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Abstract

Reported is a visual and quantitative experimental study on the two-phase flow and heat

transfer characteristics of miniature two-phase closed thermosyphons with wire inserts. The vis-

ual study clearly demonstrated the two-phase flow involved in such thermosyphons. In the

quantitative study, the effects on the heat transfer rate of the insert wire diameter, the ratio of

heated-length to cooled length and the applied heat flux were investigated.

Nomenclature :

: surface area
. diameter
: heat transfer coefficient

= = O »

. length of thermosyphon
. length ratio; Le/Lc

. heat transfer rate

. heat flux

. temperature

™
+

. overall heat transfer coefficient

< o H2 0

. volume
V*: dimensionless volume of the working

flmd; Vi / Vr

Subscripts :

a : adiabatic section

¢ : condenser section
e . evaporator section
1 : liquid

TS: thermosyphon
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INTRODUCTION :

Ever since Cotter [1] first introduced an
idea of very small micro heat pipes, interest
in such micro-heat pipes/thermosyphons has
increased greatly as an natural development
of the device in new engineering applica-
tions. At 6th International Heat Pipe Con-
ference held in Grenoble in 1987, Ito [2]
exhibited the first working trapezoidal micro

heat pipe having a cross-sectional area of
about 1mm?2 with 57mm in length .

A “micro” heat pipe was initially defined
by Cotter [1] as one “so small that the mean
curvature of the liquid-vapour interface is
necessarily comparable in magnitude to the
reciprocal of the hydraulic radius of the
total flow channel”. The definition was then
quantified by Bibin et al. [3]. Peterson [4]
further proposed a definition for a micro
heat pipe in practical terms as a heat trans-

fer device which i1s “a small non-circular

channel that utilizes the sharp angled
regions of the channel as liquid arteries”.
The production process of such heat pipes/
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thermosyphons is very difficult and highly
expensive.

The geometry of the very small (micro)
thermosyphon used in the present study is
circular having an circular solid insert, i.e.,
a concentric annulus. Unlike that of trap-
ezoidal, there is no sharp angled region to
act as liquid artery and the fluid flow
involved is quite different from that of the
micro heat pipes mentioned above. Further-
more, the manufacturing process of a annu-
lar shaped micro thermosyphon is extremely
simple and hence very cost effective.

Two phase fluid flow and heat transfer
can be found in many engineering practices
such as in nuclear, chemical, mechanical
and petroleum engineering and has been ex-
tensively studied both analytically and ex-
perimentally. However, the characteristics of
the two-phase fluid flow and heat transfer
in annular channels of very small diameter
is little known. |

The rise of gas or vapour bubbles in
liquids is of the special interest that 1s
closely related to the present subject matter.
The problem of the rise of a large gas

bubble through a vertical channel contain-

ing liquid has been investigated theoretically
using potential flow theory by several
authors le.g., 5. In small tubes, however,
the surface temsion effects become signifi-
cant and a thin viscous boundary layer of
the tube wall can be a significant fraction
of the tube radius, thus decreasing the ef-
fective tube diameter.

Therefore, the fluid flow and heat transfer
in a micro thermosyphon of annular shape
is pursued both analytically and experimen-
tally.

Reported in the present paper 1s an ex-
perimental study only made on the heat
transfer performance of a miniature two-
phase closed thermosyphon. A visual as

well as quantitative study have been made.

EXPERIMENT :

Apparatus ;

(i) Visual study
The physical dimensions of the test-ther-
mosyphons used for the visual part of the

present study are given in Table 1.

Table 1. Miniature Two-Phase Closed Thermosyphons Used for Visualization

Glass outside | Glass inside Total tube Insert tube
dia. mm. dia. mm. length mm. dia. mm. Working Fluid
5.0 3.4 300 1.5 distilled water, Ethanol
4.0 2.4 300 1.0 distilled water, Ethanol
3.0 1.8 300 0.6 distilled water, Ethanol
2.0 1.0 150 04 distilled water, Ethanol
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As shown in Table 1, all test-thermosy-
phons were made of glass to observe the
heat transfer phenomena during the test op-

eration.

(ii) Quantitative study
The experimental apparatus for the quan-
titative study is schematically illustrated in
Fig. 1. The main heat transfer loop consists
of the test thermosyphon, a power supply, a

cooling jacket, a cooling system and related

instrumentation.
To Charging
tank
L—DQ—.- To Vacuum
gauge
To Vacuum-=—o< 1
pump
1C 1. End plug
" 5 2. Cooling jacket
3. Heater
4. Insuiation
B
+——3
Al'| =-——4
Fig. 1 Schematic Diagram of the Exper-

imental Apparatus

The physical characteristics and dimensions
of the test thermosyphons made of S.S. 304
tubes are given in Table 2. The insert wires
were all made of stainless steel.

A copper tubing was welded on the up-
per section of each test-thermosyphon which
provided link to the vacuum system and the
charging line of the working fluid. The
evaporator sections of the test thermosy-
phons were electrically heated by nicrome
wires, wound over the electrically insulated
lower part of the test-tubes. The power to
the evaporator section was provided with
electric »ower. Power was measured by a
digital vc tmeter and an ammeter through
the measuring circuits. The probable maxi-
mum error in the wall heat flux is esti-
mated to the about 10%.

Three chromel-alumel (K-type) thermo-
couples were welded on the outside wall of
the test thermosyphon, One for the mea-
surement of the outer surface temperature
of the evaporator section of the thermosy-
phon, the second for the condenser section
and the third for the adiabatic section. The
heat from the test section was removed at
the upper part of the thermosyphon test

tubes by a coolant jacket. The amounts of

Table 2. Miniature Two-Phase Closed Thermosyphons Used for Quantitative Study

Case Outside dia. Inside dia. Length Inside wire dia. | Working fluid
3.0mm 2.3mm 300mm 0.50mm Ethanol
2.0mm 1.5mm 220mm 0.40mm Ethanol
2.0mm "1.5mm 130mm 0.40mm Ethanol
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the working fluid charged at a vacuum of
about 107° torr was about 15% of the total
test tube by volume which was chosen from
the preliminary test results of several ther-
mosyphons with different amount of fill.
This finding 1s consistent with that pre-
viously reported on the optimum amount of
fill [6].

TEST PROCEDURE :

All tests reported here, unless otherwise
stated, are those obtained at the steady
state and the vertical orientation only. After
the system was evacuated, a known amount
of the working fluid was charged into the
tube. The power to the evaporator heating
section was increased in steps to the desired
heat flux. When a steady state was reached
(within 10-20min), all the test data were

acquired.

RESULTS AND DISCUSSION :

(i) Visual study

For the case of the test thermosyphon
having ID 3.4mm(the test thermosyphon
with the largest ID), it was observed that
with water as the working fluid, the bubble
ceased to rise immediately when heat was
applied. Having a steel wire insert, however,
the normal operation as a two-phase closed
thermosyphon was achieved. With ethanol

as the working fluid, the normal operation

Eff ol X|(Solar Energy] Vol, 15, No. 2, 1995

was possible even without the steel wire in-
sert with the same test thermosyphon(ID 3.
4mm). This phenomenon was thought due
to the greater surface tension of water than

that of ethanol at the same temperature.
For the test thermosyphons of ID 2.3, 1.8,
and 1.0mm, the normal operation was poss-
ible only when steel wire inserts were pres-
ent, even when ethanol was used as the
working fluid. From these observation, it is
concluded that it 1s indeed necessary to
have insert wire when the ID of a two-
phase closed thermosyphon is very small
(ID<K2.3mm) to achieve the normal oper-

ation as heat transfer element.

(ii) Quantitative Study

A purely theoretical study of the minia-
ture two-phase closed thermosyphon is not
possible at present due to lack of infor-
mation and the complexity of the conden-
sation and boiling processes in a very nar-
row and closed cavity. In the present study,
the tube heat transfer coefficient are defined
by

theAe(Te - Ta)zhCAc(Ta - Tc)
= UTSA-e(Te "'“ Tc) ( 1 )

We can also obtain the overall heat
transfer coefficient of the test thermosy-

phon, Uss, from Eq. (1) as:

1/Ups=1/he+L*/he 2)

Some typical equilibrium temperature
distributions of the test thermosyphon of

ID 2.3mm at various supplied power level
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are 1llustrated in Fig. 2. The test ther-
mosyphon performed normal up to the
power input of 13 watts. A dry-out was
observed at power input of 15 watts as

shown in Fig. 2.
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Fig. 2 Typical Stabilized Wall Temperature
Distribution for Various Heat

Fluxes

The steady state heat transfer rates of the
two test thermosyphons, Cases 1 and 2(ID
2.3 and 1.5mm, respectively) are shown in
Fig. 3 as a function of the operating tem-
perature(i.e., the arithmetic average tem-
perature of T. and T.). Heat transfer rate
increased with increasing operating tempera-
ture up to its individual maximum heat
transfer rate. It can be seen that the dryout
occurred at the power input of about 13 W
for the test thermosyphon of Case 1
whereas for Case 2, it occurred at about 8

W. This implies that the smaller the diam-
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eter of the test thermosyphon, the lower the

critical heat flux.
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Fig. 3 Heat Transfer Variation

In Fig. 4, the result of Case 2 and 3(the
same ID with the insert wire of the same
dimension) are compared. The only differ-
ence between the two test thermosyphons is
the length. It can be seen in Fig. 4 that
while the total heat transfer rate may in-
crease with an increse in the length, the
overall heat transfer coefficient decreased
with increasing length of the test ther-
mosyphon for the same value of L* at a
given operating temperature as seen in Fig.
5. The sample calculation using the test
data showed that this is due to fact that
while there was a slight increase in the heat

transfer coefficient of the condenser section
with increasing length, a decrease in the

heat transfer coefficient of the evaporator
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section was observed. That is, the larger
value of L/D for a given D does not
necessarily bring an increase in the overall
heat transfer coefficient. This trend is simi-
lar to those of the two-phase closed ther-

mosyphons of ordinary size.

12
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Fig. 4 Heat Transfer Variation

It was also noticed during the experiment
that the performance of the shorter test
thermosyphon used in the present study was
more stable than that of the longer test
thermosyphon.

The total heat transfer coefficient was
seemed to increase with a decrease in the
heated length-cooled length, L*. Lee and
Bedrossian [7] reported similar effects in
their study on a two-phase closed ther-
mosyphon. A decrease in L* means that
the area of condensing region increased

while that of the evaporator decreased. This

B} Foll =] (Solar Energy] Vol. 15, No. 2, 1995

Un(WImK)

can be related by the following equation
which may obtained from an energy bal-
ance for the whole test thermosyphon:
q=q./L" (3)
Where q. is the heat flux of the con-
denser section at a given operating con-
dition. The increased condenser area seems
to provide a more efficient system as a
whole. However, there is limiting L' below

which the trend becomes opposite.
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Fig. 5 Effect of Thermosyphon Tube Length
on Overall Heat Transfer Coefficient

CONCLUSION

From a wvisual and quantitative exper-
imental study made on the heat transfer
characteristics of a two-phase closed ther-
mosyphons made of a very small diameter
circular tube with an insert wire, the follow-

ing conclusions may be made.
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1. For a two-phase closed thermosyphon 2.

made of a very small diameter tube(ID<

2.3mm), it is necessary to have insert 3.

wires to achieve the normal operation as
a heat transfer element.
2. The heat transfer characteristics of such

two-phase closed thermosyphons with

wire inserts are very similar to those of 4,

the two-phase closed thermosyphons
made of large diameter tubes without
wire inserts.

3. The diameter of wire inserted appears to

affect the thermal performance of a

miniature thermosyphon. 5.

4. For a miniature thermosyphon of 2.3mm
ID and 3000mm in length, the maximum
heat transport rate was 13 watts. It
attained a value of 8 watts for ID of 1.

5mm and 220mm in length.
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Abstract

Reported 1s a visual and quantitative experimental study on the two-phase flow and heat
transfer characteristics of miniature two-phase closed thermosyphons with wire inserts. The vis-
ual study clearly demonstrated the two-phase flow involved in such thermosyphons. In the

quantitative study, the effects on the heat transfer rate of the insert wire diameter, the ratio of

heated-length to cooled length and the applied heat flux were investigated.
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