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Abstract: Solar collectors are very important to the photothermal utilization of solar energy in
low-temperature conditions. In this paper, a solar collector comprising an oscillating heat pipe in
a flat-plate structure is designed and studied experimentally. The thermal properties are studied
in detail, and we finally obtain the startup temperature and the expression of the instantaneous
efficiency with a relative error of 5%. The results show that the impact of inclination angles on the
startup properties of the solar collector is significant to the thermal properties. The comparisons of the
efficiency of the present design and similar products are also displayed and discussed, showing that
an oscillating heat pipe collector in a flat-plate structure overcomes the low efficiency, high startup
temperature and bad pressure resistance of conventional solar collectors. In addition, the thermal
properties of the water heating system based on the novel collector were also tested, illustrating the
differences between the solar irradiance and the water heating system. Some improvements (e.g.,
shell material and assembly method) were made in this system design process to increase the heat
transfer efficiency and solve the corrosion and pressure resistance problems.

Keywords: oscillating heat pipe; solar energy collector; thermal properties; water heating system;
flat-plate type

1. Introduction

The utilization of solar power is an important complement to energy in many countries [1,2].
Unlike solar collectors employed in high-temperature conditions (e.g., parabolic trough collector [3],
linear Fresnel reflectors [4], power tower collector [5] and dish engine systems [6]), solar collectors
used for photothermal conversion of solar energy in low-temperature conditions (below 100 ◦C) can be
divided into four categories: the bare-plate type [7], the vacuum glass tube type [8], the air type [9,10]
and the flat-plate type [11] with reference to their different structures. Among these, solar collectors in
flat-plate structures have been widely used due to their good pressure bearing performance and low
price. Furthermore, this design of solar collectors can be integrated with buildings or even replace
roofs and walls. The design can reduce the load on buildings, the energy consumption brought by the
increase in building area, and the urgency of land use. In China, the market share of solar collectors
in flat-plate structures has reached more than 90%. However, the disadvantages of solar collectors in
flat-plate structures are obvious: the thermal efficiency of the high-temperature heat absorption section
is low, the surface thermal resistance is large, the heat loss is high, and the flow performance is uneven.

Energies 2018, 11, 2553; doi:10.3390/en11102553 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-7687-1959
http://dx.doi.org/10.3390/en11102553
http://www.mdpi.com/journal/energies
http://www.mdpi.com/1996-1073/11/10/2553?type=check_update&version=2


Energies 2018, 11, 2553 2 of 12

Therefore, it is key to develop a new type of solar collector with good heat transfer characteristics in
various temperature intervals.

The oscillating heat pipe is an important kind of heat exchange device with high efficiency [12,13].
Its working mechanism is that the working fluid vaporizes in the heat absorption section of the
oscillating flow heat pipe and generates high pressure locally, while the gas phase pushes the liquid to
the condensation section, and then condenses. Rapid energy exchange is achieved by absorption and
release of the latent heat of the working medium. High heat flux density can be achieved, and this
plays an important role in many applications: temperature control of high-temperature superconductor
magnetic materials [14–16], fuel cell cooling [17], hybrid vehicle electronics cooling [18], and waste
heat recovery [19]. Furthermore, the oscillating heat pipe possesses the character of a thermal diode,
which can prevent the revise cycle of the working fluid effectively in order to reduce the heat loss of
the device. Unlike the operation principle of the traditional gravity heat pipe, the oscillating heat pipe
does not need to reheat the pipe, and the pipette is added into the pipe, thereby greatly reducing the
structural complexity of the heat pipe and the difficulty of processing and manufacturing.

Much research has focused on the applications of oscillating heat pipes in solar collectors [20–28].
Bienert et al. [20,21] had previously applied heat pipes to solar collectors, but the experimental results
were not satisfactory due to the structure design and the use of electric heating to simulate solar energy.
Riffat et al. and other scholars [22–24] improved the heat pipe structure in the collector. They used
thin film heat pipes, array channels, and honeycomb heat pipes, and simulated solar radiation indoors,
obtaining better experimental results. In addition, when the liquid-filling rate of the oscillating heat
pipe is between 10% and 20% and the shape of the oscillating heat pipe section remains circular,
the thermal performance of the solar collector is also improved [25]. In terms of theoretical analysis,
the spring vibration system analysis method [26,27] and the Nusselt theoretical method [28] were
used to simulate the flow of the collector fluid in the heat pipes, especially the liquid film thickness of
the vapor-liquid interface. Lu et al. [29] applied the aluminum-acetone gravity heat pipe to the solar
collector and obtained a maximum operation efficiency of nearly 25%. Hu et al. [30] improved the
device by decorating the glass cover on the pipes to reduce the heat loss and finally raised the average
efficiency by 13.3%. Furthermore, Wang et al. [31] introduced a type of solar collector which combined
the cellular technology and the oscillating heat pipe. The experimental data demonstrates that the
average efficiency of this design is higher than the vacuum pipe oscillating heat pipe.

The present paper introduces a solar collector of oscillating heat pipes in a flat, compact structure.
The redesign of the element structure, arrangement and thermal properties of the solar collector are
discussed. This purpose of the design includes the increase of the heat absorption area, improvements
of the solar heat absorption efficiency, and frost resistance. The structure of this paper is as follows:
the second part introduces the experimental device design and measurement methods; the third
part analyzes and discusses the experimental measurement results with the influential parameters
of the solar collector and water heating system; the fourth part summarizes the findings of the
experimental research.

2. Experimental Design and Methods

2.1. Experimental Design

The oscillating heat pipe solar collector with flat-plate type is made of a copper capillary tube.
Figure 1 shows the design of the oscillating heat pipe, the outdoor experimental facility and the relative
apparatus of the solar collector, including the positions of the thermocouples. The oscillating heat
pipe is made up of a capillary tube with a 5 mm outer diameter, 3 mm inner diameter and 16 elbows
with a diameter of 18 mm. The total length of the pipe expansion is 19,231 mm. The length of the
oscillating heat pipe is 1200 mm, of which the length of the heating section is 1000 mm, with the
length of the cooling section being 100 mm, which is set in the pressure channel. After processing the
oscillating heat pipe, a molecule pump is needed for vacuuming. Since the total length of the heat pipe
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is more than ten meters, the pipe diameter is small, and the actual vacuum in the heat pipe is 10−3 Pa.
Distilled water with high purity is used as the working medium, with a liquid filling rate of 50% and
a filling rate error of ±2%. It is equipped with thin copper fins in the endothermic section, and is
coated with a selective absorption coating on the copper sheet. The absorption rate of the coating
exceeds 0.9, enhancing the absorption of solar radiation. The water does not directly pass behind the
heat absorbing surface of the collector, effectively solving the problem of freezing in winter, and also
potentially solving problems such as corrosion and crusting of the collector.
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Figure 1. The design of oscillating heat pipe with 16 elbows and thermocouples (a), and the outdoor
experimental facility of the solar collector of the oscillating heat pipe in a flat-plate structure (b).

The schematic diagram of the solar water heating system is shown in Figure 2. The system
mainly comprises: a solar collector body, an oscillating heat pipe and a copper plate, a double vacuum
glass cover plate, a heat insulating material, and a bracket. The measuring equipment includes: total
radiometer, anemorumbometer, computer, data collector, thermocouple, and so on. The collector
consists of four oscillating heat pipes side by side. The heat pipe heat absorption section is placed
under the glass cover plate, and the cooling section is placed in the water tank. The water tank shell
material is stainless steel, which is 3 mm thick and can withstand inside pressure of 0.6 MPa or more.
The collector and the external contact parts are tightly and completely wrapped in polyurethane foam
material, which has a good thermal insulation function. Three measuring points are arranged at
the inlet and outlet of the collector to measure the temperature variation. Sixteen measuring points
are located at different parts of the heating section of the oscillating heat pipe. Another ambient
temperature measuring point is located near the collector. In addition, a temperature measuring point
is also located on the upper side of the glass cover to calculate the energy dissipation of the cover.
The position and function of all the experimental apparatus and measurement points employed are
displayed in Table 1. The structure can be rigidly connected, so that the collector has the capacity to
withstand the pressure change during the forced circulation process.
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Figure 2. The schematic diagram of the solar water heating system.

Table 1. The experimental apparatus and measurement points employed in the experiment.

Name Position Function

Anemorumbometer Experimental environment Wind speed and direction
Bracket Under the solar collector Weight support and angle adjustment

Circulating pump Front of the inlet of solar collector Provide of circulating water

Cooper plate Above the oscillating heat pipe Absorb the solar energy and transfer it
to oscillating heat pipe

Data collecting system N/A Resolution ratio 0.01 ◦C
Double vacuum glass cover plate Above the cooper plate Reduction of the heat loss

Flow meter Between the circulating pump and inlet
of solar collector

Type: LWGY-25
Accuracy: ±1%

Heat insulating material Surrounding the water tank Reduction of heat loss
Hot water storage tank After the outlet of solar collector Water storage

Total radiometer Experimental environment Radiation irradiance
Thermocouples Inlet and outlet of the solar collector Water temperature measurement
Solar collector Unobstructed position Collecting the solar energy

2.2. Experimental Methods

The Chinese experimental standard for the method of the thermal properties of the solar collector
is adopted in the present experimental research. During the experiment, the total intensity of solar
radiation on the solar collector is required to be more than 700 W/m2, but its variation should be less
than ±50 W/m2. To improve the accuracy and reliability of experiments, we determine to conduct a
thermal efficiency experiment if the radiation intensity exceeds 800 W/m2. The ambient wind speed
cannot exceed 4 m/s. Therefore, the time range from 10:00 to 14:00 is chosen in Beijing, China in
July and early August. To maximize the annual efficiency of the solar collector and obtain the most
solar radiation, the inclination angle of the collector is arranged within the range of ±10◦ of the local
latitude. Because the latitude of Beijing is 39◦26’ N, we set the solar collector inclination angle to be
40◦ for the best angle for collecting solar energy. Here, the inclination angle of the solar collector is
defined as the angle between the solar collector and the horizontal direction. The arrangement of the
collector faced the south direction with no obstruction around the experimental facility.

The Chinese standard stipulates that at least four uniformly inlet temperature measurement points
should be set between 75 ◦C and the atmosphere temperature. The temperature difference between
the inlet of the collector and the atmosphere should be less than ±3 ◦C. Therefore, we chose the 7 inlet
water temperature points, 35 ◦C, 40 ◦C, 45 ◦C, 50 ◦C, 55 ◦C, 60 ◦C, respectively, as our measurement
points. The experiment of thermal properties should be carried out using the following steps.

First, a sun shield is selected to partially block the lighting surface of the collector. The distance
between the sun shield and the lighting surface of the collector is 10 cm. The collector contains
circulating water at ambient temperature to remove the heat from the collector as much as possible.
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When the temperature at the inlet and outlet of the collector is the same (i.e., the temperature difference
does not exceed 1 ◦C in the actual measurement) and can be maintained, it is considered that the
collector has entered a stable state and the experiment can be started.

Second, the inlet temperature of the collector is adjusted to the same inlet water temperature as
the ambient temperature (i.e., the temperature difference is less than 1 ◦C). We adjust the working
fluid flux to 72 L/h and keep it constant.

Third, when it is observed that the solar radiance exceeds 800 W/m2 and there is no large area of
cloud cover, the sun shield on the lighting surface of the collector is removed, and the experimental
data is collected.

2.3. Error Analysis of the Experiment

Error analysis needs to be considered in the experimental process. The relationship between
instantaneous efficiency and the corresponding parameters is:

η = f (m, Cp, ∆T, An, G). (1)

Here, η is the instantaneous efficiency of the solar collector; m represents the mass flow of the
working medium; Cp represents the capacity of the working medium at average temperature; ∆T is
the temperature variation between the inlet and the outlet of the solar collector; An is the daylighting
area of the collector; G represents the radiation intensity on the solar collector. When both sides of
Equation (1) are differentiated, we get:

dη

η
=

dm
m

+
dCp

Cp
+

dt
t
− dAn

An
− dG

G
. (2)

Based on the transitive relation, the simplified format of Equation (2) could be:
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=
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m

)2
+

(
∆Cp

Cp

)2
+

(
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t

)2
+

(
∆A
A

)2
+

(
∆G
G

)2
. (3)

We classify the error parameters into five categories: ∆m/m is the volume measurement error;
∆Cp/Cp is regarded as the physical parameter error; ∆t/t is the temperature measurement error;
∆A/A is the length measurement error; ∆G/G is the solar radiation measurement error. The averages
of the various error parameters are as shown in Table 2. The relative error of the instantaneous efficiency
of the solar collector of oscillating heat pipe is ±3%, according to Equation (3), which demonstrates
that the experimental results are reliable.

Table 2. The relative error parameters of solar collector.

Name ∆m/m ∆Cp/Cp ∆t/t ∆A/A ∆G/G

Value 0.02 0.0025 0.1 0.017 0.009

3. Results and Discussion

3.1. Startup Temperature of the Oscillating Heat Pipe

The startup temperature of the oscillating heat pipe is key to thermal properties of the solar
collector. Generally, the lower the startup temperature, the better the thermal properties of the collector
should be. Therefore, to set a reasonable startup temperature is important to optimize the thermal
performance of the collector. To obtain accurate experimental data, the electric heating system is
employed to simulate the solar radiation in this section.

The startup temperature of oscillating heat pipe changing with the heating power for three
inclination angles is shown in Figure 3. The inclination angles of 0 and 90 degrees represent the
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horizontal and vertical directions of the solar collector, respectively. The startup temperature gets
higher with the increase in heating power. This is because the inside of the oscillating heat pipe is in a
state in which vapor and liquid coexist. The main source of startup is the evaporation of the liquid,
which causes the steam column to expand. When the pressure reaches a certain level, the expanded
steam column will displace the liquid column, and the heat pipe starts the oscillation. When the
inclination angle of the collector becomes larger, the pressure of the vapor-liquid interface in the
oscillating heat pipe increases, and its corresponding saturation temperature also increases. Therefore,
the required startup temperature rises with inclination angle increase.
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Figure 4 shows the thermal resistance of the solar collector changing with the heating power for
different inclination angles. Except when the inclination angle is 0 degrees, the thermal resistance of
the oscillating heat pipe at the same inclination angle decreases with increasing heating power of the
heating section. Therefore, the pressure and temperature differences of the cooling and heating section
increase. In addition, the working medium in the oscillating heat pipe is clearly oscillating. As heating
power is further increased, the heat transfer capacity will slowly approach the limit.

In case of the 0◦ inclination angle, if the heating power is lower than 100 W, the heat resistance in
the oscillating heat pipe gradually decreases as the power increases. When heating power exceeds
100 W, the thermal resistance in the oscillating heat pipe gradually increases with the power increase.
The main reason for this is that when the inclination angle is 0◦, gravity no longer provides extra
power for the oscillating heat pipe. When the electric heating power is too high, the working medium
of the heating section is evaporated too much. Therefore, the alternating structure of the steam column
and the liquid column is destroyed, causing the heat transfer of the oscillating heat pipe to deteriorate.
Therefore, the thermal resistance is significantly increased in the high heating power range.
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3.2. Instantaneous Efficiency of the Solar Collector

When the collector operates in steady-state status, the ratio of effecitve power for heating water
to the solar radiation power received by the collector surface is called instantaneous efficiency of the
solar collector.

η =
Q

AnG
=

mcp∆T
AnG

(4)

The instantaneous efficiency of the solar collector of the oscillating heat pipe needs to be expressed
as the function of normalized temperature. When using the inlet temperature Ti of the collector,
the normalized temperature difference can be expressed as:

T = (Ti − Ta)/G (5)

Here, Ta is the ambient temperature at the same moment. After obtaining the instantaneous
efficiency and normalized temperature of the solar collector, we can fit the curve using the least squares
method as:

Y = Y0 − uT (6)

Table 3 shows the experimental data, which are useful for calculation of the instantaneous
efficiency of solar collector.

Table 3. Experimental data for instantaneous efficiency of solar collector.

Ti (◦C) To (◦C) m (L/h) G (W/m2) Ta (◦C) T (m2·K/W)

30.12 37.56 72.1 705.01 30.217 0.000855 0.74
35.13 42.14 72.2 789.5 32.68 0.003069 0.695
40.01 46.86 71.8 772.6 34.39 0.007281 0.687
45.17 51.54 72.2 727.4 31.53 0.018748 0.68
49.99 56.38 72.2 812.1 32.28 0.021814 0.613
55.13 60.89 72.1 843.2 33.81 0.025295 0.532
59.97 64.53 72.2 709.6 34.68 0.035647 0.501

Figure 5 shows the instantaneous efficiency of the solar collector of oscillating heat pipe according
to the experimental data. The intercept of the efficiency curve is 0.743 with the heat loss coefficient of
the collector being 6.58, solving the problem of large heat loss on the surface of the flat-plate collector.
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The solar collector can still guarantee a thermal efficiency of more than 50% with the inlet temperature
of 60 ◦C, which solves the problem of low efficiency.
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According to the data in Figure 5, the fitting curve of the instantaneous efficiency will be:

Y = 0.743 − 6.58T = 0.743 − 6.58
Ti − Ta

G
. (7)

Equation (7) represents the variation of instantaneous efficiency of solar collector changing
with the normalized temperature T. T reflects the relationship between the inlet water temperature,
the ambient temperature and the radiation intensity in Equation (5). It can be found that with the
increase of inlet water temperature, the instantaneous efficiency decreases. This is due to the smaller
difference between the inlet water temperature and the outside temperature will deteriorate the effect
of heat transfer of the oscillating heat pipe. When the ambient temperature is increased, less energy
is needed to heat the water and increase the efficiency of the solar collector. In addition, the impact
of the solar intensity is similar to the ambient temperature. Table 4 displays comparisons of different
experiments in the literature. η0 and U represent the intercept of the fitting curve and heat loss
coefficient respectively. Based on these comparisons, it can be found that that the efficiency of the
present solar collector is 0.743, which is superior to the similar products in the table. However, the heat
loss of the present design is a little higher than the experiment in Ref. [22], but lower than others.
The reason for this is that the middle layer between the oscillating heat pipe and the cover in the solar
collector of Ref. [22] is a vacuum. This design improves the insulation of the system, but it will take
extra energy and raise the industrial cost. the instantaneous efficiency of the present solar collector is
very high.

Table 4. The comparisons of performance of solar collectors of oscillating heat pipes in flat-plate
structures in the literature.

Number η0 U

1 [22] 0.70094 4.604
2 [25] 0.7255 10.23
3 [32] 0.62 8.56
4 [33] 0.66 9.57
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3.3. Thermal Properties of the Water Heating System

In this section, the thermal properties of the water heating system are studied experimentally.
Before the start of the experiment, the cooling water and the hot water supply from the water heating
system are turned off to maintain the water volume of the entire system. Using the circulating
pump, the water in the water tank is circulated and the circulation flux is controlled at 72 L/h. The
experiment lasted from 8:00 to 16:00. The data, including solar irradiance and water temperature
measured by each instrument, were recorded every half hour. Figure 6 describes the variation of the
temperature of the water in the water tank (vertical axis on the left) and the solar radiation (vertical
axis on the right) changing with time. The ambient temperature was 24.72 ◦C at the beginning of
the experiment. The maximum radiation intensity was 797.4 J/m2 with the wind speed of 2.798 m/s
during the experiment.
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The results show that the temperature variation experienced three stages during the daytime.
Firstly, the water temperature increased very slowly before 9:00. This is because the solar intensity
was relatively low, and the oscillating heat pipe collector needs some time to absorb the solar energy.
Only when the temperature exceeds the startup temperature of the oscillating heat pipe collector,
will it start to collect solar energy. During this process, heat conduction is the major means of heat
transfer, and the different parts of the solar collector start to absorb heat. Therefore, the energy for
heating the water is not enough at this stage. Secondly, from 9:00 to 14:00, the water temperature of
the water tank increases smoothly and rapidly. This is because the oscillating heat pipe solar collector
is completely in work status, after achieving the startup temperature. The means of heat transfer
changes to phase-change heat transfer in the oscillating heat pipe, with very high efficiency. Finally,
the temperature of the water in the water tank decreases gradually following a modest increase after
14:00. The decrease of the solar radiation decreases the thermal properties of the solar collector by
reducing the temperature between the heating and condensation sections of the collector. In addition,
because of the reduction of the solar radiation, the ambient temperature starts to decrease. The heat
dissipation of the water heating system to the environment increases, which makes it difficult to further
increase the water temperature of the water tank.

Figure 7 shows the hourly efficiency of the water heating system and the solar irradiance changing
with time. It can be seen that the hourly efficiency of the water heating system is not proportional to
the solar irradiance. Before 9:30, the temperature difference between the water and the environment is
small. At that time, the heat loss of the whole system is also small. Because the solar irradiance and the
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heat obtained by the collector gradually increases, the hourly efficiency of the water heating system
increases. The maximum value of the hourly efficiency reached 0.69 at 9:30. During the time between
9:30 to 13:00, the intensity of the solar irradiance continues to increase, but the effective heat increase
rate of the system is slower than the increase rate of the solar irradiance. This phenomenon results
in the hourly efficiency of the water heating system decreasing. After 13:00, due to the reduction of
the solar irradiance intensity, the water temperature of the water tank reaches a maximum value and
no longer absorbs heat. After 14:00, because the solar irradiance and ambient temperature decrease,
the temperature difference between the water tank and the atmosphere increases. The external heat
dissipation of the system is increased resulting in a negative systemic hourly efficiency. The variation
of the efficiency by hour reflects optimal operation conditions of the water heating system, and the
solar irradiance change and water temperature determine this condition.
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4. Conclusions

In the present paper, a novel oscillating heat pipe solar collector with a flat-plate structure is
experimentally studied under low-temperature conditions. Stainless steel is adopted as the shell
of the solar collector to avoid corrosion and pressure resistance problems. The surface coating and
double-glazed cover are added to improve the total solar absorption. Several heating and condensation
sections made of 16 elbows are set in the pipe to adjust the shape of the collector and improve the
heat transmission. The results show that the instantaneous efficiency curve intercept of the collector
is 0.743, and the instantaneous efficiency is 0.501, with inlet water temperature of 60 ◦C, which is
superior to many other similar designs. Based on the systematic error analysis, the relative error of
the measured efficiency is ±5.1%, indicating that the experimental data is highly reliable. Finally,
the efficiency of the water heating system is also shown in Section 3.3, and the relation between the
system efficiency and the radiation irradiance is analyzed. According to the experimental results,
the oscillating heat pipe solar collectors and the water heating system show great potential for future
water and heat supply systems in building integration, and highly effective utilization of solar energy
under low-temperature conditions.

Author Contributions: Conceptualization, X.H. and G.Y.; Methodology, G.C. and G.Y.; Validation, G.Y.; Formal
analysis, G.C.; G.Y.; Resources, D.X.; Writing-Original Draft Preparation, G.Y. and G.C.; Writing-Review & Editing,
G.Y. and G.C.; Project Administration, D.X.; Supervision, X.H.



Energies 2018, 11, 2553 11 of 12

Funding: This research was funded by [Fundamental Research Fund for Central Universities] grant number
[2017XS063].

Acknowledgments: We acknowledge the relative administrative support of the Technology Department of
North China Electric Power University. In this section you can acknowledge any support given which is
not covered by the author contribution or funding sections. This may include administrative and technical
support, or donations in kind (e.g., materials used for experiments). State Grid Science and Technology Program
(No. GTLN201706-KJXM001) is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lewis, N.S. Research opportunities to advance solar energy utilization. Science 2016, 351, aad1920. [CrossRef]
[PubMed]

2. Chwieduk, D. Solar energy utilization. Opto-Electron. Rev. 2004, 12, 13–20.
3. Odeh, S.D.; Morrison, G.L.; Behnia, M. Modelling of parabolic through direct steam generation solar

collectors. Sol. Energy 1998, 62, 395–406. [CrossRef]
4. Mills, D.R.; Morrison, G.L. Compact linear Fresnel reflector solar thermal powerplants. Sol. Energy 2000,

68, 263–283. [CrossRef]
5. Xu, C.; Wang, Z.; Li, X.; Sun, F. Energy and exergy analysis of solar power tower plants. Appl. Therm. Eng.

2011, 31, 3904–3913. [CrossRef]
6. Stine, W.B.; Diver, R.B. A Compendium of Solar Dish/Stirling Technology (No. SAND-93-7026); Sandia National

Labs: Albuquerque, NM, USA, 1994; pp. 55–56.
7. Ekechukwu, O.V.; Norton, B. Review of solar-energy drying systems III: Low temperature air-heating solar

collectors for crop drying applications. Energy Convers. Manag. 1999, 40, 657–667. [CrossRef]
8. Esen, M. Thermal performance of a solar cooker integrated vacuum-tube collector with heat pipes containing

different refrigerants. Sol. Energy 2004, 76, 751–757. [CrossRef]
9. Kumar, R.; Rosen, M.A. A critical review of photovoltaic–thermal solar collectors for air heating. Appl. Energy

2011, 88, 3603–3614. [CrossRef]
10. Sopian, K.; Liu, H.T.; Kakac, S.; Veziroglu, T.N. Performance of a double pass photovoltaic thermal solar

collector suitable for solar drying systems. Energy Convers. Manag. 2000, 41, 353–365. [CrossRef]
11. Liu, B.Y.; Jordan, R.C. The long-term average performance of flat-plate solar-energy collectors: With design

data for the US, its outlying possessions and Canada. Sol. Energy 1963, 7, 53–74. [CrossRef]
12. Akachi, H. Structure of a Heat Pipe. U.S. Patent No. 4,921,041, 1 May 1990.
13. Akachi, H. Structure of Micro-Heat Pipe. U.S. Patent No. 5,219,020, 15 June 1993.
14. Mito, T.; Natsume, K.; Yanagi, N.; Tamura, H.; Tamada, T.; Shikimachi, K.; Hirano, N.; Nagaya, S.

Achievement of high heat removal characteristics of superconducting magnets with imbedded oscillating
heat pipes. IEEE Trans. Appl. Supercond. 2011, 21, 2470–2473. [CrossRef]

15. Natsume, K.; Mito, T.; Yanagi, N.; Tamura, H. Development of a flat-plate cryogenic oscillating heat pipe for
improving HTS magnet cooling. Phys. Procedia 2013, 45, 233–236. [CrossRef]

16. Natsume, K.; Mito, T.; Yanagi, N.; Tamura, H.; Tamada, T.; Shikimachi, K.; Hirano, N.; Nagaya, S. Heat
transfer performance of cryogenic oscillating heat pipes for effective cooling of superconducting magnets.
Cryogenics 2011, 51, 309–314. [CrossRef]

17. Clement, J.; Wang, X. Experimental investigation of pulsating heat pipe performance with regard to fuel cell
cooling application. Appl. Therm. Eng. 2013, 50, 268–274. [CrossRef]

18. Burban, G.; Ayel, V.; Alexandre, A.; Lagonotte, P.; Bertin, Y.; Romestant, C. Experimental investigation of a
pulsating heat pipe for hybrid vehicle applications. Appl. Therm. Eng. 2013, 50, 94–103. [CrossRef]

19. Noie-Baghban, S.H.; Majideian, G.R. Waste heat recovery using heat pipe heat exchanger (HPHE) for surgery
rooms in hospitals. Appl. Therm. Eng. 2000, 20, 1271–1282. [CrossRef]

20. Bienert, W.B. The heat pipe and its application to solar receivers. Electr. Power Syst. Res. 1980, 3, 111–123.
[CrossRef]

21. Abreu, S.L.; Colle, S. An experimental study of two-phase closed thermosyphons for compact solar domestic
hot-water systems. Sol. Energy 2004, 76, 141–145. [CrossRef]

22. Riffat, S.B.; Zhao, X.; Doherty, P.S. Developing a theoretical model to investigate thermal performance of a
thin membrane heat-pipe solar collector. Appl. Therm. Eng. 2005, 25, 899–915. [CrossRef]

http://dx.doi.org/10.1126/science.aad1920
http://www.ncbi.nlm.nih.gov/pubmed/26798020
http://dx.doi.org/10.1016/S0038-092X(98)00031-0
http://dx.doi.org/10.1016/S0038-092X(99)00068-7
http://dx.doi.org/10.1016/j.applthermaleng.2011.07.038
http://dx.doi.org/10.1016/S0196-8904(98)00094-6
http://dx.doi.org/10.1016/j.solener.2003.12.009
http://dx.doi.org/10.1016/j.apenergy.2011.04.044
http://dx.doi.org/10.1016/S0196-8904(99)00115-6
http://dx.doi.org/10.1016/0038-092X(63)90006-9
http://dx.doi.org/10.1109/TASC.2010.2100356
http://dx.doi.org/10.1016/j.phpro.2013.05.010
http://dx.doi.org/10.1016/j.cryogenics.2010.07.001
http://dx.doi.org/10.1016/j.applthermaleng.2012.06.017
http://dx.doi.org/10.1016/j.applthermaleng.2012.05.037
http://dx.doi.org/10.1016/S1359-4311(99)00092-7
http://dx.doi.org/10.1016/0378-7796(80)90027-9
http://dx.doi.org/10.1016/j.solener.2003.02.001
http://dx.doi.org/10.1016/j.applthermaleng.2004.08.010


Energies 2018, 11, 2553 12 of 12

23. Deng, Y.; Zhao, Y.; Wang, W.; Quan, Z.; Wang, L.; Yu, D. Experimental investigation of performance for the
novel flat plate solar collector with micro-channel heat pipe array (MHPA-FPC). Appl. Therm. Eng. 2013,
54, 440–449. [CrossRef]

24. Azad, E. Assessment of three types of heat pipe solar collectors. Renew. Sustain. Energy Rev. 2012,
16, 2833–2838. [CrossRef]

25. Hussein, H.M.S.; El-Ghetany, H.H.; Nada, S.A. Performance of wickless heat pipe flat plate solar collectors
having different pipes cross sections geometries and filling ratios. Energy Convers. Manag. 2006, 47, 1539–1549.
[CrossRef]

26. Wong, T.N.; Tong, B.Y.; Lim, S.M.; Ooi, K.T. Theoretical modeling of pulsating heat pipe. In Proceedings of
the 11th International Heat Pipe Conference, Tokyo, Japan, 12–16 September 1999; pp. 159–163.

27. Zuo, Z.J.; North, M.T.; Wert, K.L. High heat flux heat pipe mechanism for cooling of electronics. IEEE Trans.
Compon. Packag. Tech. 2001, 24, 220–225. [CrossRef]

28. Ma, Y.; Zhang, H. Analysis and assumption of liquid film in oscillating heat pipe model. Chem. Eng. 2010,
38, 22–25.

29. Lu, W.; Guo, H.; Zhang, Z.; Li, X. Thermal properties of the solar collector of the gravity heat pipe in flat-plate
structure. Acta. Energy Sol. Sinica. 1983, 1, 148–157.

30. Hu, Y.; Wei, L.; Hong, R.; Wang, S. Research on the flat-plate type solar water heater of vacuum glass cover.
Therm. Sci. Tech. 2005, 4, 178–182.

31. Wang, S.; Hu, Y.; Yu, Z. Experimental study on the solar energy water heater of cellular heat pipes. Energy Eng.
2003, 6, 15–17.

32. Rittidech, S.; Wannapakne, S. Experimental study of the performance of a solar collector by closed-end
oscillating heat pipe (CEOHP). Appl. Therm. Eng. 2007, 27, 1978–1985. [CrossRef]

33. Wei, L.; Yuan, D.; Tang, D.; Wu, B. A study on a flat-plate type of solar heat collector with an integrated heat
pipe. Sol. Energy 2013, 97, 19–25. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.applthermaleng.2013.02.001
http://dx.doi.org/10.1016/j.rser.2012.02.001
http://dx.doi.org/10.1016/j.enconman.2005.08.009
http://dx.doi.org/10.1109/6144.926386
http://dx.doi.org/10.1016/j.applthermaleng.2006.12.005
http://dx.doi.org/10.1016/j.solener.2013.07.025
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Design and Methods 
	Experimental Design 
	Experimental Methods 
	Error Analysis of the Experiment 

	Results and Discussion 
	Startup Temperature of the Oscillating Heat Pipe 
	Instantaneous Efficiency of the Solar Collector 
	Thermal Properties of the Water Heating System 

	Conclusions 
	References

