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Abstract. The main objective of this work is to study experimentally the thermal characteristics and performance of twophase thermosyphons that operates with sodium as the working fluid, aiming their application to high temperature (700
to 1000 °C) solar receptor technologies. Two thermosyphons were fabricated and tested under eighteen different operation
conditions, to verify the influence of the parameters: inclination angle, evaporator position, condenser geometry, and
length of the adiabatic section. It was shown that the sodium thermosyphon can be used in hybrid applications, ie, for the
integration of concentrated solar power systems to conventional fossil fuel power plants. For both heat sources and for
different configurations studied, this device was able to transfer more than 1000 W.
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1. INTRODUCTION
One of the main characteristics of two-phase thermosyphons is their high heat transfer capacity, a consequence of the
change of phase of a working fluid, which is enclosed within the device. Due to the presence of vapor along the
thermosyphons, usually their external temperatures can be considered close to uniform. A well-designed thermosyphon
needs only small temperature differences between the evaporator and condenser to transfer high amounts of heat
(Mantelli, 2013). According to the working fluid selection, the thermosyphons can operate in a large range of
temperatures, from cryogenic to very high levels. Typically, high temperature thermosyphons operate with a liquid metal
working fluid.
One of the most common applications of liquid metal thermosyphons is in concentrated solar power (CSP) equipment,
for electricity generation in remote regions. Actually, high temperature energy generation power cycles, such as Brayton
and Stirling, are usually associated with CSP heating collector towers and parabolic dishes. According to IRENA (2012),
parabolic solar collector dishes track the sun during the day, reflecting the solar radiation to the direction of a receptor,
located in the dish focal point. Thermosyphons, usually operating in temperatures ranging from 700 to 1000 o C, can be
used to transfer the CSP concentrated solar energy to heat and pressurize the gases that are used in electricity power
generation cycles (Kalogirou 2009). Actually, many of these power cycles are hybrid, which means that they can use two
different heat sources. The idea is to use, as much as possible, the solar energy, which is a clean and “free” heat source,
and, during nights or cloudy days, to complete the energy demand with the use of fossil (petroleum derived) or biogas
fuels.
The main challenge in designing high temperature thermosyphons is the selection of the appropriate working fluid,
which must be able to handle high operation temperatures, in the present case, ranging from 700 to 1000 oC. Several
literature works describe the application of heat pipes for high temperature solar collectors with sodium as the working
fluid (Paripatydar and Richardson, 1988; Andraka et al., 1990; Driver et al., 1992; Adkins et al. 1994; Andraka et al.,
1994a,1994b, 1996; Hogan, 1994, Uhlman et al. 2016, Jafari et al 2016). However, in their recent literature review based
on more than 120 papers, Jafari et al (2016) mention the lack of attention devoted to experimental studies of medium to
high temperature thermosyphons (wickless gravity assisted heat pipes) for solar applications.
Actually, in CSP applications, the evaporator of the thermosyphon is installed in the center of the parabolic disk, so
that the concentrated solar energy is used to evaporate the sodium. The formed vapor, due to pressure differences, moves
along the thermosyphon to the condenser region direction, where the heat is delivered and used to increase the pressure
(and temperature) of a fluid employed in the electricity power cycle. Losing its heat, the sodium vapor condenses and the
sodium in liquid state returns to the evaporator by means of gravity. Another great advantage of using thermosyphons as
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the heat transfer devices is that is able to spread the heat, enabling the solar receptor to operate at quite uniform
temperatures, therefore increasing the thermal performance of the equipment while avoiding thermal derived tensions.
This work presents an experimental study of the thermal characteristics and performance of the two-phase gravity
assisted sodium thermosyphons, that operates with sodium as the working fluid. The main objective is to simulate the
thermal behavior of a single thermosyphon that composes a heat exchanger formed by several thermosyphons in parallel,
designed to operate in hybrid systems: the same device must be able to transfer solar and combustion gases heat. For that
purpose, the thermosyphon considered has two different heat sources: Source I mimics the solar receiver heat input, when
solar radiation is favorable, and Source II simulates the combustion gases resulting from burning fossil fuel or biogas. As
the CSP systems have solar trackers, two extreme inclination angles were considered in this study: α = 90° (to simulate
the heat exchanger operating in completely vertical position) and α = 10° (the lower inclination of the dish when tracking
the sun), as shown in Figure 1a. Due to the CSP design, geometrical limitations might be imposed to the thermosyphon
condensers, in their application in the heat exchanger device: the cooling may happen over only half side of the tube or a
cooling tube serpentine is curled around the condenser tube. Therefore, two condenser configurations were studied: curled
tube serpentine and half gutter serpentine, as shown in Figure 1b. Also, two different lengths of the adiabatic section were
adopted to mimic devices with overall different lengths. In summary, eighteen different operation conditions were tested
to verify the influence of the parameters: inclination angle, evaporator position, condenser geometry, and length of the
adiabatic section.
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Figure 1. a) Scheme of a hybrid thermosyphon, b) scheme of the different condensers

2. MANUFACTURING PROCESS
The themosyphons tested in the present work were charged with sodium in solid state with 99,8% of purity. The
methodology presented by Uhlmann (2016) was employed. Charging was realized inside a controlled atmosphere
chamber (MBRAUN UNILab Pro WORSTATION) which was filled with argon and with oxygen, with humidity levels
below 10 ppm. Low levels of humidity and oxygen allow safe manipulation of sodium and delay any possible chemical
reactions (formation of sodium hydroxide with air humidity). At the end of charging process, the thermosyphons are
removed from controlled atmosphere chamber and taken to a vacuum pump (which provides ultimate pressure of 10-6
mbar), to remove the gases inside the tube. Figure 2 shows details of the loading process.

Figure 2. Details of process of sodium loading process.
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3. EXPERIMENTAL SETUP
The experimental setup was composed by the following equipment as depicted in Figure 3: frequency induction
furnace Model EURO – 25kW (1), copper inductor (2), Campbell data acquisition system (3), computer (4), type K
thermocouples (5), temperature controlled LAUDA thermal bath (model PROLINE RP 855) (6), copper tube cooling coil
(7), Contech rotameter (8), sodium thermosyphon (9) and insulation blanket made of alumina and silica (10).
During the conduction of the experimental tests, constant heat flux is supplied to thermosyphon, in the evaporator
region, by a means of an induction furnace. Figure 4 shows three different inductors used in the tests. Each inductor has
unique heating characteristics, which depend on the applied current and on the coupling between the inductor of the
induction heating system and thermosyphon. The inductor of 80 mm (Figure 3a.) was able to hold maximum current of
470 A, while the vertical and horizontal inductor of 100 mm sustained maximum current of 520 A and 420 A, respectively
(Figures 3b. and 3c.). The vapor generated in the evaporator transports heat by the working fluid (sodium), from the
evaporator to the condenser, passing through the adiabatic region. In the condenser, a water stream, with controlled
temperatures (20ºC to 25ºC) and controlled mass fluxes, pumped from a thermal bath system, flows through the copper
tube(s). Actually, the coils play the role of a calorimeter, once the difference between the input and output flow
temperatures (ΔT, measured by type K thermocouples) times the water mass flow (𝑚̇, measured by a rotameter)
determines the heat transferred by the condenser, through the expression:

q  mc p T

(1)

where cp is the specific heat of water.

Figure 3. Experimental bench

a)
b)
c)
Figure 4. Inductors. a) 80 mm of length, vertical position. b) 100 mm of length, vertical position. c)
100 mm of length, horizontal position.
Figure 5 shows two configurations of coils used to collect the heat rejected by the thermosyphon condenser. In these
two configurations, the contact area between the thermosyphon and the cooling tubes is the same. In Figure 5a, one single
cooper tube is curled around 35 mm length of the condenser tube, while, in Figure 5b., several parallel copper tubes of 70
mm of length, forms a half gutter arrangement, which is in contact with only half circumference of the tube. The idea
behind these “odd” coil arrangements is to study the influence, over the thermal performance of the thermosyphons, of
cooling over only half of the outside condenser tube area, as this situation can really happen in actual applications (see
Figure 1b.).
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a)
b)
Figure 5. Coils for removing condenser heat: a) curled tube serpentine, b) half gutter parallel tubes.

4. EXPERIMENTAL TEST
As previously mentioned, eighteen different operation conditions were tested to verify the influence of the parameters:
inclination angle, evaporator position, condenser geometry and length of the adiabatic section.
Table 1 presents the combination of parameters selected for each test, while Table 2 shows a schematic drawing of
the thermosyphon subjected to the different test settings, according to Table 1 description. In Table 1, Lind , Lab,e, Le, La,
Lc, Lac,c and L are respectively the lengths: of inductor, below the inductor, of evaporator, of the adiabatic section, of
condenser, above the condenser and the total thermosyphon; α is the inclination angle, di is the internal diameter of the
thermosyphon, F is the filling ratio (was defined as the ratio between the working fluid volume and the evaporator total
volume, evaluated with the sodium density at 20°C), msodium is the sodium mass inserted in the thermosyphon and 𝑚̇𝑤𝑎𝑡𝑒𝑟
is the water volumetric flow rate, used to collect the heat rejected by the thermosyphon condenser. A geometric scheme
of the thermosyphon is shown in Figure 6.
Tests 1 and 2 configurations are similar to each other, their difference lies in the heat evaporator source position,
selected to simulate the hybrid system (solar and fuel burning) operating conditions. In Test 1, the inductor was positioned
150 mm from the evaporator base (Source 1 of Figure 1), mimicking the condition in which only the hot combustion gas
s providing heat to the thermosyphon (gas evaporator). In Test 2, the inductor that was positioned 70 mm from the
evaporator base (Source 2 of Figure 1) to mimic the condition in which only the solar radiation provides heat to the
thermosyphon (solar evaporator). For both cases, the thermosyphon was tested in vertical position. Test 3 configuration
was selected to study the influence of the thermosyphon inclination over the heat transfer performance as it is similar to
Test 1 configuration, but the thermoyphon is tested with 10° of inclination, relative to the horizontal position.
Due to the condenser geometry of possible CSP technology applications, two condenser configurations were studied:
curled tube serpentine (Figure 1b. and 5a.) and half gutter serpentine (Figure 2.b and 5b.). Tests 3, 4 and 5 of Tables 1
and 2 were performed with the objective of study the effect of these condenser configurations over a thermosyphon
operating at a 10º of inclination. The curled tube serpentine (Figure 5a) was employed in Test 3, while the half gutter
serpentine (Figure 5b.) was employed in Tests 4 and 5, with the cooling device located at the superior and inferior half
external face areas of the condenser, respectively. Test 6 shows a similar to Test 4 and 5 combination of condenser and
cooling device areas, but, in this case, the thermosyphon operates in vertical positon. Therefore, the influence of half
gutter serpentine over the vertical operating thermosyphons can be observed comparing the performances of the device
operating under Test 1 and Test 6 conditions. Finally, the Test 7 and 8 were performed to study the effect of adiabatic
section length over the heat transfer conditions of sodium thermosyphons.

Test
2

1
22
33
42
52
62
71
81
1,2 or 3

Lind
[mm]
100
100
100.i
100.i
100.i
100
80
80

Table 1. Experimental test configurations
Thermossifon Dimension [mm]
msodium mwater
F

α
90º
90º
10º
10º
10º
90º
90º
90º

Number of recurrences

di
18
18
18
18
18
18
16
16

Lab,e
150
70
150
150
150
150
0
0

Le
250
170
250
250
250
250
80
80

La
35
115
35
35
35
35
160
80

Lc
35
35
35
70
70
70
65
65

Lac,c
190
190
190
155
155
155
25
105

L
510
510
510
510
510
510
330
330

100%
180%
100%
100%
100%
100%
125%
125%

[g]
62,3
62,3
62,3
62,3
62,3
62,3
20,0
20,0

[L/h]
190
185
185
175
175
175
62
62

Condenser Description
Curled tube serpentine
Curled tube serpentine
Curled tube serpentine
Half gutter serpentine
Half gutter serpentine
Half gutter serpentine
Curled tube serpentine
Curled tube serpentine
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Figure 6. Schematic of the geometry characteristics of the tested thermosyphon.

Test 1

Table 2. Simplified scheme of each test executed
Test 2
Test 3

100mm
150mm

Test 4

10°

10°
80mm
100mm
70mm

Test 5

10°

Test 6

Test 7

Test 8

160mm
100mm
150mm
mm

80mm
80mm

80mm

5. RESULTS
5.1. Evaporator position effect study
In most of the graphics presented in this section, the temperature of the adiabatic section represents the thermosyphon
operation temperature and is used in the horizontal axis of the plots.
As mentioned before, the studied device is designed to operate with two different heat sources, located at different
positions in the evaporator (Source 1 and Source 2, see Figure 1 and Table 2, Tests 1 and 2). In Test 1, the heat source is
located in the position at 150 mm from the base of the thermosyphon, while, in Test 2, it is located at 70 mm from the
base of the thermosyphon. For both cases, the thermosyphon was tested in vertical position. Figure 7 presents a graphic
of the heat transferred as a function of the temperature, for these two conditions. One can see that the thermosyphon
operating at these different conditions started up (begin to transfer heat) at different temperatures. Actually, due to the
position of the heating element, at room temperature and for Test 2, there is around 80 mm of working fluid column above
the heating region. This means that the thermosyphon always operate in flooded conditions. Actually, this 80 mm of
sodium column acts as a high-density liquid plug barrier and the bubbles of sodium vapor formed within the liquid sodium
pool at the evaporator must have high pressure to be able to burst into the condenser direction. Higher pressure means
higher temperature. Therefore, the thermosyphon in Test 1 configuration, is able to start in lower temperature levels
because the heat source upper level is close to the height of the working fluid column. However, when the temperature is
above 1200 K for both operating conditions, both thermosyphon configurations present similar heat transfer rates. This
shows that the column of sodium affects negatively the thermal performance of the thermosyphon only in the beginning
of operation (star-up).
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Figure 7. Heat transfer performance comparison of a thermosyphon with Source I and II heat delivery
conditions.
The same above observations can be obtained from Figure 8, which shows transient temperatures of several
thermosyphon regions as a function of time, for both testing cases. For Test 1, the thermocouple positioned in the
condenser indicates sodium vapor temperature levels (which means that the sodium vapor reached the condenser region)
at approximately 20 minutes before Test 2, indicating a shorter start-up time for Test 1. Figure 8 also shows temperature
oscillations with time.

Figure 8. Temperature transient of Tests 1 and 2
These oscillations can be related to the “geyser boiling effect”, which, as already observed, is an abrupt sodium vapor
expansion that happens on the evaporator when the vapor bubble has enough pressure (and temperature) to overcome the
working fluid column over it, causing a “close to explosion” effect. Therefore, this effect is more evident on the
thermosyphon that has a higher column of working fluid. This effect was also observed in the literature, by Emani et al.
(2009). Also, Tecchio et al. (2017) stated that a bubble of vapor, formed over the evaporator internal wall, can join with
other bubbles and grow up to the thermosyphon tube diameter, depending on the height of the working fluid column
above the bubble. Besides, they observed that, when the internal pressure of the bubble is higher than the imposed pressure
above the bubble, the bubble collapses and, at this very time, vapor moves abruptly from the evaporator to the condenser,
increasing instantaneously its temperature up to the vapor level, Simultaneously, the fluid over the bubble is pushed back
to the evaporator by gravity, decreasing the evaporator temperature. A characteristic sound and vibration are produced
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due to the impact of the working fluid on the condenser cap. In the present case, vibration was observed especially during
the start-up. The release of the bubbles can create a higher coefficient of heat transfer on the evaporator, due to the high
fluid dislocation velocity. Therefore, the larger the volume of working fluid, the larger the geyser effect, the larger the
temperatures (and pressures) are required for start-up, the larger the vibration of the device and the larger the heat transfer
coefficients, observed in both condenser and evaporator regions. This fact explains the higher heat transfer rates observed
for the thermosyphon during Test 2 operation conditions, for temperatures lower than 1200 K. Finally, the data
demonstrated that the thermosyphon operating under these two configurations is able to transfer more than 1000 W of
heat power.
5.2. Inclination angle effect study
Figure 9 presents the sodium thermosyphon heat transfer performance, for two different inclination angles, relative to
the horizontal position, configurations: 90° and 10° (Test 1 and Test 3). For the two cases, the thermosyphon started to
transfer heat when the temperature reached 1000 K. One can observe that, for all temperature range studied and for a
specific temperature, the thermosyphon that operates with an inclination of 10° transfers, on average, 250 W more heat
power than the same thermosyphon operating at 90°. The column of sodium is the reason for this effect. At 10°, due to
gravity, the sodium in liquid phase spreads along a much higher thermosyphon length, creating a smaller column over the
heated surface (see Figure 10).

Figure 9. Comparison of performance of the same thermosyphon operating at an inclination of 90° and 10°
relative to the horizontal position.

Source 2
Liquid
sodium

a)

Liquid
sodium

Sink

Vapor
bubble

2

Vapor Sink
bubble

Source

Evaporator Condenser

Vapor
sodium

Vapor
sodium
Inclination

r
ondense
C
r
o
t
a
Evapor

α angle

b)
Figure 10. Simplified scheme of the thermosyphon operating at an inclination of a) 90° and b)
10°, relative to the horizontal position
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As mentioned before, this column of liquid sodium creates a barrier for the vapor of sodium to move to the condenser
region, requiring higher pressures (resulting in a higher temperature, due to the saturation state of the fluid). So, at 10o,
the liquid column that the vapor has to break is much thinner than at 90 o. Besides, for 10o of inclination, the gravity
organizes the liquid and vapor phases, separating them, minimizing the friction losses between the two flows. However,
the contact area between the heat source and saturated liquid sodium can decrease, depending on how the heat is released
the evaporator region.
Figure 11 represents the transient temperature of the major thermosyphon regions as a function of time for both
configurations (Test 1 and Test 3). One can observe that, for the thermosyphon operating at 10° of inclination, the geyser
boiling effect duration and the amplitude of the temperature oscillation are smaller, agreeing with what was observed by
Emani et al. (2009). Those authors showed that the geyser boiling effect is reduced as the inclination angle decreases and
can be totally removed for inclination angles below 15°. Even with the presence of the geyser boiling effect, more evident
for the thermosyphon at 90°, the thermosyphon operating in both configurations can transfer more than 1000 W of heat
power.

Figure 11. Temperature transient of Tests 01 and 03

5.3. Study of condenser configuration effect on 10º inclined thermosyphon
As already observed, to mimic actual operating conditions, where the heat power might be removed from just one side
of the condenser region, three different condenser configurations, with the same heat transfer area, were provided for 10o
inclined operation condition: curled tube serpentine (Test 3), superior half gutter serpentine (Test 4) and inferior half
gutter serpentine (Test 5). In Figure 12 the transferred heat power as a function of the temperature is presented for these
three condenser configurations. One can see that, for temperatures under 1250K levels and for a specific temperature, the
curled serpentine condenser showed to be able to transfer more heat than for the other configurations. However, for this
range of temperature, the thermal behavior of the thermosyphon operating at Test 4 or 5 conditions showed the same
behavior. Actually, in this temperature range, the volume of formed vapor (and so of condensed liquid in the condenser)
is not very large, so that the uniform radial cooling distribution along the condenser is the best configuration. However,
for temperature levels over 1250K, the thermosyphon cooled by the superior half gutter serpentine (Test 4) is able to
transfer more heat than the other cases. The physical explanation of this behavior can be observed through the schematic
shown in Figure 13. One can see that, in Test 4 configuration, the sodium vapor has direct contact with the cooled surface,
which makes the vapor-liquid phase change more efficient. However, in Test 5, the cooler cools directly the sodium in its
liquid phase, so that heat coming from vapor has to cross the liquid layer before reaching the cooled wall, increasing the
overall condensation thermal resistance. This effect makes this configuration less efficient than the Test 3 configuration.
It is, however, important to state that the therrmosyphon operated well in all these three condenser conditions: Test 3
configuration shows best performance for temperatures inferior to 1250K and Test 4 configuration, for the temperatures
above 1250K.
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Figure 12: Comparison between thermal performance of the same thermosyphon operating a 10º of
inclination and with different condenser cooling configurations.
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Figure 13. Schematic drawing of condenser configurations: a) curled tube serpentine (Test 3), b) superior half
gutter serpentine (Test 4) and c) inferior half gutter serpentine (Test 5).

5.4. Study of condenser configuration effect on vertical thermosyphon
In this section, the performances of the thermosyphon operating in vertical position, cooled by the curled tube
serpentine (Test 1) and by the half gutter serpentine (Test 6), are compared in Figure 14, which presents a plot of the heat
power transferred, as a function of the adiabatic section temperature. One can see that the curled tube serpentine
configuration (Test 1) was able to remove more heat than half gutter serpentine (Test 6), besides the fact that the cooling
areas are kept the same. Also, the thermosyphon under Test 6 configuration was not able to transfer 1000 W for
temperature levels under 1350K, showing a worse performance. The two last section results show that it is advisable to
operate the thermosyphon in inclined position, if the application requires that the cooler acts just in half of the
thermosyphon condenser tube.
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Figure 14. Comparison between thermal performance of the same thermosyphon operating at vertical
position and with two different condenser cooling configurations.

5.5. Adiabatic section length effect study
The analysis presented in this section is based on data of a thermosyphon with two different lengths of the adiabatic
section, Test 7 and Test 8. The adiabatic section, thermally insulated from the environment, was controlled by displacing
the same heat sink at 160 mm (Test 7) and at 80 mm (Test 8) from the end of the evaporator. Figure 15 presents a plot of
the heat power transferred as a function of the temperature (adiabatic section), showing that the heat transfer rate is very
dependent on the adiabatic section length: the thermosyphon with smaller adiabatic section length was able to transfer
much more thermal power than that with larger length, for a specific temperature level. Actually, the larger the adiabatic
section, the larger the length the sodium in vapor and liquid phases have to flow through the thermosyphon, increasing
the pressure drop and so the overall heat transfer thermal resistance.

Figure 15. Comparison between thermal performance of the same thermosyphon operating with two
different adiabatic section length.
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5. CONCLUTION
From the present study, many conclusions could be ache achieved, being the most important ones:
 The sodium thermosyphon is applicable for hybrid operating conditions, where two different sources can be
applied in the evaporator of the device. The thermosyphon can work in the conditions where only Source I or
Source II are releasing heat. Therefore, this device can be integrated to solar collector plates (CSP) to assist
conventional energy plants based on fossil fuels. In any operation conditions, the thermosyphon is able to
transfer more than 1000 W of heat power.
 Operating at incline positions (10°), the thermosyphon is able to transport, in average, 250 W more heat power
when compared to the vertical position, for a same adiabatic section temperature.
 The geyser boiling effect was mainly observed in the cases when the thermosyphon filling ratio was larger than
100%, which means that the working fluid column is higher than the evaporator length. In other words, the
larger the fluid column above the evaporator, more noticeable is this effect. On the other hand, it was observed
that the geyser effect was less pronounced when the device was operating with inclination of 10º relative to the
horizontal position than when operating in vertical position (90°). In all the cases, geyser boiling effect takes
place mainly in the beginning of the operation (start-up).
 With respect to the condenser configuration, the results from this work suggest that, if the final application
requires the cooler to be positioned only at half of the condenser circumference, it is advisable to incline the
thermosyphon to improve its performance.
 Finally, the size of the adiabatic section has a great influence over the thermosyphon operation: the
thermosyphon with smaller adiabatic section was able to transfer expressively larger amount of heat power than
that one with the longer section, for the same temperature level.
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