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η	� Solar collector efficiency (−)
T	� Temperature (°C)
Tap	� Absorber plate temperature (°C)
Ta	� Ambient temperature (°C)
Ti	� Inlet temperature (°C)
To	� Outlet temperature (°C)
M	� Merit number (kW/m2)
ρl	� Density of the liquid (kg/m3)
σl	� Surface tension (N/m × 102)
µl	� Viscosity of the liquid (cP)
L	� Enthalpy of vaporization (kJ/kg)

1  Introduction

Among solar heat-collection technologies, the evacuated 
tube solar collector (“ETSC”) uses vacuum technology that 
drastically reduces convective heat loss from the absorption 
surface. In addition, through use of a heat pipe, which is a 
highly efficient exchanger able to rapidly transfer heat and 
show a thermal response even at relatively low temperature 
differences, an ETSC works stably within mid-range tem-
peratures and exhibits high heat collection efficiency. The 
heat pipe applied to the ETSC may be variously classified 
by the container material [1, 8], the type of working fluid 
[2, 3], the type of capillary structure [4], the liquid return 
method [5], the internal geometry, the operating tempera-
ture and the charge volume [6]; receding studies, studied 
have examined the performance impact on the heat pipe 
through variation of these features (Table 1). 

The working fluid selected for the heat pipe should be 
compatible with the container material. Considering the 
working fluid’s melting point, boiling point and critical, 
the operating temperature should be below the working 
fluid’s and above its melting point. Table 2 lists the boiling 
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point and melting point of typical low-temperature working 
fluids and the useful temperature range. To achieve more 
effective performance of the heat pipe, the merit number 
[7] of the working fluid should be considered. Sometimes, 
it is referred to as the heat pipe number. Generally, higher 
density, higher surface tension, higher evaporative latent 
heat, and lower viscosity of the heat pipe working fluid. 
The merit number is expressed as shown in Eq.  (1). Fig-
ure  1 illustrates the merit number of the heat pipe calcu-
lated in the temperature function with respect to eleven typ-
ical working fluids used within the low temperature range 
upon considering varying properties.

Currently, commercialized ETSCs generally use water 
or ethanol for the working fluid of the heat pipe. As illus-
trated in Fig. 1, water, which is the most applied working 
fluid in heat pipe, has a higher merit number among vari-
ous working fluids and its operating temperature range 
is 20–200  °C, which makes it the typical working fluid 
of the heat pipe. However, the possibility of water freez-
ing during the winter is a concern. In contrast, while the 
operating temperature range of ethanol is −30 to 140  °C 
and it has a relatively low freezing problem, it generates 

(1)M =
(ρlσlL)

µl

non-condensable gas through a chemical reaction with cop-
per if overheated beyond 200  °C, thereby degrading the 
performance of the heat pipe [8].

When designing a heat pipe for application in a solar 
collector, the stagnation temperature of the solar collec-
tor should be considered. In general, the stagnation tem-
perature is known that it is approximately 180  °C for the 
flat plate solar collector and approximately 260 °C for an 
ETSC.

In this study, several working fluids were selected that 
can be used in the heat pipe of an ETSC and a study was 
performed on the dynamic characteristics and thermal per-
formance of the ETSC according to such working fluids. 
In this study, water, ethanol, flutec-PP9 and methyl acetate 
were used for working fluids in the heat pipe for ETSC. 
Applying each working fluid of the heat pipe, four sets of 
ETSC were produced and the performance of each one was 
analyzed through experiments according to each working 
fluid in the heat pipe. The intended was to quantitatively 
analyze the effect of the heat pipe working fluid of the heat 
pipe on the ETSC and to collect data useful to solar collec-
tor design according to the type of heat pipe working fluid 
for ETSC.

2 � Evacuated tube solar collector (ETSC)

An ETSC is composed of a glass tube, an absorber plate 
and a heat pipe as illustrated in Fig. 2. Its elemental tech-
nology and the process of obtaining useful energy from the 
sun are as follows: The sunlight is irradiated on the absorber 
plate in the glass tube where the vacuum is maintained and 
the thermal energy absorbed is delivered to the heat pipe 
attached to the absorber plate. In the heat pipe, a phase 

Table 1   ETSC specifications

Model item A B C D

Length (mm) 1200 1200 1200 1200

Tube diameter (mm) 100 100 100 100

Heat collection  
area (m2)

0.12 0.12 0.12 0.12

Working fluid  
charge (cc)

14 14 14 14

Working fluid Water Ethanol Methyl acetate Flutec-PP9

Table 2   Working fluid properties

Working fluid Water Ethanol Methyl acetate Flutec-pp9

Latent heat  
(kJ/kg)

2425 888.6 410 94.5

Liquid density  
(kg/m3)

995.2 781 934.2 1960

Vapour density  
(kg/m3)

0.03 0.38 2.55 0.12

Liquid viscosity  
(N s/m2)

0.825 1.02 0.364 1.48

Liquid surface tension 
(N/m × 102)

7.18 2.44 2.4 1.8

Boiling point (°C) 100 78.37 57 160

Freezing point (°C) 0 −114.1 −98.5 −70

Fig. 1   Merit number by temperature range according to type of heat 
pipe working fluid
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change of the working fluid is induced by the delivered 
thermal energy. The working fluid steam vaporized from 
the heat pipe evaporator rises to the heat pipe condenser 
located at the top of the ETSC. The steam that has risen to 
the condenser exchanges heat with the solar thermal collec-
tor manifold. The heat is then delivered to the heat media 
that flows through the manifold. For the ETSC used in this 
experiment, a commercial solar collector was used, and its 
specifications are given in Table  2. To determine the per-
formance variation of the solar collector according to each 
type of heat pipe working fluid, the same dimensions were 
applied to the exterior and heat collection area of the solar 
thermal collector, the length of the condenser, the diameter 
of the glass tube, and the same charge volume was applied 
to the working fluid of the heat pipe; the only variation was 
the type of working fluid applied. Table 2 is heat pipe work-
ing fluid properties used in this study.

2.1 � ETSC experimental apparatus

In this study, to analyze the performance and dynamic 
characteristics of each solar thermal collector under the 
same experimental conditions, an indoor experimen-
tal apparatus was designed so as not to be affected by 
the external environment. It was tested to measure the 

performance of the ETSC according to the working fluid 
type of the heat pipe. The experimental apparatus was 
composed of an artificial heat flux, a bath circulator, an 
evacuated tube solar collector, manifolds, a flow meter, 
a dimmer and a wattmeter. Seven 300  W Philips halo-
gen lamps were used for the heat flux to simulate solar 
energy. A 3 kW dimmer was used to control the intensity 
of the heat flux. An Eppley PSP (Precision Spectral Pyra-
nometer) radiometer was used to measure the intensity of 
the heat flux within an accuracy of ±0.5 W/m2. In addi-
tion, since the performance of the ETSC naturally varies 
depending on its angle, a manual inclinator was mounted 
to control the angle. To supply heat media at the same 
temperature to each manifold, a bath circulator with an 
800 W cooling capacity accurate to within ±0.05 °C was 
used. The Macnaught M05 PD(Positive Displacement) 
flowmeter with an accuracy of ±1% was used to meas-
ure the flow rate passing through the manifold. The mani-
fold which exchanged heat from metal to metal with the 
condenser of the ETSC was made of 99.9% pure copper. 
The 4 wire-RTD was used to measure the temperature at 
the inlet and outlet of the manifold. The measured tem-
perature had ±0.01 °C accuracy upon temperature com-
pensation. Figures  3, 4 and 5 respectively illustrate the 

Fig. 2   ETSC structure

Fig. 3   Indoor experimental apparatus for ETSC

Fig. 4   Manifold
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indoor experimental apparatus, for the ETSC, the mani-
folds used in this study, and schematic of the experimen-
tal apparatus.

Figure 6 illustrates the monitoring screen of the experi-
mental apparatus for the ETSC. Measurements required 
for performance analysis of the ETSC (temperature, flow 
rate, intensity of the artificial heat flux, indoor temperature 
and power consumption) were displayed on the monitor-
ing screen in real time. In addition, the monitoring screen 
was configured to graphically display the intensity of the 
artificial heat flux, the power consumption, the inlet and 
outlet temperatures of the manifold and the temperature of 
the heat pipe condenser in real time to verify the operating 
state of the solar thermal collector in real time.

2.2 � Experiment method

To analyze the performance of the ETSC according to the 
type of heat pipe working fluid, four sets of solar collectors 
were tested under the same experimental conditions. For the 
conditions of the of the thermal performance experiment, the 

intensity of the artificial heat flux was maintained at 900 W/
m2 (±50 W/m2) and the flow rate was maintained at 0.3LPM. 
With the manifold temperature kept constant (at 25, 40, 60 and 
80 °C), the solar thermal collector performance was analyzed 
based on variation in the temperature difference between the 
manifold inlet and outlet. In addition, since the performance 
of the ETSCs that use a heat pipe naturally varies depending 
on inclination angle, the solar thermal collectors were tested at 
various inclination angles by 20°, 40° and 60°.

3 � Results and considerations

In this study, several working fluids were selected for appli-
cation in the heat pipe of the single evacuated tube solar 
collector and tested, and the dynamic characteristics and 
thermal performance of the solar thermal collector were 
analyzed for each working fluid. For performance analy-
sis of the ETSC according to the type of heat pipe work-
ing fluid, four sets of ETSC with the same specifications 
other than the heat pipe working fluid were produced to 
conduct testing on the solar thermal collector performance. 
In addition, for performance analysis on each heat collec-
tor under identical testing conditions without effects from 
the external environment, an indoor experimental appara-
tus was designed and produced to analyze the performance 
and- dynamic characteristics of the ETSC.

3.1 � Dynamic characteristics of ETSC according to type 
of working fluid

Figure  7 illustrates the dynamic characteristics of four 
sets of ETSCs used in this study. For measurement of the 
dynamic characteristics of the ETSC, measured was the 
time taken to reach the normal state from the moment the 
artificial heat flux (870  W/m2  ±  30) was applied to the 
solar thermal collector. The normal state refers to the vari-
ation of temperature difference between the manifold inlet 
and outlet being maintained under 0.05 °C. For the ETSC, 
the time taken to reach the normal state was closely related 
to the type of heat pipe working fluid. Less time taken indi-
cates that the ETSC exchanging heat with the heat media in 
the manifold more stably.

Figure  7a illustrates the dynamic characteristics when 
water was used as the heat pipe working fluid. As shown in 
the figure, when water was used, the time taken to reach the 
normal state of the ETSC was 180 s, temperature difference 
between the manifold inlet and outlet at the normal state 
was 3.3 °C.

Figure  7b illustrates the dynamic characteristics of the 
solar thermal collector when ethanol was used as the heat 
pipe working under the same experimental conditions. For 
ethanol, the time taken to reach the normal state was 900 s, 

Fig. 5   Schematic of experimental apparatus for ETSC

Fig. 6   Monitoring system of experimental apparatus for ETSC
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and the temperature difference between the manifold inlet 
and outlet was 3.03 °C.

Figure  7c illustrates the dynamic characteristics of the 
solar thermal collector when methyl acetate was used for 
the working fluid. For methyl acetate, the time taken in 
reaching the normal state of the solar thermal collector was 
300  s. The temperature difference between the manifold 
inlet and outlet at the normal state was 3.19 °C.

Figure  7d illustrates the dynamic characteristics of 
the solar thermal collector when flutec-pp9 was used 
for the working fluid. For Flutec-pp9, the time taken to 
reach the normal state was 370  s, the temperature differ-
ence between the manifold inlet and outlet was 2.48  °C. 
Since the density of Flutec-pp9 is twice that of water and 
its boiling point is 155  °C, which is far higher than that 
of water, flutec-pp9 exhibited low performance in the low 
temperature range.

3.2 � Thermal performance of ETSC according to heat 
pipe working fluid

The solar thermal collector efficiency is the ratio of the actual 
coefficient of heat transfer to the solar radiation over the 
entire absorption surface. The solar thermal collector effi-
ciency is calculated from dependent variables composed of 
the fluid temperature at the entrance of the solar thermal col-
lector, the ambient temperature and the solar radiation. In this 
study, an indoor experimental apparatus not affected by the 
external environment was used to analyze the performance of 
the ETSCs. The actual useful energy gain from the heat flux 
through the ETSC, Qu, is expressed in Eq. (2) [8, 9].

In Eq. (2), Ac is the collector area, UL is the overall heat 
transfer coefficient and S is the value of the incidental heat 
flux from which the optical loss is deducted [8, 9].

If Eq.  (2) is defined as FR, the ratio of the actual coef-
ficient of heat transfer to the maximum possible coefficient 
of heat transfer, it can be expressed as Eq. (3) [8, 9]

According to Eqs.  (2) and (3), the actual coefficient of 
heat transfer is FR multiplied by QU. Therefore, since the 

(2)
Qu =Ac

[

S − UL

(

Tap − Ta
)]

= IT (τα).

(3)

FR =
actual useful energy gain

maximum possible useful energy gain

=
ṁCp(To − Ti)

QU

Fig. 7   Dynamic characteristics of ETSC according to type of heat 
pipe working fluid

◂
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solar thermal collector efficiency is the ratio of the actual 
coefficient of heat transfer to heat flux over the entire 
absorption surface, it can be expressed as Eq. (4).

In Eq.  (4), the multiplication term of FR and UL is 
related to the heat loss of the solar thermal collector and 
FR(τα) is the term related to the heat gain of the solar ther-
mal collector. The solar thermal collector performance is 
determined by the momentary efficiency value associated 
with the heat flux, the external temperature, and the inflow 
temperature of the working fluid. Therefore, in this study, 
all of the measurements of the performance of the ETSC 
were measured from the normal state. Using Eq.  (5) with 
the data acquired here, it is possible to calculate the effi-
ciency of the ETSC.

The value calculated from Eq. (6) becomes that of Y axis 
value on the efficiency graph of the ETSC, and the X axis 
is calculated from Eq. (7).

When the two values above are plotted according to 
varying experimental conditions and linearly fitted, it is 
possible to make the polynomial expression in the form of 
Y = b+mX as in Eq. (4), where, the gradient m is the loss 
term (FRUL) and the intercept b makes the acquisition term 
FR(τα) [9]

Figure 8 illustrates the efficiency according to the type 
of heat pipe working fluid and inclination angle for the 
four ETSC used in this study. Among the four heat pipe 
working fluids used in this study, water provided the high-
est efficiency when applied to the ETSC. This is because 
water has the highest merit number among four working 
fluids. These findings coincide with those of previous stud-
ies on heat pipe working fluids for ETSCs. For the ETSC 
that used water as its heat pipe working fluid, the maximum 
efficiency of 67% and minimum efficiency 52.1% at the 
inclination angle of 60° as shown in Fig. 8. When ethanol 
was used for the heat pipe working fluid, the solar ther-
mal collector showed maximum efficiency of 65.7% and 

(4)

η =
ṁCp(To − Ti)

AcGT

=
FR[IT (τα)− UL(Ti − Ta)]

AcGT

=FR(τα)− FRUL(Ti − Ta)/GT

(5)η =
∫ Q̇udt

AC ∫GTdt

(6)η =
Qu

ITAC

.

(7)X =
(Ti − Ta)

IT
.

minimum efficiency of 52.2% at the inclination angle of 
60°. When methyl acetate was used for the heat pipe work-
ing fluid, the solar thermal collector showed the maximum 
efficiency of 65.7% and minimum efficiency of 49.2% at 
the inclination angle of 60°. For the solar thermal collec-
tor that used flutec-pp9, the solar thermal collector showed 
maximum efficiency of 60.4% at the inclination angle of 
60°, but unlike the solar thermal collectors using the other 
three types of working fluid, the collector showed mini-
mum efficiency 24.7% at the inclination angle of 20°. For 
flutec-pp9, since its density is approximately twice that of 
water, it appeared that the inclination angle of the solar 
thermal collector significantly affected its efficiency. In 
this study, since a thermosiphon type heat pipe which is 
driven by gravity, was used for the heat pipe of the ETSC, 
it appeared that the inclination angle of the solar thermal 
collector significantly affected its efficiency [7].

Figure 8 illustrates the efficiency according to the type 
of heat pipe working fluid and inclination angle for the 
four ETSC used in this study. Among the four heat pipe 
working fluids used in this study, water provided the high-
est efficiency when applied to the ETSC. This is because 
water has the highest merit number among four working 
fluids. These findings coincide with those of previous stud-
ies on heat pipe working fluids for ETSCs. For the ETSC 
that used water as its heat pipe working fluid, the maximum 
efficiency of 67% and minimum efficiency 52.1% at the 
inclination angle of 60° as shown in Fig. 8. When ethanol 
was used for the heat pipe working fluid, the solar thermal 
collector showed maximum efficiency of 65.7% and mini-
mum efficiency of 52.2% at the inclination angle of 60°. 
When methyl acetate was used for the heat pipe working 
fluid, the solar thermal collector showed the maximum effi-
ciency of 65.7% and minimum efficiency of 49.2% at the 
inclination angle of 60°. For the solar thermal collector that 
used flutec-pp9, the solar thermal collector showed maxi-
mum efficiency of 60.4% at the inclination angle of 60°, 
but unlike the solar thermal collectors using the other three 
types of working fluid, the collector showed minimum effi-
ciency 24.7% at the inclination angle of 20°. For flutec-
pp9, since its density is approximately twice that of water, 
it appeared that the inclination angle of the solar thermal 
collector significantly affected its efficiency. In this study, 
since a thermosiphon type heat pipe which is driven by 
gravity, was used for the heat pipe of the ETSC, it appeared 
that the inclination angle of the solar thermal collector sig-
nificantly affected its efficiency [7].

Figure  9 illustrates solar thermal collector efficiency 
curves according to the type of heat pipe working fluid at 
inclination angles of the solar thermal collector of 20°, 40° 
and 60°. As the figure shows, water appeared to have the 
highest solar thermal collector efficiency among the heat 
pipe working used in this study. This is because water has 
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the highest merit number among the four working fluids. 
For the ETSC that used water for the heat pipe working 
fluid, it was found that the FR(τα) value was 0.6636 and 
the FRUL value was −1.8475 the inclination angle of 40°.

For the ETSC that used ethanol for the heat pipe work-
ing fluid, while relatively low efficiency was shown in 

Fig. 8   Performance of ETSC according to type of working fluid and 
inclination angle

Fig. 9   Efficiency curve according to inclination angle of ETSC

◂
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the low range, the efficiency reduction was low at a high 
temperature, and the FRUL value, the solar thermal collec-
tor heat loss term, was −0.6365 (at an inclination angle 
40°), which appeared to be the lowest among the heat pipe 
working fluids. For the ETSC that used ethanol for the heat 
pipe working fluid, it was analyzed that the FR(τα) value 
was 0.6147 at inclination angle of 40° lower than that of 
water, and its boiling point is 57  °C. In addition, it does 
not generate non-condensible gas by chemical reaction 
with copper even at 200 °C or higher, and it is known to be 
a substance that is harmless to the human body. It appeared 
that the solar thermal collector that used methyl acetate for 
the heat pipe working fluid had higher efficiency than the 
solar thermal collector that used ethanol and it was found 
that it had a tendency to be similar to water. However, it 
was found that while the solar thermal collector that used 
methyl acetate had higher efficiency in the low range 
than the solar thermal collector that used ethanol, it had 
a slightly lower efficiency in the high range. Therefore, it 
was found that the inclination value of the solar thermal 
collector was relatively higher than those of ethanol and 
water. For the ETSC that used methyl acetate, the FR(τα) 
value was 0.6572 and the FRUL value was −2.0086 at an 
inclination angle of 40°.

For the ETSC that used flutec-PP9 for the heat pipe 
working fluid, since the density, boiling point, and viscosity 
of flutec-pp9 are hig, as mentioned previously, it appeared 
that the lower the inclination angle, the less fluent the phase 
change process in which the evaporated gas in the heat pipe 
is condensed and returns to the evaporator. Therefore, it was 
found to have exhibited the most intense variation in solar 
thermal collector efficiency according to the inclination 
angle. For the ETSC that used flutec-pp9, the FR(τα) value 
was 0.525 and the FRUL value was −3.2313 at the inclina-
tion angle of 40°. Table  3 summarizes FR(τα) and FRUL 
values according to the four types of heat pipe working flu-
ids and inclination angles of the solar thermal collector.

4 � Conclusions

In this study, a test of the thermal performance of solar 
thermal collectors was performed according to the heat 
pipe working fluid for the ETSC. To do so, ETSCs using 
four different types (water, ethanol, flutec-pp9 and methyl 
acetate) of heat pipe working fluids, ETSC were produced. 
To compare the performance of each ETSC under the iden-
tical testing conditions, an indoor experimental apparatus 
was designed and produced so that the experiment would 
not be affected by the external environment. The appara-
tus was used to perform the test of thermal performance of 
the solar thermal collectors and conclusions were derived 
as follows:

1.	 Among four types of heat pipe working fluids used in the 
ETSCs, water provided the fastest response performance 
and the highest solar thermal collector performance.

2.	 At the inclination angle of 40° for the solar thermal 
collector, for the ETSC using water as its heat pipe 
working fluid had an FR(τα) value of 0.6636 and 
FRUL value of −1.8457, the ETSC that used ethanol 
had, an FR(τα) value of 0.6147 and the FRUL value of 
−0.6365, the ETSC that used methyl acetate had an 
FR(τα) value of 0.6572 and FRUL value of −2.0086, 
and the ETSC that used flutec-pp9 had, an FR(τα) 
value of 0.525 and FRUL value of −3.2313.

3.	 Since methyl acetate does not generate non-condensi-
ble gas by chemical reaction with copper, and it has a 
wide operating temperature range, it appeared that the 
ETSC that used it for the heat pipe working worked 
somewhat stably.

4.	 For the ETSC that used flutec-pp9 for the heat pipe 
working, the solar collector efficiency was greatly 
affected by the inclination angle of the solar thermal 
collector, because its density, boiling point and viscos-
ity of flutec-pp9 are high.
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