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 Vacuum tube solar collectors are composed by two concentric glass tubes with the annular 
space evacuated. At the inner tube a thermosyphon is placed inside a metallic fin in order to 
absorb sun’s irradiation and heat running water placed at a manifold. Thermosyphons are 
passive heat transfer devices that absorb heat at the evaporator region, evaporating the 
working fluid that reaches the condenser in the form of steam. At the condenser, heat is 
dissipated to the environment, condensing the working fluid that returns to the evaporator, 
closing the thermodynamic cycle. In this study, thermosyphons with three different working 
fluids (5 and 10% graphene oxide nanofluids and distilled water) were built and 
experimentally tested. The evaporator and the adiabatic section have an outer diameter of 
8.33mm and lengths of 1,600mm and 40mm, respectively. The condenser has an outer 
diameter of 13.40mm and a length of 35mm. The filling ratio used was 50% of the 
evaporator’s volume. A resistive tape wrapped at the evaporator and connected to a power 
supply was responsible for heating the working fluid by Joule effect, and water flow rates of 
0.50, 0.75, and 1.00L/min were responsible for condensing the working fluid at the 
condenser. Heat loads of 35, 55, and 75W were applied to the devices and K-type 
thermocouples were responsible for acquiring temperature data from the thermosyphons, 
allowing the thermal analysis based in the temperature distribution and thermal resistance 
for each working fluid. The best working fluid for the conditions proposed, out of the three 
investigated, was 5% graphene oxide. 

1.Introduction 

Solar energy is one of the most widely available form of renewable 
energy, theoretically having the capacity to fully meet the global 
energy demand [1]. In spite of this, the entire world relies on fossil 
fuels to fulfil over 80% of the current energy needs, indicating that 
the technologies used to harvest solar energy require improvements 
and new investigations [2]. 

Solar energy can be used to generate electricity from photovoltaic 
panels or thermal heating in solar collectors [3]. Among solar 
collectors, evacuated tube solar collectors (ETSC), or vacuum tube 
solar collectors, are characterized by concentric glass tubes in which 
the annular space is evacuated. At the inner glass tube there is an 
absorber plate (metal fin) in which the thermosyphon or the heat pipe 
is located. The solar irradiation falls upon the glass tube and is 
transformed into heat in the absorber plate. This heat is then 
transferred to the thermosyphon, which will then exchange that heat 
by running water over the condenser. Both running water and the 
condenser region are inserted in a heat exchanger called manifold, 
which is isolated from the environment. The interior of the tubes can 
be seen at Figure 1. 

Both a thermosyphon and a heat pipe consist of evacuated metal tubes 
filled with a certain amount of working fluid, which can exchange 
high heat rates over long distances with a low temperature gradient, 
since they operate from the latent heat of vaporization of the working 
fluid. The main difference between a thermosiphon and a heat pipe is 
the fact that the heat pipe has a porous structure on the pipe walls, 
whether it is a metallic mesh, sintered material or grooves, which are 
then responsible for the movement of the fluid. In the thermosyphon, 
this fluid transport occurs by pressure gradients and the action of 
gravity [4,5]. 

 

 

Figure 1. ETSC tube 

They consist basically in an evacuated metallic tube filled with a 
working fluid and have three main regions with different functions: 
evaporator, adiabatic section, and condenser [5], as it can be seen at 
Figure 2. 

The lower region of the tube is called evaporator, the region that 
contains the working fluid and in which heat is absorbed from a hot 
source. When absorbing heat, the working fluid starts an evaporation 
process, a process that occurs at low temperatures because the 
interior of the tube is evacuated. The fluid vapor is then transported 
through the center of the tube due to pressure gradients, reaching the 
upper region called the condenser [7]. 
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Figure 2. Schematic diagram of a thermosyphon [6] 

In the condenser, the heat absorbed in the evaporator and transported 
by the steam is dissipated to the external environment, causing the 
condensation of this steam. When condensing, due to the action of 
gravity, the working fluid in liquid form flows through the walls of the 
tube, returning to the evaporator region, completing the 
thermodynamic cycle [8]. 

The adiabatic section is located between the evaporator and the 
condenser. In this section, there is no heat transfer between the 
thermosyphon and the environment. In some cases, the adiabatic 
section is absent [9]. 

The thermo physical properties of the working fluid are directly 
related to the performance of a thermosyphon. Vapor pressure, 
stability, toxicity, thermal conductivity, chemical compatibility 
between the working fluid and the tube casing material must be taken 
into account, and the operating temperature range is one of the first 
considerations that must be made when choosing the working fluid 
[5,10,11]. 

The influence of the working fluid on ETSC has been investigated in 
[10], in which hexane, petroleum ether, chloroform, acetone, 
methanol, and ethanol are used and [12], where water and ethanol 
were compared. Nanofluids (base fluids added with nanoparticles) 
were also investigated, such as [13] and [14], which used MgO and 
multi-walled carbon nanotubes (MWCNT)/ water nanofluids as 
working fluids, respectively. 

Taking that into account, this present study intends to perform an 
experimental investigation of the influence of the thermosyphon’s 
working fluid on the thermal performance of a high pressure vacuum 
tube solar collector. For this, three different thermosyphons were 
manufactured, tested and compared, using distilled water, 5% 
graphene oxide and, 10% graphene oxide nanofluids as working 
fluids. 

2. Methodology 

This section presents the apparatus and proceedings used in order to 
achieve the main goal of this work. 

2.1.  Experimental apparatus 

The experimental apparatus used in this study is shown in Fig. 3 and 
was composed of a PolitermTM 16E power supply, an AgilentTM 34970A 
data acquisition system with an AgilentTM 34901A 20-channel 
multiplexer, a SolabTM SL-130 ultra-thermostatic bath, a DellTM laptop, 
a UPS NHSTM and an Omega EngineeringTM FL-2051 variable area 
flowmeter with regulating valve. 

 

Figure 3. Experimental apparatus 

The total length of the evaporator and the adiabatic section was 
covered with a KaptonTM tape. A total of eight K-type Omega 
EngineeringTM thermocouples were responsible for acquiring 
temperature data from the thermosyphon, six equally spaced at the 
evaporator, one at the adiabatic section, and one thermocouple at the 
condenser. 

A resistive tape was wrapped around the entire length of the 
evaporator and connected to the power supply. The condenser was 
inserted into a 50mm diameter PVC tee. Through connections and 
hoses, the tee was connected to the ultra-thermostated bath, 
simulating the fluid flow in a manifold. Data of inlet and outlet water 
temperature at the tee were collected by thermocouples. 

The entire length of the evaporator and adiabatic region was isolated 
from the external environment with aeronautical thermal insulation 
and a polyethylene layer. 

2.2. Experimental procedure 

The thermosyphons were manufactured from a copper ASTM B75 tube 
with a total length of 1,675mm. The evaporator and the adiabatic 
section have an outer diameter of 8.33mm and lengths of 1,600mm 
and 40mm, respectively. The condenser has an outer diameter of 
13.40mm and a length of 35mm. A total of three thermosyphons were 
made, each one filled with a different working fluid: 5% graphene 
oxide nanofluid, 10% graphene oxide nanofluid, and distilled water. 
To obtain graphene oxide, the Hummers’ Method was used, in which 
graphite is subjected to a chemical reaction with sulfuric acid, using 
potassium permanganate as catalysts [15,16]. The filling ratio (ratio 
between working fluid’s volume and evaporator’s volume) for the 
thermosyphons was 50%. The methodology used in the 
manufacturing of the thermosyphons (preparation, cleaning, 
assembly, tightness test, evacuation procedure, and filling with 
working fluid) was based on the information provided in [17]. 

All the parts of the thermosyphon were first cleaned using water and 
soup, followed by acetone and sulfuric acid. For the assembly, the tin 
brazing process was used. After assembly, air was pumped into the 
device while it was submerged in a container filled with water, in 
order to perform the tightness test. After that, the device was 
evacuated using a vacuum pump and filled using a burette. The 
construction of the thermosyphon is presented in greater detail in 
[18]. 

For the experimental tests, the evaporator was heated by the Joule 
effect due to the power dissipation on the resistive tape wrapped in 
this section, causing the evaporation of working fluid. A water flow of 
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0.50, 0.75, and 1.00L/min in the condenser was responsible for the 
condensation of the steam, closing the thermodynamic cycle. Tests 
were carried out for a heat load of 35, 55, and 75W in a position at 25º 
from the horizontal (evaporator below condenser) corresponding to 
the latitude of the city of Ponta Grossa/PR/Brazil: 25º05'42" South. The 
water used for the cooling process and the ambient temperature were 
kept at 18.0ºC ± 0.5ºC by the ultra-thermostatic bath and a CarrierTM 
air conditioning system, respectively. 

The thermal analysis was performed based on the average 
temperatures of the three sections of the thermosyphon for each heat 
load dissipated. From these values, it was possible to determine the 
thermal resistance (Rth). The thermal resistance can be calculated by 
Equation (1), in which Tcond and Tevap represent the average 
temperatures in the condenser and evaporator, respectively, and q 
represents the thermal load applied to the thermosyphon in question. 

( )evap cond
th

T T
R

q

−
=  (1) 

In the case of the analysis of uncertainties, results of experimental 
measurements must carry a measurement uncertainty. The analysis 
of this uncertainty is necessary to estimate the degree of doubt 
associated with the measurement result. To perform the uncertainty 
analysis, the uncertainty method described by [19] was used. With the 
principle of combining uncertainty of related magnitude, the 
Engineering Equation SolverTM (EESTM) software was used to propagate 
the uncertainties. The uncertainty ΔR of a result R = f (x1, x2, ..., xn) with 
measures at x1 ,..., xn is expressed by Equation (2) [20]. 
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The experimental uncertainties involved in this study are presented 
in detail in Table 1. 

 
Table 1. Experimental uncertainties 

Instrument Uncertainty 
K-type thermocouples ±1.27ºC 

Flowmeter ±0,0000015m³/s 
Power supply ±3mV 
Power supply ±3mA 

 
 
 

3. Results 

Figures 4 to 6 present the temperature distribution for each 
thermosyphon versus time for a water flow rate of 0.50 L/min. 

Comparing Figures 4 to 6, it can be seen that all thermosyphons 
presented the same behavior. Temperatures start to rise when the 
heat load is applied and then stabilize when the steady state is 
reached. Besides that, the evaporator presented higher temperatures 
than the adiabatic section, which presented higher temperatures than 
the condenser. 

Temperature peaks at the 35W heat load can be explained by the fact 
that at first, when the process of evaporation and condensation has 
not started yet, the lower region of the evaporator has a higher mass 
to be heated than the rest of the thermosyphon, since it’s the region 
that contains the working fluid. Therefore, this region presents lower 
temperatures than the others, stabilizing when the cycle of 
evaporation and condensation starts. 

 

 

Figure 4. Temperature distribution for 5% graphene oxide nanofluid 
and 0.50L/min 

 

Figure 5. Temperature distribution for 10% graphene oxide 
nanofluid and 0.50L/min 

 

Figure 6. Temperature distribution for          distilled water and 
0.50L/min 

Figures 7 to 9 present the temperature distribution for each 
thermosyphon versus time for a water flow rate of 0.75L/min. 

Comparing Figures 4 to 6 and Figures 7 to 9, it is noticeable that a 
higher flow rate tends to result in lower temperatures for each heat 
load and each section of the devices. 5% graphene oxide still 
presented the lowest temperature values out of the three fluids. 
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Figure 7. Temperature distribution for 5% graphene oxide nanofluid 
and 0.75L/min 

 

Figure 8. Temperature distribution for 10% graphene oxide 
nanofluid and 0.75L/min 

 

Figure 9. Temperature distribution for         distilled water and 
0.75L/min 

Figures 10 to 12 present the temperature distribution for each 
thermosyphon versus time for a water flow rate of 1.00 L/min. 

Again it is noticeable that, in general, increasing the flow rate resulted 
in lower temperatures, mostly due to the flow rate and flow velocity 
influence on the convection coefficient, since higher flow velocities, 
keeping all the other parameters constant, tend to increase the 
coefficient and also the heat exchange.  

From all the temperature distribution results it is also verified that 
10% graphene oxide nanofluid presented, in general, the higher 
temperatures for each heat load, flow rate and section of the 
thermosyphon. 

 

 

Figure 10. Temperature distribution for 5% graphene oxide 
nanofluid and 1.00L/min 

 

Figure 11. Temperature distribution for 10% graphene oxide 
nanofluid and 1.00L/min 

 

Figure 12. Temperature distribution for         distilled water and 
1.00L/min 

Thermal resistance data presented at Figures 13 to 15 indicate that all 
the three thermosyphons were operating correctly, since in general 
the thermal resistance values showed a tendency to decrease with 
increasing heat load and, from Equation (1), the thermal resistance is 
inversely proportional to the value of the applied heat load. 

It can be seen that for all the flow rates analyzed, the thermosyphon 
that uses 5% graphene oxide has the lowest thermal resistance values, 
whereas the thermosyphons filled with distilled water and 10% 
graphene oxide have very similar thermal resistance values when 
taking into account the spread of measurement uncertainties. 
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Figure 13. Thermal resistance for 0.50L/min 

 

Figure 14. Thermal resistance for 0.75L/min 

 

Figure 15. Thermal resistance for 1.00L/min 

The lowest thermal resistance value obtained was 0.964K/W for the 
thermosyphon filled with 5% graphene oxide at a thermal load of 75W 
and water flow rate of 0.50L/min. Considering these facts, the working 
fluid indicated for the desired destination (filling of thermosyphons 
for application in solar collectors of high pressure vacuum tubes) is 
the 5% graphene oxide. 

4. Conclusions 

In this study, the thermal analysis of three thermosyphons was 
described in detail. The proposed procedure has a low cost and the 
passive heat transfer devices are easy to manufacture, being built 
based on thermosyphons present in commercial high pressure 
vacuum tube solar collectors. With that done, an experimental 
investigation of the thermal performance of three thermosyphons 
with different working fluids (distilled water and 5% and 10% 
graphene oxide nanofluids) and three different volumetric water 
flows (0.50, 0.75, and 1.00L/min) was performed. Passive heat transfer 

devices were tested in the 25º horizontal position under thermal loads 
of 35, 55, and 75W, all working satisfactorily. 

The thermal analysis was based on the temperature distribution of the 
thermosyphons as a function of time, and thermal resistance as a 
function of the applied thermal load. In general, with the increase in 
the water flow rate under the condenser, a reduction in temperature 
was observed in all regions of the thermosyphons. The device 
containing 5% graphene oxide nanofluid as working fluid showed the 
lowest temperature values for all flow rates tested and also thermal 
resistance for all thermal loads applied. Thus, it was identified that, 
for the conditions tested, the working fluid composed of 5% graphene 
oxide nanofluid presented itself as the best passive thermal exchange 
device option to be applied in a high vacuum tube solar collector 
pressure between all the devices analyzed. 

Nomenclature 

q : heat transfer rate [W] 
Rth : total thermal resistance [ºC/W] 
Tcond : condenser temperature [ºC] 
Tevap : evaporator temperature [ºC] 
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