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Abstract 
In this study, a heat pipe was modified with designed and manufactured inserts of specific profiles in order to 
investigate the effect of the internal geometries and working fluids on the efficiency of the evacuated tube heat 
pipe solar collector. The experimental rig was made of a mobile frame, an insulated water tank, a solar simu-
lator and an evacuated tube heat pipe. Using an average irradiance of 700 watts per square meter, the indoor 
tests were conducted first on a heat pipe without any working fluid (dry mode) and later on the heat pipe 
containing, in turn, each of the six working fluids for each of the five geometries. Results show that, when in-
serting different profiles in the heat pipe, there is an enhancement of the heat transfer and hence an increase 
in the efficiency of the evacuated heat pipe solar collector.  
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1. Introduction 

The depletion of carbon fuels, and the battle against 
global warming has driven research on renewable 
energy. The most accessible, clean and cheap of re-
newable energy source is solar energy during the 
last 20 years, research focusing on the improve-
ment of collection and transformation of solar en-
ergy into electricity and heat has increased signifi-
cantly [1]. 

For water-heating purposes, solar collectors are 
used to convert solar radiance into thermal energy, 
with preference given to the flat plate collector and 
the evacuated tube (heat pipe) solar collector for 
domestic water heating applications. The selection 
of a solar collector is based on its thermal perfor-
mance, which depends on environmental condi-
tions, the type of material used in its construction, 
the shape of the collector and its positioning rela-
tive to the sun’s travel [2]. Studies have shown that 
bad weather and unfavourable climatic conditions 
have a negative impact on the thermal performance 
of flat plate solar collectors, imposing some limita-
tions in their usage [3]. Where cloudy conditions 
prevail, evacuated tube heat pipe solar collectors 
are preferred. 

 

2. Evacuated tube heat pipe solar collector 

Typical evacuated tube heat pipe solar collectors, as 
shown in Figure 1, are made of a sealed evacuated 
glass tube containing a heat pipe. The heat pipe is 
made of metal (usually copper), in which a particu-
lar vacuum is maintained to allow the evaporation 
and condensation of the fluid that it contains at rel-
atively low temperature. 

The evacuated tube is made of two borosilicate 
glasses. The outer glass, which receives the thermal 
radiations, is designed to resist environmental im-
pacts, while the inner glass is covered with a coating 
to enhance the absorption of solar radiation, for 
minimal heat loss, and to help transmit the maxi-
mum thermal energy to the interior of the evacu-
ated tube. The amount of heat used to heat the wa-
ter depends mainly on the thermal behaviour of the 
heat pipe. If the performance of the heat pipe is im-
proved, the efficiency of the evacuated tube’s heat 
pipe solar collector will be improved as a conse-
quence [5]. 

3. Heat pipe 

A heat pipe is a heat transfer device made of a metal 
envelope, a capillary wick, and working fluid. When 
thermal radiations are applied to the heat pipe 
through the evaporator, the working fluid con-
tained in the inner space of the heat pipe vaporises. 
As a result of the pressure difference between the 
two ends of the heat pipe, the generated vapour 
moves from the evaporator to the condenser, where 
it condenses (see Figure 2). Because of the differ- 
ence of temperature between the condenser and 

 

Figure 2: A heat pipe [8]. 

Figure 1. Evacuated tube heat pipe solar collector [4]. 
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the heat sink, the vapour will release latent heat-
when condensing into liquid. The pressure devel-
oped in the capillary structure allows the liquid to 
be driven back to the evaporator for a new cycle of 
operation [6]. The high ‘thermal conductivity’ de-
veloped by heat pipes is attributed to the latent heat 
transferred by the two phases in the flow process 
the working fluid undergoes [7]. The thermal per-
formance of a heat pipe depends on factors defined 
by the working fluid or the capillary wick structure. 

3.1 Thermal performance of a heat pipe 
The thermal performance of a heat pipe can be ex-
pressed by the overall heat transfer coefficient, the 
thermal resistance or the efficiency. Each type of 
heat pipe is characterised by limits that the de-
signer or user should focus on, in order to allow the 
heat pipe to function and perform properly in the 
specific range of its application. The limits referred 
to take into consideration the effect of viscous fric-
tion on the vapour movement, the variation of the 
vapour flow rate due to speed, the permeability of 
the capillary wick, the risk of dry-out, and the dan-
ger of bubbles being produced during evaporation. 
Those limits are: viscous, capillary, entrainment, 
and boiling. 

Except for a few external factors, such as input 
heat flux and tilt angle, the performance of a heat 
pipe depends mainly on the thermo-physical prop-
erties of the working fluid and the wick structure 
factors [9]. 

3.2 Working fluid 
For the last ten years, researchers have understood 
the concepts behind the heat transfer principles 
and the flow regime phenomena of the vapour and 
liquid phases of the working fluid during the heat 
pipe operation. Relevant research has, in particular, 
elucidated the understanding of the impact of the 
working fluid on the thermal performance of the 
heat pipe [10]. More work has been conducted on 
new types of working fluid to obtain better perfor-
mance. Research has been extended to study the 
compatibility between the working fluid and the 
container material, to avoid corrosion and the pro-
duction of non-condensable materials [11–13]. 
Most importantly, for enhanced heat transfer and 
good flow regime, it has been discovered that the 
working fluid must present a high thermal conduc-
tivity, high latent heat of vaporisation, and an ac-
ceptable surface tension. In addition, a low viscosity 
is required for the entire range of operation tem-
peratures [14]. Considering the properties of the 
fluid as listed above, the effective way to quantify 
the ability of a working fluid in a heat pipe to carry 
heat, is to compute the fluid’s transport factor, or 
merit number, using the following formula: 

 (1) 

 
where N1 = merit number (W/m2); ρl = liquid den-
sity; σ = surface tension; λ = latent heat; and μl = liq-
uid viscosity 

3.3. Capillary wicks 
It is in the capillary wick that pressure is developed 
to return the working fluid to the evaporator to 
avoid dry-out and to allow a continuous operation 
of the heat pipe. Studies on various properties of 
wick capillary structures have been promoted, and 
different types of capillary structures, new technol-
ogies and materials have been developed to en-
hance the thermal properties of a heat pipe [15]. 

3.4 Concentric annular heat pipe 
In addition to research on the working fluid and 
wick capillary on the improvement of the thermal 
performance of a heat pipe, some studies focused 
especially on the impact of a concentric annular 
heat pipe, which is made of two concentric pipes of 
unequal diameters, as depicted in Figure 3.  

Figure 3: Concentric annular heat pipe [16]. 

Faghri and Thomas (1989) manufactured and 
investigated a newly designed concentric annular 
heat pipe. After theoretical and experimental anal-
yses, they discovered that the concentric annular 
heat pipe led to a notable increase of the heat capac-
ity per unit area when compared to a conventional 
circular heat pipe [17]. Other studies have shown 
that a concentric annular heat pipe achieves a bet-
ter thermal performance than that of a conventional 
heat pipe [18]. Based on results obtained from, ba-
sically, changing the geometry of the heat pipe, it 
was decided to investigate, in this experimental 
study, the impact of internal inserts of various ge-
ometries and working fluids on the performance of 
the evacuated tube heat pipe solar collector. 

4. Objectives of the study 
The objectives of this experimental study were as 
follows: 

• To design and construct inserts of various ge-

ometries for the normal circular heat pipe. The 
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geometries chosen were: no insert (NI), I-pro-

file insert (II), V-profile insert (VI), triangle- 

profile insert (TI), and square-profile insert 

(SI). 

• To perform tests with the combinations of in-

ternal geometries and working fluids selected 

in the temperature range of 200 – 500 K. 

• To determine the efficiency of the heat pipe in 

a dry mode and the impact of different inserts 

on that efficiency. 

• To analyse the impact of each combination of 

an internal geometry and each working fluid on 

the efficiency of the heat pipe. 

5. Experimental set-up 

The experimental apparatus (depicted schemati-
cally in Figure 4) comprise a mobile frame, an insu-
lated container, an evacuated tube heat pipe, and a 
solar simulator. The main components, as given in 
Table 1 are described as follows. The mobile frame, 
made of stainless steel, was designed to carry the 
entire structure during the experiments. A stainless 
steel reservoir (storage tank), covered with a 50 
mm fibre wire in forced lagging, measuring 180 mm 
inner diameter and 200 mm long, was used as gey-
ser. Fixed on the upper part of the rig, the tank was 
filled with four litres of water. A set of tapered Brit-
ish Standard Pipe (BSP) thread was used to fix the 
heat pipe on the water tank. The female thread of 
19.1 mm was welded in the opening of the water 

Figure 4: Schematic diagram of the 

experimental apparatus. 

tank, while a male thread of 20.8 mm was welded 
on the heat pipe. A solar simulator made of four hal-
ogen floodlights was used to supply the inlet radia-
tions, as the rig was designed for indoors testing. 
The total irradiance of the solar simulator was set 
to a constant average value of 700 W per square me-
tre. To adjust the irradiance of the solar simulator 
and control the voltage of the lights, each floodlight 
was connected to the outlet of a variable trans-
former. 

Table 1: Components of the testing rig. 

Item no. Description Quantity 

1 Mobile frame 1 

2 Water tank 1 

3 Water tank clamp 2 

4 Evacuated tube heat glass 1 

5 Glass tube support 3 

6 Evacuated tube clamp 3 

7 M10 screw with nuts 12 

8 Flood lights (solar simulator) 4 

5.1. Evacuated tube and heat pipe specifications  
The selection of the dimensions of the evacuated 
tube and heat pipe was motivated by the applica-
tion and availability on the market. The evacuated 
tube and heat pipe specifications are shown in Ta-
ble 2. 

Table 2: Evacuated tube heat pipe  
specifications. 

Parameter  Description/size 

Material Borosilicate glass 3.3 

Glass tube length  1.8 m 

Outer tube external diameter 0.058 m 

Inner tube external diameter 0.049 m 

Inner tube internal diameter 0.047m 

Heat pipe 

Material  Red copper 

Evaporator external diameter 0.008 m 

Evaporator internal diameter 0.0065 m 

Evaporator thickness 0.00075 m 

Evaporator length  1.72 m 

Condenser external diameter  0.014m 

Condenser length  0.0645m 

Wick structure Assisted gravity type 

Absorber plate  
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Absorber plate 

Parameter  Description/size 

Material  Aluminum / SS/ Cu 

Emission coefficient 0.065 

Absorption coefficient 0.93 

5.2. Heat pipe preparation 
A heat pipe with five inserts of different geometries 
were manufactured and used in this investigation, 
as follows: 
• The first geometry was a normal heat pipe 

without insert, to provide values that could be 
used as reference to the results from the other 
inserts. 

• The remaining four inserts were manufactured 
as an I-profile, a V-profile, a triangle-profile, 
and a square profile (to fit tightly) in the heat 
pipe, as illustrated in Table 3. 

• The inserts were manufactured from a copper 
sheet that was 1800 mm long, 600 mm wide 
and 0.7 mm thick. To section the sheet (for the 
widths and sides of the inserts) a cutting ma-
chine was used, but manual tools were em-
ployed to construct the different profiles (see 
Figure 5).  

Table 3. Geometries of the inserts in the  
heat pipe 

Geometry  Insert (label) Dimensions 
(mm) 

 

 

No insert [NI] Length = 1720 

External diame-
ter = 8 

Thickness = 0.7 

 

 

I insert [II] 

(a is width of 
the insert) 

Length = 1720 

Thickness = 0.7 

a = 6.5 

 

 

V insert [VI] 

(a and b are the 
widths of the V) 

Length = 1720 

Thickness = 0.7 

a = b = 6.2  

 

 

 

Triangle insert 
[TI] 

(a,b and c are 
the sides of the 
triangle) 

Length = 1720 

Thickness = 0.7 

a = b = c = 4.5 

 

 

Square insert 
[SI] 

(a,b,c and d are 
the sides of the 
square) 

Length = 1720 

Thickness = 0.7 

a = b = c = d = 
4.6 

  

 

Figure 5: Manufacturing process of the inserts 

5.3 Working fluid 
In the range of temperature considered for water 
heating and based on the thermo-physical proper-
ties, the following working fluids were selected for 
this study: acetone, ethanol, ethyl acetate, metha-
nol, toluene and distilled water. 

6. Instrumentation 

The data acquisition NI9211 (gain error +/-0.05% 
offset error +/-15 uV) and a chassis NI-DAQ 9189 
were used for processing the temperature meas-
urements, as shown in Figure 6. Lab VIEW was used 
for data visualisation, analysis and management. 
Four K-type thermocouples were connected to the 
NI 9211 module for temperature measurements. 
Two thermocouples were used to measure the wa-
ter tank temperature while two others measured 
the ambient temperature. The thermocouples were 
calibrated while creating DA Qmax task during the 
building of the temperature measurement bloc dia-
gram in Lab VIEW. The temperature of the thermo-
couple to be calibrated was compared with the tem-
perature of the reference, and the value of R2 of each 
of the performed experience was calculated. Each 
channel was calibrated within the task (for an aver-
age value of R2 = 0.9956, the percentage of average 
error found was 1.2%). For the measurement and 
the adjustment of the radiation from the solar sim-
ulator, a Nanovip power meter and an MT 942 light 
meter were used. 

7. Experimental protocol 

• Immediately after the building of the rig shown 
in Figure 7, a dry mode test (the heat pipe with-
out working fluid) was conducted to investi-
gate the thermal behaviour of a heat pipe as the 
heat transfer conductor. 

• Then the heat pipe with a specific geometry in-
sert was filled with 10 ml of the working fluid, 
and a vacuum of 700 Pa was created inside the 
heat pipe by removing air from it.  
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Figure 6: Data acquisition system. 

Figure 7: The testing rig. 

• The evaporator side of the heat pipe was sealed 
with an M6x1.0 mm screw. To avoid any leak-
age, Loctite (sealant) was used on the screw 
when the heat pipe was filled with a working 
fluid. 

• The heat pipe was screwed into the tank, which 
was filled with four litres of water, before locat-
ing it in the evacuated tube that was fixed to the 
frame by two supports. 

• The average irradiance from the solar simula-
tor was set to 700 watts per square meter, (sim-
ilar to the average global horizontal irradiance 
in KwaZulu-Natal, South Africa as the experi-
ment was conducted in Durban) [19]). During 
the experiments, temperatures were recorded 
over seven hours and transferred to the data 
acquisition system. Data were stored in an Ex-
cel spreadsheet for analysis.  

• To change the working fluid, the water tank 
was brought down, the evacuated tube and the 

heat pipe were taken out, emptied of its work-
ing fluid and refilled with another fluid for a 
new test. 

• The process was repeated for all the thirty tests 
corresponding to the combinations of five in-
ternal geometries and six working fluids. 

8. Results and analysis 

In this study, the evacuated heat pipe collector’s 
thermal performance was expressed by the effi-
ciency, which is the ratio between the output power 
based on the mass of water in the tank and its tem-
perature difference and the input power depending 
on the direct radiation to the absorber area and the 
duration of the test. See Equation 2: 

     𝜂 =
𝑚𝑤𝑐𝑝(𝑡𝑚𝑎𝑥−𝑡𝑚𝑖𝑛)

𝐼𝑅𝐴𝑎𝑡
  (2) 

where  = efficiency; mw = amount of water in the 
tank; cp = water specific heat capacity at constant 
pressure; tmax =water tank maximum temperature; 
tmin = water tank minimum temperature; IR = direct 
radiation; Aa = absorber area; and t = test duration. 

8.1. Tests with the heat pipe dry with insert but 
without working fluid.  
Table 4 presents the results of the tests in the dry 
mode for five internal geometries. 

Table 4: Dry heat pipe data and results. 

Test  Ambient 
temp. 

(°C) 

Water tank 
temp. differ-

ence (°C) 

Evacuated tube 
heat pipe effi-
ciency  (%) 

NI 31.7 17.3 20.3 

II 27.1 18.9 22.2 

VI 29.3 19.5 23 

TI 29.5 19.7 23.2 

SI 30.1 20.7 24.4 

 

Figure 8 illustrates the increase in efficiency 
from 20.3% to 24.4% during the dry mode tests 
while using the inserts from NI to SI. The increase 
can be ascribed to the rise in mass and the increase 
in heat transfer between the tube and the insert 
generated by the points of contact of the insert’s 
sides with the circular tube around it. 

8.2. Tests with the heat pipe containing various 
working fluids 
Figures 9 to 14 portray the increase in efficiency for 
different working fluids combined with different 
geometries. The same trend observed on the dry 
mode was noted with the heat pipe containing dis- 
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tilled water for the range of no insert (NI) to the S 
insert (SI). The same tendency, i.e. showing an in-
crease of efficiency when moving from NI to SI, is 
observed for the heat pipe containing, in turn, meth-
anol, acetone, toluene, ethanol and ethyl acetate. 

Figure 8: Efficiency for the evacuated heat pipe 

collector with the various inserts but without 

working fluid. 

Figure 9: Efficiency of the evacuated heat pipe 

collector with distilled water for each internal 

geometry. 

Figure 10: Efficiency of the evacuated heat pipe 

collector with methanol for each internal 

geometry 

Figure 11: Efficiency of the evacuated heat pipe 

collector with acetone for each internal 

geometry. 

Figure 12: Efficiency of the evacuated heat pipe 

collector with toluene for each internal 

geometry. 

Figure 13: Efficiency of the evacuated heat pipe 

collector with ethanol for each internal 

geometry. 

Figure 14: Efficiency of the evacuated heat pipe 

collector with ethyl acetate for each internal 

geometry. 

8.3 Comparison of the efficiency of the evacuated 
heat pipe on the basis of the contained fluid and 
geometry of its insert 
When comparing the efficiency of an evacuated heat 
pipe collector with an insert with the efficiency of a 
conventional one without any insert, the efficiency 
with insert is higher, as seen in Figure 15. It can also 
be noted that the different internal geometries filled 
with distilled water present the highest efficiencies 
when compared to other working fluids. These ob-
servations show that the efficiency depends on the 
working fluid contained in the heat pipe but is also 
enhanced by the geometry of the insert. 

The number of surface areas of the insert im-
pacts positively on the efficiency of the evacuated 
heat pipe because it increases the heat transfer by 
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convection between the insert and the vapour mov-
ing from the evaporator to the condenser. As an ex-
ample, when using distilled water as a working fluid, 
the NI experiment produced an efficiency of 53.3%, 
the II 59.1% and the SI (which has four points of con- 

tact and eight surfaces), 64.3%. 
The difference in the levels of efficiency attained 

by the evacuated heat pipe is justified by the ability 
of each working fluid used, to transport heat, which 
is known as the merit number. 

Figure 15: Comparison of the efficiency of the evacuated heat pipe collector 

as a function of its contained fluid and the geometry of its insert.  

8.4 Merit number and efficiency 
The merit number of each working fluid used in this 
study is displayed in Table 5, matched to the maxi-
mum efficiency attained. Distilled water appears to 
be the best working fluid in the temperature range 
of 293.15–393.15 K. 

Table 5. Merit number of the heat pipe and the 
maximum efficiency (with the SI) 

Working fluid Merit no. 

(N/m2) 

Max.  efficiency  

(%) 

Distilled water 3.48E+11 64.3 

Methanol 4.27E+10 62.3 

Acetone 3.04E+10 61.7 

Toluene 2.90E+10 60.9 

Ethanol 2.71E+10 50.2 

Ethyl acetate 3.83E+09 49.3 

9. Conclusion 

In this study, a typical heat pipe was modified by the 
insertion of different profiles, in order to evaluate 
the effect of the internal geometry on the thermal 
performance of the evacuated heat pipe collector. 
Each internal geometry was tested with six working 

fluids plus the dry mode, producing 35 combina-
tions. 

The following conclusions can be drawn from 
this study: 
• The efficiency of the evacuated heat pipe collec-

tor without insert is lower than the efficiency of 
the one with inserts. 

• In dry mode, when using different inserts, there 
is an increase in the efficiency of the evacuated 
heat pipe collector – perhaps due to the in-
crease in the mass in the heat pipe. 

• When the heat pipe contains a working fluid, 
the efficiency of the evacuated heat pipe collec-
tor is higher than that of the dry mode, because 
of the mass transfer of the working fluid carry-
ing the heat that is enhanced by convection 
from the internal surfaces of the inserts.  

• For all the geometries, distilled water gives the 
highest efficiency for the evacuated heat pipe 
collector. 
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