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Abstract. The current paper presents a theoretical and experimental analysis of a copper thermosyphon which will be
used in a compact solar collector. Its performance is influenced by the diameter, evaporator length, condenser length,
work fluid and operating limits as boiling limit, viscous limit, limit drag and sonic limit. First, a mathematical model
regarding the operation limits is presented. Next, the thermosyphon is tested for different heat loads varying from 40 up
to 80 W in order to evaluate its performance regarding its operational limits. The theoretical and experimental results are
compared in order to validate the mathematical model. After this validation, the mathematical model is used as an useful
tool for design of thermosyphons for compact solar collectors.
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1. Introduction

The heat pipes are highly efficient devices to thermal control because they can transfer large amounts of heat. They
are largely used in different engineering applications, since aerospace application until thermal control microelectronics
(Groll and Rosler, 1992a). The thermosyphons, also named by heat pipes assisted by gravity, are the simplest types of
heat pipe and they have many applications in industrial heat recovery. Therefore, these devices are a viable alternative to
solar collectors, due its relative simplicity of construction and the pumping of the working fluid done by gravity due the
inclination of surface of the collector.

A new configuration for a compact solar collector assisted by thermosyphons for domestic water heating is here
announced. Previous works presented application studies of heat pipes and thermosyphons in solar collector for domestic
water heating using different configuration here announced. Oliveti and Arcuri (1996); Ismail and Abogderah (1992,
1998); Hussein et al. (1999b,a) presented results obtained with heat pipes applied in flat solar collectors where the heat
pipes and thermosyphons condenser were immersed in a reservoir contained water in different cooling temperatures.

Oliveti and Arcuri (1996); Hussein et al. (1999b,a) used thrmosyphons with water as work fluid, while Ismail and
Abogderah (1992, 1998) used heat pipes with an internal capillary structure in the evaporator region and methane as work
fluid. Chun et al. (1999) presented a configuration where five thermosyphons are coupled in the collector and its condenser
is cooled by a thermal bath with control temperatures. The collector was assisted by heat pipes and thermosyphons.
Different work fluids (water, methane, acetone and ethanol) and different temperatures were tested for thermal bath in the
condenser.

Abreu and Colle (2004) showed a different form from configurations previously mentioned because its condenser
geometry. While others authors used straight pipes, his condensers were curved so the thermosyphons and thermal
reservoir had a better fit. This solution allows a compact assembly and assured a better performance of the thermosyphons
in case of low latitude, where the collector has a low slope. They developed an experimental apparatus to investigate
basic design parameters in the thermosyphons’ performance. This experiment helped to determine great dimensions on
prototypes of solar collector assisted by thermosyphons to domestic water heating. They made tests with different length,
slope and fill ratio for heat flux ranging from 400 to 1200 W/m2.

This work presents theoretical and experimental analysis of a copper thermosyphon which will be used in a compact
solar collector. For this analysis, a mathematical model regarding the operation limits and experimental results of the
tested thermosyphon for different heat loads varying from 40 up to 80 W are presented.

2. Problem Description

The thermosyphon solar compact collector is showed in Fig. 1. This collector consists of five thermosyphons made of
copper and using water as working fluid. The collector box is made of stainless steel and its underside is made of glass
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through which the sunlight enters into it. In this region are allocated the evaporaters of the thermosyphons. The condenser
of thermosyphons are allocated on the top of the box, where a water flow passes outside surfaces of the tubes.

Figure 1. Sketch of the operating principle of thermosyphon.

The thermosyphon is composed of three parts: evaporator section, adiabatic section and the condenser section, as seen
in Fig. 2. They operate as follows: the heat absorbed at the bottom the solar collector is transferred to the thermosyphon,
vaporizing the fluid contained inside this region. The steam generated moves due to the pressure difference to cooler
regions of the pipe condenser, where heat is rejected transported to the flow of water passing outside the tubes of the
thermosyphon.

Figure 2. Sketch of the compact solar collector with two-phase closed thermosyphons.

In the heat rejection process, the steam condenses, and the condensate is transported back to the evaporator closing
the cycle. The adiabatic region, which may have variable dimensions (being absent in some cases) is located between
the evaporator and the condenser being isolated from the external environment. The return of the working fluid from the
condenser to the evaporator is given by gravity. For this reason, the condenser must be located above the evaporator.

3. Mathametical Model

Here is presented the modeling of a thermosyhon that will be applied in a compact solar collector assisted by ther-
mosyphons. The mathematical model is based on operating limits of thermosyphons (boiling limit, viscous limit, limit
drag and sonic limit). Before started the study of limits, some analysis should be made to get the calculations easier.
Deemed to be resistances in the walls of the thermosyphon, according to Fig. 3:

Where R1 and R9 are thermal resistances in the external surfaces of thermosyphon and can be calculated by:

R1 =
1

hevap,outAevap
(1)

R9 =
1

hcond,outAcond
(2)
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Figure 3. Thermosyphon resistances diagram.

The heat conduction resistance in the walls of the evaporator and condenser, respectively, are calculated by:

R2 =

ln

(
devap,out
devap,in

)
2πlevapkw

(3)

R8 =

ln

(
dcond,out
dcond,in

)
2πlcondkw

(4)

According to Groll and Rosler (1992b), the internal thermal resistances R4 and R6 related to changes in phase of
the working fluid in the evaporator and condenser, respectively, are really small so they can be despised. Thus, the total
thermal resistivity is given by (K/W):

R = R1 +R2 +R8 +R9 (5)

It is assumed as first simplification to heat transfer rate:

.

Q =
∆T

R
(6)

q
′′

=
4

.

Q

πd2evap,in
(7)

where ∆T is calculated as:

∆T = (Tw,evap − Tw,cond) (8)

Due to thickness of the liquid film on the condenser is small, R7 is neglected. Thus, the internal temperature of the
working fluid in the vapor phase (saturation temperature) can be calculated by:

Tv = Tw,evap + (R7 +R8 +R9)
.

Q (9)

The fluid dynamic properties for the use of mathematical model are determined from the saturation temperature of
the working fluid known. These properties are vapor pressure (pv), liquid density (ρl), vapor density (ρv), latent heat of
vaporization (hlv), dynamic viscosity of liquid (µl), dynamic viscosity of vapor (µv), surface tension (σ).

After that is necessary understand what the operating limits are so its calculations may be performed.

3.1 Determination of the operating limits of thermosyphons

The operating limits of thermosyphons are: viscous limit, sonic limit, boiling limit and limit drag. Groll and Rosler
(1992b) present a methodology to calculate these limits with equations lightly different from the ones assumed to heat
pipes, these equations are going to be presented in this section. For the case of thermosyphons, the capillary limit, which
is the most important limit for the heat pipes, isn’t applied because thermosyphons don’t have porous wick.

3.1.1 Viscous Limit

This type of limit is most common in cases of thermosyphons applied in low temperatures which can present a high
length of condenser or thermosyphons. These factors make the difference of pressure in its internal be low, making a
worst condition the passage of vapor from the evaporator to the condenser limiting the heat transportation.

The inertial forces become too low or negligible and the viscous forces become too high, been much higher than the
difference of pressure in the interior of the thermosyphon, generating a condition of null vapor flux. To determinate the
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viscous limit, two initial consideration are necessary: the working fluid is considered as a perfect gas and its flow is fully
developed laminar. The viscous limit is calculetd by:

q′′max,viscous = r2vhlv
ρvpv

16µvlevap
(10)

3.1.2 Sonic Limit

This limit can appears when the heat rate removed from the condenser becomes too high, which makes the temperature
of this region gets lower and increase the speed of the vapor in the end of the evaporator, that may achieves the sound
speed.

Normally, as the heat transfer rate is increased, the flow of steam also increases. As more heat is removed from the
condenser, the movement of the vapor in its inside will get faster to ends the loop. Increasing the speed vapor until it gets
a sonic level, the pressure in the condenser will get lower. Recovering the normal pressure, a front shock can be formed,
that will be compromise the operation of thermosyphon. To calculate the sonic limit, the working fluid can be considered
as a perfect gas, the inertial forces are dominated and dragging effects are ignored. To know if the sonic limit is achieved,
uses the following expression:

q′′max,sonic = 0, 474hlv(ρvpv)1/2 (11)

3.1.3 Boiling Limit

This kind of limit occurs when the thermosyphon is too much filled with working fluid or when too much heat is
provided to the pipe. With large amount of heat supplied to the evaporator, the working fluid is heated until it changes its
phase to vapor, however critical heat flux causes bubbles form within the tube when this limit is reached. These bubbles
coalesce, making a worst condition the passage of vapor to the condenser and the liquid to the evaporator, which may
cause premature drying.

The bubbles get together joining the inner wall of the tube may cause melting of the material depending on its melting
point. This occurs because the thermal conductivity of the bubbles is too low and the temperature of the wall increases
continuously. In cases where the length of the thermosyphon be large relative to its diameter, this type of limit will almost
never achieved, however the drag limit can appears for reason that will be explained after.

To check if the boiling limit is achieved, may determine the maximum load of radial heat being supplied. First, the
value of Kl (parameter latent heat) must be calculated by the equation:

KL = hlv[ρ2v(ρl − ρv)gσ]1/4 (12)

Then, the maximum radial heat flow is defined by:

q′′max,rad = 0, 12KL (13)

.

Qmax,boiling = q′′max,radAevap (14)

where Aevap is the area of the evaporator given by:

Aevap = πdevaplevap (15)

3.1.4 Drag Limit

As the vapor is condensed and goes back to the evaporator, a liquid film is formed in the inner wall of the tube.
When the heat provided to evaporator is increased, the evaporation rate of the working fluid also increases, causing a
phenomenon of instability inside the thermosyphon. The higher the speed that the vapor directs itself to the condenser,
the shear forces of the waves may be increased. If these shear forces become too much bigger than the surface tension of
the liquid, particles of the liquid film will be drag with the vapor to condenser, decreasing the efficiency of thermosyphon.

This type of limit is commonly founded in thermosyphons where the length / diameter ratio is large. The drag limit is
calculated by:

q′′max,drag = 0, 64

(
ρl
ρv

)(
di

4lcond

)
hlvσgρv(ρl − ρv) (16)

ISSN 2176-5480

7593



22nd International Congress of Mechanical Engineering (COBEM 2013)
November 3-7, 2013, Ribeirão Preto, SP, Brazil

3.2 Heat Transfer Model for the Thermosyphon

This mathematic model is based on heat transfer correlation and in experimental measures obtained in the test rigs
already existents in the LabCTEE (UTFPR-PG). Here, will be presented a methodology to analyze of only one ther-
mosyphon. It’s Intend, along of this project, extend and improve this model based on heat transfer to the project of
compact collector solar assist by thermosyphon. For this, will be include heat transfer terms by radiation and convection
taking in consideration the working fluid phase change of the thermosyphon.

In the Fig. 4 is presented a thermosyphon schematic drawing used to modeling with its respective temperature measure
points Tevap1, Tevap2 and Tevap3 located in the evaporator surface, Tad1 and Tad1 located in the surface of the adiabatic
section, Tcond located in the condenser surface and the temperatures measures points Tin and Tout located in the water
flow used in the system condensation by water of the thermosyphon condenser.

Figure 4. Positions of the thermal sensors along the thermosyphon.

When a energy balance is done in the thermosyphon, can say that the heat transfer ratio that is applied to the evaporator
(
.

Qevap) is equal the heat transfer ratio to the environment through the thermal insulation (
.

Qins) and to the condensation

system by water of the condenser (
.

Qcond), that is,
.

Qevap =
.

Qins +
.

Qcond. (17)

When the inlet (Tin) and outlet (Tout) temperatures and the mass flow (
.
mwater) of the water flow of the condensation

system are measured, can determine the lost heat transfer ratio in the condenser region of the thermosyphon, considering
the water specific heat constant, of the following way:

.

Qcond =
.
mwatercp,water(Tout − Tin). (18)

According to Incropera and DeWitt (2003), the heat transfer rate through the thermal insulation (
.

Qins) across of a
cylinder can be estimated with the follow expression:

.

Qins =
(Tw − Tamb) ln

(
dins/devap,out

)
2πkins

+

(
1

hair2πdinsLins

)
(19)

The heat transfer coefficient by natural convection of the air (hair) is estimated of this way:

hair =
Nuairkair
dins

(20)

The Nusselt number of the air (Nuair) can be determined using the correlation proposed by Churchill and Chu (Incr-
opera and DeWitt, 2003):

Nuair =

0.60 +
0.387Ra1/6[

1 + (0.559/Prair)
9/16

]8/27


2

; Ra ≤ 1012 (21)
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According to Incropera and DeWitt (2003), the Rayleigh number can be estimated by the below correlation:

Ra =
gβair (Tw − Tamb)L

3
ins

νairαair
, (22)

All the thermodynamics properties were determined in function of the film temperature (Tf ) which is related as follow:

Tf =
(Tw + Tamb)

2
(23)

4. Description of the Experimental Device and the Test Rig

The methodology for manufactoring, tests and analyses of the thermosyphon here developed is based on Reay and
Kew (2006). A thermosyphon was made of a copper tube with outer diameter of 12.7 mm (1/2 in). The thermosyphon
has a evaporator length of 160 mm, a adibatic length of 90 mm and a condenser length of 250 mm. The Fig. 5 shows the
thermosyphon and the Table 1 presents all the features about the thermosyphon and the working fluid.

Figure 5. General view of the thermosyphon.

Table 1. Structural characteristics of the thermosyphon.

Characteristic Thermosyphon
Inner diamater 10.7 mm
Outer diamater 12.7 mm
Evaporator length 160.0 mm
Adiabatic region length 90.0 mm
Condenser length 250.0 mm
Working fluid Water

Before the liquid filling of the thermosyphon with dionized water, it is necessary to make vacuum inside the tube.
During the vacuum process the pressure inside reached was 90 mbar (9 kPa) and the saturation temperature related to this
pressure was 43.74 oC. At the moment of the filling it is necessary to be very careful so that the existing vacuum in the
tube is not lost. If it happens, the whole vacuum process should be repeated.

The amount of working fluid inserted inside the thermosyphon is very important for the two-phase system, because the
heat transfer depends on that amount of fluid into the evaporator region. Therefore, the thermosyphon was filled according
to the literature (Abreu and Colle, 2004) with 35 ml of water which correspond to 70% the thermosyphon volume.

Fig. 6 presents the thermosyphon with the cooling system at the condenser section and the heating system of the
evaporator. The thermosyphon was heated using by a power supply which applied a potential difference around the
evaporator using a copper wire as an electrical resistor. The heat sink of the condenser used water as working fluid and
was cooled by a thermostat.

Figure 6. View of the thermosyphon, showing the heating and the cooling systems.

Fig. 7 shows the experimental setup used to test the thermosyphon. There is a power source that applies heat and there
is a thermostatic heat sink which provides cooling water in the condenser region.

Fig. 8 presents the detailed view of the thermosyphon installed on the test rig. The thermosyphon was tested only at a
slope of 90o.
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Figure 7. View of the test rig.

Figure 8. Detialed view of the thermosyphon installed on the test rig.

5. Results and Discussion

5.1 Theoretical Results

The working fluid here utilized was water. The thermal and hydrodynamic properties could be determined as a function
of vapor temperature which was calculated by Eq. 7 (Tv = 56,6 oC). The data used to make the calculation were: Tout,e
= 90 oC and Tout,c = 27 oC, a tube made of copper, thickness 1 mm, coefficient of heat transfer in outside of evaporator
31 W/m2-K, coefficient of heat transfer in outside of condenser 37 W/m2-K. Some dimension parameters were varied to
determine what influence they cause in operating limits of thermosyphons. The lengths of the evaporator and condenser
were varied from 15 to 45 cm. The outer diameter of the thermosyphon was also modified from 0.5 in (12.7 mm) and 2 in
(50.8 mm).

Figs. 9(a) and 9(b) show the boiling limit and sonic limit, respectively, as a function of the length variation of
evaporator. Noticed that when the length is smaller than 17.5 cm, the boiling limit is achieved, thus the thermosyphon
will not be able to work. Observe also that the sonic limit is not achieved. The drag limit and the viscous limit were too
much higher than the heat load of the thermosyphon, from 1.028 × 1010 up to 1.031 × 1010 W/m2 (drag limit) and from
1.7 × 109 up to 4.9 × 109 W/m2 (viscous limit).

(a) (b)
Figure 9. (a) Boiling limit and (b) Sonic limit as a function of the levap variation.
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Figs. 10(a) and 10(b) show the boiling limit and sonic limit, respectively, as a function of the length variation of
condenser. Noticed that the boiling limit and sonic limit are not achieved. The drag limit and the viscous limit were
too much higher than the heat load of the thermosyphon, from 5.7 × 109 up to 1.7 × 1010 W/m2 (drag limit) and from
2.94 × 109 up to 3.08 × 109 W/m2 (viscous limit).

(a) (b)
Figure 10. (a) Boiling limit and (b) Sonic limit as a function of the lcond variation.

Figs. 11(a) and 11(b) show the boiling limit and sonic limit, respectively, as a function of variation of the outer
diameter of thermosyphon. Boiling limit and sonic limit are not achieved. The drag limit and the viscous limit were too
much higher than the heat load of the thermosyphon, from 1.03 × 1010 up to 4.70 × 1010 W/m2 (drag limit) and from
3.0 × 109 up to 6.2 × 1010 W/m2 (viscous limit).

(a) (b)
Figure 11. (a) Boiling limit and (b) Sonic limit as a function of the devap variation.

5.2 Experimental Results

The thermosyphon was tested for a increasing heat loads from 40 to 80 W (Fig. 12). This figure shows the temperatures
along the thermosyphon: evaporator (TEvaporator,1, TEvaporator,2 and TEvaporator,3), adiabatic region (TAdiabatic,1 and
TAdiabatic,2) and condenser (TCondenser,1).

As expected, when the heat load of 40 W is applied the temperatures of evaporator (TEvaporator,1, TEvaporator,2 and
TEvaporator,3) increase sharply as well as the temperatures of adiabatic region (TAdiabatic,1 and TAdiabatic,2). These
temperatures continue increasing until time of 200 s, when they reach a specific peak. After this peak, the temperatures
start to decrease sharply. At time of approximately 200 s, the temperature of condenser (TCondenser,1) starts to increase
and this coincides with the decrease of evaporator and adiabatic region temperatures. This is due to the start-up of the
thermosyphon. Heat is supplied to the evaporator until the liquid becomes vapor and this vapor flows to the condenser.
When the liquid-vapor phase change happens heat is removed, the temperatures of the evaporator and adibatic region are
decreased. The increasing of the condenser temperature is due to the generated vapor goes inside the condenser and as a
consequence the condenser temperature starts to increase.
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Figure 12. Temperatures of the thermosyphon for heat loads increasing.

It can be noticed a oscillatory thermal behavior of the thermosyphon. After the start-up, the temperatures of evaporator
and adiabatic region decrease until time approximately 800 s. Next, these temperatures start to increase and the condenser
temperature decreases. So, according to this result, as the temperatures of evaporator is not being controled, the liquid-
vapor phase change is not occuring and no more vapor goes inside the condenser. As a result, the condenser temperature
decreases. To some extend, this is caused because there is no sufficient return of liquid from condenser to the evaporator.
This oscillatory thermal behavior continues until the heat load increases for 60 W. Now, the liquid return is enough and
the temperatures reach a steady state condition. The heat load is increased up to 80 W and the thermosyphon worked
successfuly. Under steady state and heat load of 80 W, the maximum temperature reached was approximately 74 oC.

Fig. 13 presents the heat transfer analysis for the thermosyphon under studied. The heat transfer rates (
.

Qevap,
.

Qins

and
.

Qcond) were estimated using the Eqs. 17 to 23 presented in the section 3.2 and the experimental resultas presented
in Fig. 12. The oscillatory thermal behavior was neglected and the

.

Qevap was evaluated for 60 and 80 W. It can be

noticed nevertheless that the
.

Qcond presented a oscillatory thermal behavior with average heat transfer rates of about 40
W (

.

Qevap = 60W ) and 55 W (
.

Qevap = 80W ). The
.

Qins varied from 3.2 up to 6.4 W. Thus, It can be noticed that 16.8
W (about 28% of the 60 W applied to the evaporator) and 18.6 W (about 23% of the 80 W applied to the evaporator) are
not taking into account in this model, showing that it could be improved in future works.

Figure 13. Heat transfer analsis of the thermosyphon for heat loads increasing.
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6. Conclusion

This paper presents a methodology based on experimental tests and on a mathematical modeling for developing ther-
mosyphons that could be applied in thermosyphon solar compact collectors. The methodology here presented is focused
on only one thermosyphon, but it can be extended to a set of thermosyphons. The mathematical modeling was based on
operating limits of thermosyphons. The geometric parameters of thermosyphon analyzed were: outer diameter of ther-
mosyphon, lengths of the evaporator and condenser. With length of evaporator smaller than 17.5 cm, the thermosyphon
cen be failed due to the boiling limit achievement. The sonic limit, drag limit and viscous limit are not critical in the
developing this type of thermosyphon.

Based on the theoretical results obtained with tme mathematical model, a thermosyphon was manufactored of copper
and using water as working fluid and with evaporator length of 16 mm. Experimental tests were runned out for increasing
heat load (from 40 up to 80 W) at a slope of 90o with the condenser above the evaporator. Therefore, it could be
conclude that this model could predict the theoretical limit for success operation of the thermosyphon, showing that the
mathematical model should be used in the design of kind of thermosyphon.

According to the heat transfer analysis of the thermosyphon, 16.8 W (about 28% of the 60 W applied to the evaporator)
and 18.6 W (about 23% of the 80 W applied to the evaporator) are not taking into account in the heat transfer model.
Therefore, this model should be improved in future works.
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