review what happened in the thermosyphon, observations were con-
ducted separately on the evaporation, adiabatic, and condensation sections. According to the
results, there were significant differences in the temperature distribution along the evaporator
section between both TPCT. However, as the figure indicates, at low heat inputs, the tempera-
ture distributions along the TCPT wall in the whole section, particularly for 71 W, were almost
the same for both layouts. These differences were greater at higher heat inputs, and the tem-
perature of the wall along the evaporator was lower in the modified TPCT. This might indicate
that the internal TPCT decreased the heat transfer resistance from the wall to the working fluid
in the thermosyphon. In addition, in the modified TPCT the temperature distribution along the
evaporator section was more uniform.

Moreover, in both TPCT the maximum difference in temperature occurred within the
adiabatic section. This suggests that within the adiabatic section thermal resistance prevented
the heat-flux transfer from the evaporator to the condenser section.

This modification had a direct effect on the condenser section, which is the main
feature in the thermosyphon operation. In other words, by using a modified TPCT it is possi-
ble to enhance the evaporation-condensation phenomenon, and consequently the condensation
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The overall heat resistances at
various heat inputs were calculat-
ed in fig. 3. Increasing the evap-
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tance between the TPCT, and re-
markable decreases in the overall
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At a heat input of 71 W, the difference in overall heat resistance between the two
TPCT was about 1%. However, at a heat input of 378 W the difference approached 10%. More-
over, an increase in heat input from 378 to 567 W caused a 20% decrease in the overall heat
resistance for the modified TPCT. However, an additional increase in heat input from 567-
663 W reduced the overall heat resistance difference to 17.9%. Finally, between 663-960 W,
the difference in thermal resistance remained almost constant at 17%. As aforementioned, the
experimental results show that an increase in power to more than 960 W causes instability in
the unmodified TPCT. In contrast, the modified TPCT was stable at around 1140 W. Therefore,
the ability to transfer heat at higher input power is another advantage of using a modified TPCT.

The average temperatures along the TPCT for both layouts at various heat inputs are
depicted in figs. 4(a)-4(c).

The difference in the average temperatures along the entire lengths of the unmodified
and modified TPCT increased with increasing heat input and the modified TPCT had a higher
average temperature in the adiabatic and condenser sections than did the unmodified TPCT. In
contrast, the evaporator section of the modified TPCT had a relatively lower average tempera-
ture profile than that of the unmodified one, although at higher heat inputs this difference was
comparable with that at lower heat inputs. This can be explained by the fact that at low heat
input, the rate of water evaporation — and thus the rate of condensation — is low along the entire
length. This means that the evaporation-condensation cycle is not completely running, which
directly affects thermosyphon operation.

At higher input heat the modified TPCT can transfer heat from the evaporator section
more easily than can the unmodified one. Therefore, the evaporator section has a lower average

Figure 3. A comparison between the TPCT overall thermal
resistance at various heat inputs
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temperature and the heat bulk is
simply from this section to other
sections, such as the adiabatic and
condenser sections. Therefore, it
can be concluded that the modi-
fied TPCT works more efficiently.

Figure 5 shows the overall
temperature difference across the
unmodified and modified TPCT,
according to eq. (9), vs. heat in-
put. With an increase in heat input
the difference in AT between

overall
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Figure 5. The overall temperature difference for both layouts
at various heat inputs
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Finally, to show the overall
advantage, both TPCT efficien-
cies, according to eq. (1) at various heat inputs were evaluated in fig. 6.

The experimental results show that higher efficiencies were obtained as the internal

TPCT was placed in the adiabatic section (modified TPCT). This can be explained by the fact
that by using an internal TPCT and decreasing the heat resistance inside the thermosyphon it is
possible to transfer heat from the evaporator to the condenser more efficiently.

Figure 6. The thermal efficiency of both layouts at various
heat inputs

Conclusions

This study proposed a new two-phase closed thermosyphon to reduce the thermal
resistance of conventional thermosyphons. For this purpose, a small TPCT with specific dimen-
sions was placed in the adiabatic section. This internal thermosyphon’s effects on heat transfer
enhancement and characteristics were investigated. The results showed that the average thermal
resistance of the studied thermosyphon decreased 20% with these modifications, and that the
overall thermal differences at various heat inputs were as much as 16.67% less than those in the
unmodified configuration. The average wall temperature on the evaporator section was lower
than that in the unmodified TCPT, which represents better heat transfer. The results reveal that
the modified TPCT can transfer heat more efficiently at higher power than the unmodified one.
From this study it can be concluded that using a small internal thermosyphon inside the adia-
batic section of a conventional thermosyphon can enhance its efficiency.

Nomenclature

A - area of cross-section, [m?] k  — thermal conductivity, [Wm'K']
¢, — specific heat at constant pressure, [Jkg 'K™'] L — length, [m]

h - heat transfer coefficient, [Wm2K™'] ! — lenght of experimental section, [m]
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R, — deat resistance, [°CW] Subscripts

T~ temperature, [°C] ins — insulation

surr— surraunding
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