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Abstract In this paper the heat transfer characteristics of a two-phase closed thermosyphon
over a wide range of heat transfer rates, system pressure, aspect ratios and filling ratios
were studied. The experiments focused on the boiling and condensation heat transfer
characteristics of the thermosyphon. The experimental boiling and condensation heat
transfer coefficients inside the thermosyphon were compared with the existing correlations.
A good agreement between the experimental results of condensation heat transfer of the
thermosyphon and Nusselt’s correlation was obtained. In addition, the optimal working
fluid filling and the overall heat transfer coefficient were evaluated for practical operation.
Finally, according to poor agreement between the experimental results of boiling heat
transfer coefficient and existing correlations, the working conditions were analyzed and a
new practical formula (correlation) was presented. The new correlation can be used to
predict boiling heat transfer coefficient generally.
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1. INTRODUCTION
A two-phase closed thermosyphon is a highly

efficient heat transfer device. It employs the
principle of evaporation and condensation of the
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working fluid. It is a closed container filled with a
small amount of a working fluid (Figure 1). In such
a device, heat is supplied to the evaporator wall,
which causes the liquid in the pool to evaporate.
The generated vapor then moves upwards to the
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Figure 1: Schematic of a Two-phased Closed Thermosyphon

condenser. The heat transported is then rejected
into the heat sink by a condensation process. The
condensate forms a liquid film which flows
downwards due to gravity. The thermosyphon has
been proved to have a comparatively high heat
transfer capability with a very small temperature
difference between the heat source and heat sink.
Moreover, it is simple and cheap, therefore more
attractive to the thermal industry [1].

The two-phase closed thermosyphons are used for
construction of thermosyphon heat exchangers.
The thermosyphon heat exchangers have extensive
applications in energy recovery system in domestic
and industry, especially in waste heat recovery
from flue gas [2].

Over the past few years, a number of experimental
studies have been performed to establish
correlations that may be used to calculate the
boiling and condensation heat transfer coefficients
in a two-phase closed thermosyphon. However,
since  the thermodynamic  behavior  of
thermosyphons is quite complicated, additional
experiments are required to obtain the coefficients
for boiling and condensation heat transfer [3-4].

101 - Vol. 18, No. 1, February 2005

Additional research on boiling in thermosyphons
that focuses on pool boiling in the evaporator
section, liquid film boiling and the working
principle of the thermosyphon based on its flow
pattern, is required, including a good estimate of
the boiling heat transfer coefficient. Imura et al.
[5] and Shirashi et al. [6] studied heat transfer in
the pooling liquid and falling film, as well as the
mechanism of flooding in the boiling phenomena
independently. Kaminaga et al. [7] proposed an
empirical correlation for the boiling heat transfer
over a wide range of pressure, heat flux, and filling
ratio.

Condensation heat transfer in a two-phase closed
thermosyphon has been subject of active analytical
study. Some investigations and contributions to
this problem have been reported [8-11]. Lee and
Bedrossian [12] derived a simple condensation
equation that was similar to that of Nusselt’s
condensation model. However, the characteristics
of condensation in the thermosyphon are much
more complex than that of Nusselt’s condensation
model. In particular, the interfacial shear due to
countercurrent liquid and vapor flow obstructs the
condensation heat transfer.
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The analysis of two phase flow heat transfer in a
two phase closed thermosyphon is very
complicated and is still required some study.

This paper presents an experimental study to find
the thermal performance of a two-phase closed
thermosyphon by changing various experimental
parameters. Heat transfer in boiling and
condensation has been investigated for many years
and many phenomena have been explained.
However, at present it is still difficult to predict
heat transfer coefficients with satisfactory
accuracy. Therefore, the main objective in the
present paper is to evaluate the actual boiling and
condensation heat transfer coefficients of a
thermosyphon experimentally. Experimental data
of boiling heat transfer are correlated and a new
practical correlation for predicting the boiling
coefficient is presented.

2. EXPERIMENTAL APPARATUS AND
PROCEDURE

A schematic of the experimental apparatus is
shown in Figure (2). The main parts of a test rig
are the test section, a liquid reservoir for charging,
an electric heater, cooling water circulation, a high
vacuum system, and temperature measurement
using a data acquisition system. The thermosyphon

Working fluid'.\

is made of a smooth copper tube with an outside
diameter of 32 mm and a total length of 98 cm.
The condenser section is 38 ¢cm long, while the
evaporator and adiabatic section length is variable
according to values of the aspect ratio (Le/D). A
copper jacket with a diameter of 50 mm surrounds
the condenser section, and cooling water flows
through the annular passage that is measured by a
rotameter with an accuracy of +3%. The output
temperatures were recorded on a data logger
connected to personal computer for analysis of the
data. The saturation temperature of the vapor and
water were read by thermocouples installed inside
the top and bottom of the pipe, respectively. A
rotary vacuum pump and diffusion pump with a
rating to —86kPa were used to remove air and other
non-condensable gases from the system.

3. CALCUATION PROCEDURE

The heat transfer rate to the evaporator section by
electric elements is calculated from the following
relation:

Q= VI (1)
The rate of heat removal from the condenser
section is obtained from the following relation:

Qout = mcp(To _Ti ) (2)
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Figure (2): Schematic of the experimental apparatus
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From the measured data on wall temperature
distribution, vapor temperature and the value of the
thermal load, the average heat transfer coefficients
of boiling (he) and condensation (h;) can be
evaluated using the following equations:

— ©
ﬂl DLe (Te,m _Tsat)
Qout ( 4)

h. =
7 DLC (Tsat _Tc,m)

where T and T, denote the mean values of the
wall temperatures of the evaporator and condenser,
respectively, and T denotes the saturation
temperature of the vapor inside thermosyphon.

3-1. Correlations of boiling

In the previous studies, it was found that nucleate
boiling is the dominant mechanism in the
evaporator, when the filling ratio is higher than
30%. Therefore, the following two correlations
based on nucleate boiling were chosen to compare
with the experimental data.

Rohsenow [13] correlated experimental data for
nucleate pool boiling with the following relation:

2/3
0.
h, = 172033 ()
Csfhfg 1 [ o

Pr
Cp hfglul g[pl P ]j

The values of the constant C are given in most of
heat transfer text.
Imura’s correlation [14]:

p 03
h, = 0.322(;“] (6)
atm
Where
065,, 03 07 .02, 04
k,"“c.'gq
| | e
Z= 025 : 04 01 (7)
% hfg /J|
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3-2. Correlation of condensation

In general, the dominant flow regime inside the
condenser of a thermosyphon is known to be
counter current annular flow, with a condensate
film flowing downward on the wall surface and
vapor flow moving upward through the tube core.
The correlation described below is based on the
analysis of falling condensate films, and will be
compared with the present data.

Nusselt’s model [4]:

Nusselt derived an expression for the condensation
heat transfer coefficient described in the following
equation from a theoretical analysis of laminar
condensate flow.

A gK3<ﬂ et )[hlv +0'6&p,l (Tsat _TW)] %

=0.943
hC H Lc [Tsat _Tw]

(8)

4. RESULTS AND DISSCUSION

Experimental investigations were carried out on
the effect of various parameters on the thermal
performance of a two-phase closed thermosyphon
focusing on boiling and condensation heat transfer.
The experimental results and comparisons between
the experiments and existing correlations are as
follow.

4-1. Boiling heat transfer coefficient

The variation of experimental boiling heat transfer
coefficients, h., with respect to the average
temperature of evaporator surface are shown in
Figure (3) for an aspect ratio of 11.8 and a filling
ratio of 30%. The experimental results are also
compared with those of Imura and Rohsenow’s
correlations in this figure. As shown in Figure (3),
the agreement between the experimental results
with Rohsenow’s correlation is better.

4-2. Condensation heat transfer coefficient

Figure (4) shows the variation of saturation
temperature of the vapour inside the condenser
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Figure (4): Variation of saturation temperature of the vapor inside the condenser vs the evaporator wall emperature

against the surface temperature of the evaporator
section of the thermosyphon for A.R=11.8 and
F.R=30. These are experimental results and have
also been compared with Nusselt’s theory [4]. A
good agreement (less than 5% discrepancy)
between the experimental results and Nusselt’s
Model has been observed.

4-3. Overall heat transfer coefficient

The input heat transfer rates versus the temperature
difference between the evaporator and condenser
sections are plotted in Figure (5). The average
overall heat transfer coefficient is obtained from
equation (9).
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The overall heat transfer coefficient is about 96000
W/m?.°C, which is about 250 times the thermal
effectiveness of a copper rod with the same
dimensions. This is one of the important
advantages of thermosyphons.

4-4, Optimum working fluid
Figure (6) shows the variation of the heat transfer

rate against mass percentage of working fluid
inside the evaporator for an aspect ratio of 11.8 and
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Figure (5): Variation of input power vs the temperature difference between the evaporator and condenser

two different average temperatures of the
evaporator sections. As can be seen for A.R=11.8,
the optimum mass of working fluid for maximum
input power occurs when the F.R=60%, that is
equivalent to 182gr water for both cases. The
variation of the heat transfer rate with respect to
filling ratio is shown in Figure (7) for aspect ratio
of 9.8 and two different average temperatures of
evaporator sections. The highest input heat for
A.R=9.8 occurs when the F.R=30%.

4-5. Prediction of the boiling heat transfer
coefficient, h,

According to previous research results and the
experimental results of this work, it has been
concluded that the boiling transfer coefficient
depends on the aspect ratio, filling ratio, input heat
to evaporator

section, and saturation pressure of working fluid.
In order to predict the boiling heat transfer
coefficient generally, the data of h. from all
experimental results were correlated with the
related parameters with the phenomena inside the
thermosyphon. The working conditions have been
analyzed and a new practical formula (correlation)
is recommended as follow:

he — 47882 x qOA6714 x (psat)0.2565 x (F.R)O.OO44 x (A.R)0.0287

(10)
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5. CONCLUSIONS

The results of thermal performance of a vertical
two-phase closed thermosyphon focusing on
boiling and condensation heat transfer gave the
following conclusions:

1. The experimental results of condensation
inside the thermosyphon were compared with
the correlation derived from Nusselt’s theory
and reasonable agreement was observed.

2. The boiling heat transfer coefficient was
compared with correlations of Imura and
Rohsenow. The results of this work had better
agreement  with that of Rohsenow’s
correlation.

3. Experimental values of the overall heat
transfer coefficient showed that the heat flux of
the thermosyphon was nearly 250 times that of
a copper rod with the same dimensions.

4. Maximum heat transfer rates for each aspect
ratio occurred at different filling ratios. For an
aspect ratio of 9.8 the maximum heat transfer
rate occurs when the filling ratio is 60%, while
for an aspect ratio of 11.8 the highest value
occurs at filling ratio of 30%.

5. Finally, in order to predict boiling heat transfer
coefficient generally, a new practical formula
was correlated.
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6. NOMENCLATURE

aspect ratio

constant, determined from experimental data
specific heat of water (j/kg.°C)
gravitational acceleration (m/s)

filling ratio

thermal conductivity of liquid (W/m.°C)
boiling heat transfer coefficient (W/m?.°C)
latent heat of vaporization (J/kg)

current (A)

inside diameter of tube(m)

length of adiabatic section (m)

length of condenser section (m)

length of evaporator section (m)

mass flow rate of water in condenser (kg/s)
outside diameter of tube (m)

Prandtl number

atmospheric pressure (Pa)

saturated pressure (Pa)

heat flux (W/m?)

inlet heat by evaporation (W)
outlet heat by condensation (W)

- w average of heat transfer rate (W)

average temperature of evaporator section
average temperature of condenser section

inlet water temperature of condenser (°C)
outlet water temperature of condenser (°C)
saturation temperature of the vapor (°C)
voltage (V)

density of liquid (kg/m?)

density of vapor (kg/m?)

viscosity of liquid (kg/m.s)

surface tension (N/m)
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