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An experiment on heat transport phenomena has been carried out in a two-phase thermosyphon with an
adiabatic connecting pipe using water as the working fluid at atmospheric pressure. The thermosyphon
has an upper liquid chamber and a lower vapor chamber, which are connected with an adiabatic pipe. A
horizontal upward-facing heated surface is installed in the bottom of the lower vapor chamber.

The size of the connecting pipe is an inner diameter Dp = 2, 3, 4, 5, 6 and 8 mm and a length L = 250, 500
and 1000 mm. As the heat is supplied into the thermosyphon, the temperature of heated surface starts
fluctuating at a heat flux at which unstable vapor–liquid counter current flow is generated in the connect-
ing pipe. Bubbles at the upper end of the connecting pipe were photographed when the temperature fluc-
tuation started. It was found that the heat flux at the onset of the temperature fluctuation increases with
an increase in Dp and then can be predicted well by Eq. (1), which was derived based on the flooding
velocity presented by Wallis [G.B. Wallis, One dimensional two-phase flow, McGraw Hill, New York,
1969], with Cw = 0.7 for Dp = 5, 6 and 8 mm. Furthermore, we clarified that the cause of this fluctuation
comes from the inlet effect of the connecting pipe and we demonstrated this finding using a bell mouth,
which was installed at either the bottom end or both ends of the connecting pipe.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Cooling by boiling heat transfer using a two-phase thermosy-
phon is one of the methods available for heat dissipation. The oper-
ating limit of heat transport in the device should be clarified in
order to make it operate stably. Many studies [1–14] have been
performed on the operating limit of the thermosyphon with a uni-
formly heated pipe. An Eq. (1) is easily derived based on the flood-
ing velocity as presented by Wallis [1]. This equation is for the
mass flow rate of gas and liquid when flooding starts in an annular
flow water–air system, in which air is supplied from the bottom
end. Smirnov [4] and Imura et al. [5] proposed non-dimentional
Eqs. (2) and (3) for critical heat flux (CHF) in the open two-phase
thermosyphon, respectively. Monde et al. [6] derived an analytical
Eq. (4) by discussing analytically the critical heat flux of the open
two-phase thermosyphon and reported that the equation agreed
well with the Smirnov [4] and the Imura et al. [5] correlations
and CHF data from existing open two-phase thermosyphon. Monde
et al. [7] measured the critical heat flux in a two-phase open ther-
mosyphon with a pool and reported that their Eq. (4) predicted the
CHF data with an error within ±30%. Furthermore, Monde and
ll rights reserved.
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).
Mitsutake [8] confirmed that the CHF was enhanced by controlling
the two-phase flow at the upper end of the open concentric ther-
mosyphon, since the CHF is caused by a balance of momentum of
the vapor and liquid there. Finally, Monde et al. [9] concluded that
the critical heat flux, which might be related to an operating limit,
was determined by a combination of constituting continuity and
momentum equations and then envelope line of momentum equa-
tion, which is connecting maximum points determined by between
superficial velocities of liquid. They show that their envelope
method is just identical to the Katto method [10] and the Sudo
method [11]
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Fukano et al. [12] visually observed the aspect of vapor–liquid flow
in the adiabatic section of a pipe and clarified the relation between
the flow pattern and the operating limit in a closed two-phase ther-
mosyphon with a uniform heated pipe. They informed that the
operating limit appears due to a constraint of falling liquid to an
evaporating section by the upward flow of vapor. Ueda and Miyash-
ita [13] also clarified the mechanism of the operating limit based on
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Nomenclature

Ah area of heated surface
AP cross-sectional area of connecting pipe
BO bond number
Cw friction coefficient on the wall
Dh diameter of heated surface
DP inner diameter of connecting pipe
g gravitational acceleration
Hfg latent heat of evaporation
LP length of connecting pipe
mV, mL mass flow rate of vapor and liquid, respectively

qf heat flux at onset of temperature fluctuation of the
heated surface

t time
T temperature
DTsat wall superheat
d water level
d* water level at onset of heated surface temperature de-

crease
qL, qV density of liquid and vapor, respectively
r surface tension
Uf non-dimensional heat flux

250 m
m

50 m
m70 m

m

Fig. 1. Experimental apparatus. r Heated surface, s copper block, t heater, u

insulator, v connecting pipe, w view glass pipe, x condenser, y auxiliary heater,
z thermocouples, �10 pressure gauge, �11 camera, �12 high-speed stroboscope.
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visual observation of flow state in an adiabatic section using closed
two-phase thermosyphon with a uniform heated pipe. They con-
cluded that a vapor plug holds up the liquid slug intermittently
and brings about a periodic liquid circulation in the adiabatic sec-
tion. Therefore, the operating limit seems to be caused by partial
dry-out of the heated surface resulting from a periodical restriction
of the liquid rate flowing down to the evaporator section. Finally,
Koizumi et al. [14] also reported that dry-out was observed near
the exit end of the heating section under an annular flow state in
a two-phase natural circulation system.

As above-mentioned, most of studies related to the operating
limit have been performed for the thermosyphon that operates un-
der the condition that the adiabatic pipe diameter is the same as
the heated pipe one.

The present thermosyphon has a large lower chamber where
the heated surface is located in the bottom, in which a couple of
liquid is evaporated on the upward heated surface. The thermosy-
phon may be widely used as a midget cooling system by a two-
phase natural circulation. How the connecting conditions between
the vapor chamber and the adiabatic section and between the
liquid chamber and the adiabatic section influence the flow in
the adiabatic pipe is of importance in determining the operating
limit of the present thermosyphon. In order to clarify this effect
on the operating limit, we install the bell mouth on the ends of
the adiabatic connecting pipe. We focus on the heat flux when
the temperature of the heated surface started fluctuating, and
simultaneously observed a flow aspect inside the adiabatic pipe
and bubble emission into the condensation section at the upper
end of the pipe. Also, we discuss the relationship between the tem-
perature fluctuation and the bubble emission and the effect of the
inner diameter and length of the connecting pipe on the flow pat-
tern and the heat flux. Furthermore, we find that the bell mouth at
the bottom of the adiabatic pipe improves the heat flux at the onset
of the temperature fluctuation and the bell mouth at the top of the
pipe has no effect on the improvement.

2. Experimental apparatus and procedure

2.1. Experimental apparatus

Fig. 1 shows a schematic of our experimental apparatus. It con-
sists of a vapor chamber (evaporation section), an insulated connect-
ing pipe (adiabatic section) and a liquid chamber (condensation
section). The details of the evaporation section are illustrated in
Fig. 2. An horizontal upward-facing heated surface r of copper is lo-
cated in the bottom of the lower vapor chamber. Its size is
Dh = 25 mm in inner diameter and Lh = 50 mm in length. The size of
the upper liquid chamber is 105 mm in inner diameter and
390 mm in length. The filled water is kept at the level of about
250 mm during the experiment and is sufficient to operate the ther-
mosyphon. Heat is supplied through a copper block s with an elec-
tric heater t. A Bakelite insulator is installed around the copper
block to prevent heat loss to surroundings. Three thermocouples
are inlaid along the center and their locations are 1.3 (T1), 5.7 (T2)
and 11.4 mm (T3) from the heated surface as shown in Fig. 2. Surface
temperature and heat flux are calculated using these temperature
measurements. An auxiliary heater y and a condenser x are in-
stalled in the condensation section to maintain the saturation condi-
tion of 98–100 �C at 0.1 MPa. The vessel of the condensation section
is made of transparent polycarbonate to allow observation of bubble
emission. We can observe a flow aspect inside the connecting pipe
through a glass pipe w located as shown in Fig. 1 in the pipe of
LP = 250 mm.
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Fig. 2. Cross-sectional view of the copper block.

T. Inoue, M. Monde / International Journal of Heat and Mass Transfer 52 (2009) 4519–4524 4521
Fig. 3 shows the three kinds of connecting pipes and bell
mouths that were used in the experiment. The first one has no bell
mouth, the second one has a bell mouth placed at the bottom end
and the third one has bell mouths at both ends.

2.2. Experimental procedure

We increased the heat flux to the heated surface in a stepwise
manner within 5% increase per step, while maintaining the water
saturation condition. Therefore, measurement error of the heat
flux, qf, at the onset of the temperature fluctuation is within 5%.
We measured heat flux and surface temperature, after steady state
was confirmed at each heat flux. We finished the experiment when
the measured temperature started fluctuating. The experiment was
first carried out without the bell mouth, then with the bell mouth
at the bottom and with the bell mouth at both ends last. In the
experiment, the inner diameter of the pipe used was DP = 2, 3, 4,
5, 6 and 8 mm and its length was LP = 250, 500 and 1000 mm.

2.3. Measurement error and heat loss

Heated surface temperature and heat flux were calculated using
measured temperatures T1 and T2 shown in Fig. 2. The values of the
temperature and the heat flux agreed with the calculated ones
using the temperatures T1 and T3. It was confirmed that the three
measured temperatures for each heat flux prior to onset of the
temperature fluctuation could be depicted graphically as a straight
line. The difference between the temperature T1 and the heated
surface temperature Tw varied from 0.5 to 1.0 �C depending on
the heat flux. Here, the time constant of the thermocouples is a
(a)  (b)   (c) 

5 mm

Bell mouth

Fig. 3. Pipe without and with bell mouth and size of bell mouth.
few seconds for a sheath diameter of 1 mm and wire diameter of
0.15 mm.

Monde and Katto [15] collected vapor generated on the heated
surface and calculated the corresponding amount of heat transfer.
They reported that the heat loss to the surroundings was 10% of the
electric input power. The heat loss was about 15% of the input
power at the onset of the temperature fluctuation in the present
experiment.

3. Experimental results

3.1. Boiling curve

Fig. 4 shows an example of a boiling curve. Black symbols cor-
respond to the onset of the temperature fluctuation and the solid
line is the Stephan and Abdelsalam [16] correlation. The wall
superheat is larger than their predicted value by 24%. The discrep-
ancy is mainly caused by the difference of the surface factor of the
heated surface. The slope between the correlation and the mea-
sured values is almost the same. Therefore, normal boiling is
continuing on the heated surface, which means that there is suffi-
cient liquid on it until the Tf point.

3.2. Fluctuation of measured temperature and flow pattern

The measured temperature, T1, did not monotonically rise, but
fluctuated at given heat flux, since the liquid is discontinuously
supplied from the upper liquid chamber to the lower chamber.

Fig. 5 shows the occurrence of the T1 temperature fluctuation at
the heat flux of q = 38.1 kW/m2 for DP = 3 mm, and of q = 199 kW/
m2 for DP = 6 mm. For the case of DP = 3 mm, the temperature starts
gradually decreasing and then suddenly rises to the temperature
before it started decreasing. After the recovery of the temperature,
the gradual temperature decrease starts again. This temperature
change is repeated. Fig. 5(a) shows one frame for the temperature
fluctuation. This type of fluctuation is observed for DP = 2, 3 and
4 mm. It takes a long time for the next fluctuation to occur for
DP = 2, 3 and 4 mm, since the heat flux at the onset of the temper-
ature fluctuation is relatively small so that the time until the liquid
supplied is consumed becomes longer.

On the other hand, for the case of DP = 6 mm, the time for the
consumption of the liquid supplied becomes shorter, so that the
cycle of the temperature fluctuation also becomes shorter. This
type of fluctuation can be observed for DP = 5, 6 and 8 mm.

Fig. 6 shows a flow situation during the temperature change at
the heat flux of 85.3 kW/m2 for DP = 4 mm. The successive numbers
on the photographs follow those on the temperature chart. The
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Fig. 4. Boiling curve. d, N, j, .: Onset of temperature fluctuation. L = 500 mm
(DP = 8 mm (s); DP = 5 mm (h)). L = 1000 mm (DP = 8 mm (4); DP = 5 mm (r)).
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Fig. 5. T1 temperature fluctuation. (a) q = 38.1 kW/m2, Dp = 3 mm, L = 1000 mm. (b)
q = 199 kW/m2, Dp = 6 mm, L = 1000 mm.

Fig. 6. Bubble emission and T1 temperature fluctuation.
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Fig. 7. Model of flow pattern in Dp = 2, 3 and 4 mm.
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photos r and s show the successive bubbles, during which the
temperature is gradually decreasing. This fact means that water
is being consumed by evaporation and a lot of vapor is being gen-
erated. In addition, for this duration, water supply through the pipe
from the top may be constrained by the vapor flow in the pipe.
Then the consumption of water by evaporation may be larger than
the supplied water, making the water level on the heated surface
lower. The temperature decrease is due to the enhancement of heat
transfer by evaporation of the thin liquid film. It may be worth
mentioning that according to Nishikawa et al. [17], the wall super-
heat decreases due to the enhancement of evaporation for low
water levels below 5 mm at a heat flux of q 5 65 kW/m2. In the
time between photos s and t, water is totally consumed and then
the surface temperature starts increasing. After the heated surface
becomes dry, no vapor is generated so that there is no constraint
for water falling down in the pipe. Water starts to be fed to the
heated surface again, but water does not yet reach the heated sur-
face at the time corresponding to number t. The water reached
the heated surface again at the time corresponding to number u,
where the temperature starts decreasing. Just after this point, a
large amount of the vapor is emitted due to intense evaporation
as shown in photograph v. A large amount of the generated vapor
restricts the supply of water again. The transient temperature
change continues from u to y. It was found that the above- men-
tioned changes are periodically repeated for DP = 2, 3 and 4 mm.

Fig. 7 illustrates the model for the flow pattern during the tem-
perature fluctuation. It is based on both the temperature fluctua-
tion and the bubble aspect. The successive numbers in Fig. 7
correspond to those on the photograph and the temperature
change in Fig. 6. It is supposed that the flow pattern of bubbles
in the pipe is slug flow as shown in Fig. 7, since bubbles are inter-
mittently emitted as shown in the photographs of Fig. 6. In the case
of flow pattern number r in Fig. 7, the heated surface temperature
is kept stable as shown in Fig. 6, although the flow rate of water is
less than that of vapor, namely mL < mv. In other words, enough
water exists on the heated surface to make boiling continuous. In
the case of flow pattern number s in Fig. 7, water on the heated
surface is not hot enough for the boiling, so that evaporation oc-
curs. According to Fig. 5, it takes about 90 s for water to be totally
consumed at q = 85.3 kW/m2. We tentatively calculated the water
level for that condition to be 3.5 mm. We may conclude that evap-
oration occurs for low water levels during this period from photo-
graphs r to s.

Just after the heated surface is dried, water is supplied again.
However, the surface is still dry, since it takes a few seconds for
water to reach the surface. The heated surface is cooled down, after
the surface is wetted again. The first contact of water produces



Fig. 8. Flow aspect during T1 temperature fluctuation in DP = 6 mm (Successive
times at a period of 2 min).

Fig. 10. The effect of bell mouth. (s) Without bell mouth. (N) With bell mouth at
bottom end. (h) With bell mouth at both ends.
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vigorous boiling and water splashes out. The second temperature
rise in Fig. 6 may result from the dryness of the surface due to
the splashing out of the water. However, scattered water stays in
the evaporation section and wets the heated surface again. It is
probable that the heated surface temperature fluctuates due to re-
peat of the above-mentioned flow behavior.

Fig. 8 shows a flow aspect inside the adiabatic pipe during a
temperature fluctuation in DP = 6 mm. It is observed in Fig. 8 that
a vapor plug is incidentally formed in the annular flow and holds
up a liquid slug.

3.3. The effect of the size of the connecting pipe on the heat flux, qf

Fig. 9 illustrates the effect of the inner diameter and the length
of the connecting pipe on the heat flux, qf, at the onset of the fluc-
tuation. The heat flux always increases for any pipe length with an
increase in the inner diameter of the pipe. The effect of the pipe
length on the heat flux may be relatively small, although the pipe
length of LP = 250 mm makes the heat flux slightly larger than that
Fig. 9. The effect of pipe diameter and length on heat flux, qf.
of LP = 500 and 1000 mm. The effect of the pipe length on the heat
flux may be related to the flow situation at the top of the pipe.

3.4. The effect of the bell mouth

Fig. 10 shows the effect of the bell mouth on the heat flux, qf. It
is found that qf is increased by the bell mouth installed in the bot-
tom end of the pipe for any diameter of the pipe. While the bell
mouth at the top of the pipe has no effect on the enhancement
of the heat flux. This fact implies that the bell mouth controls
the vapor flow at the entrance of the pipe. Remembering the enve-
lope method proposed by Monde et al. [9], one notices that the
momentum equation includes a wall shear stress obtained experi-
mentally. The bell mouth attached at the entrance probably makes
the wall shear stress reduce, resulting into an enhancement of the
operating limit.

3.5. Relationship between heat flux at the onset of the fluctuation and
flooding

We compared the heat flux, qf, with the Eq. (1) for flooding as
shown in Fig. 11, since the temperature fluctuation occurs due to
unstable counter flow of vapor–water in the pipe. The Imura
et al. Eq. (3) and the Monde et al. Eq. (4) are also shown in
Fig. 11. Here Uf is a non-dimensional value defined by Eq. (5).
Fig. 11. Relationship between Uf and Dp. (—) Imura’s Eq. (3) for CHF. (– – – –)
Monde’s Eq. (4) for CHF.
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The value of the Uf gained by the present experiment is about one
third of values predicted by Eqs. (3) and (4) as shown in Fig. 11. This
is probably because the superficial velocity of generated vapor be-
comes the highest at the upper end of the pipe, resulting into occur-
rence of the flooding there for the case of a uniformly heated pipe,
which is their system. The present system does not supply any va-
por into the connecting pipe and keeps the superficial velocity con-
stant. Ueda and Miyasita [13] discussed that CHF data obtained by
Imura et al. [5] using the open system were larger than those ob-
tained using the closed system. Koizumi et al. [14] also reported
that CHF in a two-phase natural circulation system is extremely lar-
ger than that in the closed system. As our experimental system may
be closer to the closed system, the heat flux, qf, is lower than that
from Eqs. (3) and (4).

The Eq. (1), which is derived for two-phase annular flow in
water–air system in which air is fed into the pipe from the bottom
end, mostly agrees with the experimental data for the pipe of
DP = 5, 6 and 8 mm. Here, the Eq. (1) has CW = 0.7, which is the low-
er limit of the friction coefficient. Therefore, it is supposed that
there is annular flow inside the pipe and it is disturbed anywhere
in the adiabatic pipe by flow condition at the vapor entrance, by
which the flooding condition is reached anywhere in the pipe
and the T1 temperature fluctuation was lasting. The bell mouth
seems to suppress the turburence of the vapor flow.

On the other hand, the experimental data are extremely differ-
ent from Eq. (1) for DP = 2, 3, and 4 mm. Here, we put DP = 4 mm
into the grope of DP = 2 and 3 mm, since the type of T1 temperature
fluctuation was in the category of (a) in Fig. 5. This is probably due
to that the flow pattern for DP = 2, 3 and 4 mm is not annular flow,
but slug flow as shown in Figs. 6 and 7 and Eq. (1) was derived in
annular flow. The heat flux at the onset of fluctuation becomes ex-
tremely higher than the prediction by Eq. (1) for DP = 2 mm. The
cause of this is not clear, even though it may be related to the flow
condition at the bottom end of the pipe.

4. Conclusions

We have measured the heat flux, qf, at the onset of the T1 temper-
ature fluctuation in a two-phase thermosyphon with the connecting
pipe and simultaneously we visually observed the bubble emission
aspect into water at the upper end of the pipe. We have clarified
the effect of the inner diameter and length of the pipe on the heat flux
and the flow pattern and we can summarize it as follows:
(1) The heat flux, qf, increases with an increase in the inner
diameter of the pipe.

(2) The heat flux is enhanced by the bell mouth installed at the
vapor entrance.

(3) The heat flux can be predicted well by the Eq. (1) for the pipe
of Dp = 5, 6 and 8 mm.

(4) There are two different flow patterns when the operating
limit appears.
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