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Investigation of Boiling Heat Transfer Characteristics
of Two-Phase Closed Thermosyphons
with Various Internal Grooves
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The boiling heat transfer characteristics of two-phase closed thermosyphons with internal
grooves are studied experimentally and a simple mathematical model is developed to predict the
performance of such thermosyphons. The study focuses on the boiling heat transfer charac-
teristics of a two-phase closed thermosyphons with copper tubes having 50, 60, 70, 80, 90
internal grooves. A two-phase closed thermosyphon with plain copper tube having the same
inner and outer diameter as those of grooved tube is also tested for comparison. Methanol is
used as working fluid. The effects of the number of grooves, the operating temperature, the heat
flux are investigated experimentally. From these experimental results, a simple mathematical
model is developed. In the present model, boiling of liquid pool in the evaporator is considered
for the heat transfer mechanism of the thermosyphon. And also the effects of the number of
grooves, the operating temperature, the heat flux are brought into consideration. A good
agreement between the boiling heat transfer coefficient of the thermosyphon estimated from
experimental results and the predictions from the present mathematical model is obtained. The
experimental results show that the number of grooves and the amount of the working fluid are
very important factors for the operation of thermosyphons. The two-phase closed thermosyphon
with copper tubes having 60 internal grooves shows the best boiling heat transfer performance.
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Nomenclature
A Heat transfer area (m?)
b Distance between grooves (m)

¢» - Specific heat (J/kg-K)
D; : Inside diameter (m)
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D, : Outside diameter (m)

g . Gravitational acceleration (m/s?)
#  : Heat transfer coefficient (W/m?-K)
hss . Latent heat of vaporization (J/kg)
k . Thermal conductivity (W/m-K)

P Pressure (Pa)

q . Heat flux (W/m?

T : Temperature (K)

w . Width (m)

Greek Letters
© . Density (kg/m?
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¢ . Dynamic viscosity (N+s/m?
¢ . Liquid fill charge ratio (%)

Subscripts
atm . Atmosphere
e . Evaporator

hot  Heating water
!/ Liquid

sat ' Saturated

v . Vapor

1. Introduction

Two-phase closed thermosyphon has many ad-
vantages such as a large amount of heat transfer
capability using latent heat, uniform temperature
distribution by vapor flow’s heat diffusion, light
and simple structure, fast heat response charac-
teristics.

Many researches on thermosyphons have been
performed due to these advantages since the prin-
ciple of thermosyphon was suggested first by
Gaugler (1942).

Such researches focused on pool boiling in eva-
poration section, liquid film boiling and working
principle of thermosyphon based on its flow
pattern, the improvement and the estimation of
heat transfer coefficient. Imura et al.(1977) re-
ported that the critical heat flow of thermosy-
phon is 1.2~1.5 times higher than that of heat
pipe. Research on the heat transfer in the ther-
mosyphon was also performed by Cohen and
Bayley (1955) and followed by Larkin (1971},
Lee and Mital (1972), Stret’stov (1975), Andros
(1980), Kim et al.(1998), Lee and Lee (2001).
They agree that heat transfer performance of
two-phase closed thermosyphon is affected by
working fluid, liquid fill charge ratio, inclina-
tion angle, internal diameter and length of ther-
mosyphon, heat flux, working fluid vapor pres-
sure. But plain tube was used in most of those
studies and only a few research was performed
using internal grooved tube. Heat pipe with in-
ternal triangular shaped groove was analyzed by
Peterson and Ma (1996). A large effect for im-
proving heat transfer rate is expected in ther-
mosyphon when internal grooved tube is used.
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Hong et al.(1998) carried out the research on the
thermosyphon with internal grooves.

In this paper, experimental study on the vertical
thermosyphons with various internal grooves was
carried out. The heat transfer mechanisms at the
evaporator were investigated experimentally and
a mathematical model including the effects of the
grooves, the operating pressure, the heat flux was
developed.

2. Experimental
Apparatus and Method

Fig. 1 shows the schematic diagram of the ex-
perimental apparatus. It consists of five parts such
as test section, cooling water circulation line,
heating water circulation line, high vacuum sys-
tem, temperature measurement and recording sys-
tem. Test section of the thermosyphon is illus-
trated in Fig. 2. The geometric specification of the
plain and grooved thermosyphon is shown in
Table 1. And 20 times enlarged cross sectional

1. Test tube 2. Heating water chamber 3. Cooling
water chamber 4. Vacuum gauge 5. Vacuum pump
6. Measuring device for liquid level 7. Coolant flow
meter 8. Coolant pump 9. Coolant constant temper-
ature bath 10. Heating water flow meter 11. Heating
water pump [2. Heating water constant temperature
bath
Fig. 1 Cross-sectional view of the experimental
two-phase closed thermosyphon



Investigation of Boiling Heat Transfer Characteristics of Two-Phase Closed Thermosyphons with --- 1741

view of internal groove is shown in Fig. 3. The
total length of the thermosyphon is 1200 mm. It
consists of evaporation and condensation section
with 550 mm in length respectively and adiabatic
section with 100 mm in length. The test tube has
a 143 mm inner diameter and a 15.8 mm outer
diameter. Two 550 mm long water jackets are set
on the test thermosyphon as mentioned above.
One is used as a heating jacket for an evaporators
and the other is used as a cooling jacket for a
condenser. An inlet small tube for heating or
cooling water flow into each jacket is directed at
a tangent to the inside surface of the jacket. The
thermosyphon can be positioned with any incli-
nation angle from 0° to 90° with respect to the
horizontal position. Nine Pt. 100 £ thermocou-
ples are soldered on the outside surface of the
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Fig. 2
- phase closed thermosyphon

Cross-sectional view of the experimental two

tube along its length to measure surface tempera-
tures.

Another nine Pt. 100 £ thermocouples are in-
serted into the inside of thermosyphon to measure
inside vapor temperatures. To measure the tem-
perature distribution of working fluid in the test
thermosyphon, a stainless tube of 2.0 mm o.d. was
provided at the center of the thermosyphon. Nine

Table 1 Geometric specifications of grooved ther-

mosyphons
Tube Grooves
No.
D, D, Number| Depth | Angle
(mm) | (mm) | (No.) | (mm) )
I 15.85 14.35 50 0.29 42
2 15.85 14.35 60 0.29 42
3 15.85 14.35 70 0.29 42
4 15.85 14.35 80 0.29 42
5 15.85 14.35 90 0.29 42

Fig. 3 Enlarged cross-sectional view of internal

grooves (60 grooves)
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Pt. 100 £ temperature sensors were arranged in-
side a stainless tube. The stainless tube was sealed
hermetically. Four Pt. 100 {2 temperature sensors
are placed at the inlets and the outlets of two
water jackets. The temperature outputs are record-
ed on a data logger and it is connected to personal
computer to analyze recorded data. A rotary vac-
uum pump and a diffusion pump with a rating of
107 Torr are used to remove air and other non-
condensable gases. Methanol is chosen as work-
ing fluid, since this is compatible with copper and
safe materials to work with. Hashimoto et al.
(1999) reported that the considerable decrease
of condensation heat transfer might be caused by
the non- condensable gases. In order to eliminate
the non-condensable gases, a little more than
exact quantity of working fluid is injected into
the tube after evacuating air. After injecting the
working fluid, heating and cooling water flow
into the evaporator and the condenser jackets,
respectively. The small amount of non-condens-
able gases was collected at the end of the con-
denser after a few minutes of operation. These
gases are removed again by vacuum pump for
perfect operation of thermosyphon. All of the resi-
dual working fluid in the test tube was collected
after each run of experiment and its volume was
measured to compare the exact quantity of work-
ing fluid. Only a data with no volumetric differ-
ence was taken.

The experimental conditions are set as follows.
The heating and cooling water temperature are
varied. Two constant water temperature baths
support hot or cool water continuously within
10.1C difference for each setting temperature.
The temperature distribution, heat flux, boiling
heat transfer coefficients are obtained with res-
pect to number of grooves, temperature changes
of heating water or cooling water and working
fluids. An uncertainty analysis along the lines
suggested by Kline and McClintock (1953) show-
ed that the uncertainty due to measurement errors
in the determination of qe and g was about 3.9
and 5.0 percent, respectively. An uncertainty for
the value of he at a AT of 46K is about 6.9
percent and that for the value of he at a AT of
3.0K is about 8.8 percent.
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3. Results and Discussion

3.1 Temperature distributions of outside

wall of thermosyphon

Temperature distributions of the heated wall,
adiabatic section and cooled wall on the ther-
mosyphon with plain tube are shown in Fig. 4.
Heating water temperature is 60~90°C and liquid
fill charge ratio is 30% in Fig. 4. The liquid fill
charge ratio means the ratio of the volume of
working fluid charged in the test thermosyphon
to the total internal volume of the test ther-
mosyphon.

The flow rates of heating and cooling water are
fixed as 0.4 m*/h respectively. The working fluid
used in Fig. 4 is methanol. The temperature dif-
ference between the heated and cooled wall using
methanol as a working fluid are closer to adia-
batic temperature compared to those when water
are used as working fluid. When the heat flux is
small, the rate of vapor generation due to evapo-
ration and boiling in the heated section was small
and condensate film flowing down onto heated
wall then was so thin that it was apt to break
down easily. On the contrary, as an increase of the
heat flux raised the flow rate of the condensate
film, the film became rather stable.
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Fig. 5 Comparison of the experimental data with

correlations by Imura’ equation

3.2 Boiling heat transfer coefficient for the
plain thermosyphon
Boiling heat transfer coefficients of plain ther-
mosyphon are shown in Fig. 5. All the data of
plain thermosyphon is correlated well with Im-
ura’s empirical relation (1977). Imura’s correla-
tion is represented below.

he=0.32 Z(%)O'3 (1)

aim

0.65 2,0.3 .0.7 .0.2,0.4
Pr Ri"Cpi & Qe

0.25 7,0.4 , 0.1
erind 430

where Z =

3.3 Boiling heat transfer coefficients for the
grooved thermosyphons

The heat transfer process in the liquid pool is
generally considered to be one of nucleate boi-
ling. The boiling in the liquid pool differs some-
what from well-known pool boiling because the
boiling in the thermosyphon occurs in a cavity
and the motion of the vapor bubbles in the liquid
pool is having a large effects on the heat transfer
process. Purely theoretical study of the boiling in
the evaporator is not possible due to the com-
plexity of the process. Therefore, the heat trans-
fer coefficient of the boiling was obtained em-
pirically. The boiling in the two-phase closed
thermosyphon is thought to be similar in heat
transfer processes to the boiling which occurs in
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Table 2 Parameters used in the experiments

Item Range
Vapour pressure 0.2~1.2 bar
Heat flux of evaporator 20000~ 50000 W/m?

Number of grooves 50, 60, 70, 80, 90

Heating water inlet tempera- 60°C ~90°C

ture

the open thermosyphon except for the operating
pressure. Generally, the former occurs at reduced
pressure, the latter does at atmospheric pressure.
For the latter boiling, the empirical heat transfer
coefficient which is based on dimensional an-
alysis has been described in the literature (1977).
In this study, we applied their relation to the
boiling of a closed thermosyphons with internal
grooves. We assumed that the heat transfer pro-
cess was the same as that occurred in the open
thermosyphon and the boiling heat transfer co-
efficient of a closed thermosyphons with internal
grooves was given by :

he(grooved) o< he(open) - (Pos/ Pam)”
Asin (x 18/D2 ;}(b/Di)c) @)

where Pum is the atmospheric pressure.

The experiments are conducted with five groov-
ed thermosyphons, i.e, 50, 60, 70, 80, 90 grooves.
The parameters and their ranges of working con-
ditions are presented in Table 2. From the ex-
perimental results, it is found that the ratio 4,
(grooved) /he(open) increases with vapor pres-
sure in the following relationship :

he(grooved)

he (Open) o (Psat/Pam) 0.51 (3)

as shown in Fig. 6. It is also reaffirmed that the
temperature difference AT and heat flux ¢ have
little effect on the ratio k. (grooved) /he(open).

From the experimental results, it is found that
the ratio k.(grooved)/h. Imura’ eq.) shows
sine function with 4/D; in the Fig. 7. The solid
line was determined by a following relationship :

he(grooved)

. T b
he (Imura) 2.34sin ( 0.062 ﬁ,) (4)
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Fig. 6 Effects of the operating pressure on heat
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Fig. 7 Effects of the grooves on heat transfer co-
efficients. The solid line was determined by a
least squares method.

The heat transfer coefficient of the boiling in
the two-phase closed thermosyphons with various
internal grooves was obtained as follows :

he=0.75-2(%£)0'51sin( 7 b)

 rém 0.062 D; (5)

Figure 8 shows a good agreement between the
experimental results and equation (5) for the five
grooved thermosyphons.

Figure 9 shows comparison of the experimental
results with equations (1) and (5). Experimental
data are obtained with changes of heat input of
evaporation section of thermosyphon. Boiling
heat transfer coefficients increase as an increase
of heat flux. All the data of grooved thermosy-
phons shows higher value than those of plain
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Fig. 9 Comparison of the experimental results with
equations (1) and (5)

thermosyphon.

The best boiling heat transfer performance is
obtained for 60 grooves, and the maximum value
of this case is 2.5 times higher than that of the
plain thermosyphon in methanol.

4. Conclusions

In this study, plain thermosyphon and the ther-
mosyphons having 50, 60, 70, 80, 90 internal
grooves are investigated for the comparison of
heat transfer performance of low temperature clos-
ed thermosyphons. The conclusions of this study
can be summarized as follows :

(1) The boiling heat transfer coefficient of the
plain thermosyphon were estimated from Imura’s
equation, in which he agreed with the experi-
mental values.
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(2) A mathematical model predicts the heat
transfer characteristics closely and the agreement
with the experimental results is good.

(3) The best boiling heat transfer performance
is obtained for 60 grooves, and the maximum
value of this case is 2.5 times higher than that of
the plain thermosyphon.
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