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Abstract: Developing renewable energy technologies, especially solar technology, is of vital impor-
tance to cope with increasing energy consumption. The existing solar thermal systems have the
disadvantages of capturing solar energy inefficiently and needing additional pumping power to
circulate the working fluid. A concept of a direct absorption pump-free solar thermal system that
combines the advantages of nanoparticles and pulsating heat pipes (PHP) is proposed in this work.
The effects of a variety of parameters including nanoparticle types, nanoparticle concentration, and
nanofluid filling rate on the performance of PHP were studied. It was found that PHP has the best
filling rate (80-90%) making the best heat transfer performance and minimizing the thermal resistance.
The concentration of nanoparticles affects the input power of the pulsating heat pipe and thus the
operation of the PHP. The nanofluid with relatively low concentration cannot absorb enough solar
energy to drive the PHP to operate normally. Experimental research shows that the new solar thermal
system can absorb solar energy efficiently and transfer the heat into the targeted area spontaneously,
which may be an approach for future solar thermal utilization.

Keywords: PHP; solar energy; nanofluids; direct absorption

1. Introduction

The development of renewable and sustainable energy, especially solar energy, has
become crucial to meet the accelerating world’s energy consumption [1]. There are three
categories of solar energy conversion and utilization methods in common use: solar ther-
mal/photothermal (ST/PT), photovoltaic (PV), and photochemistry (PC). Solar thermal
systems (STSs) occupy a large share [2]. In 2020, the total installed capacity of solar energy
in the world was about 1451 GW, and the solar thermal utilization was about 522 GW, which
accounts for 36% of the total installed capacity [3]. However, a traditional STS has two main
disadvantages. One is that the process efficiency limitations of an STS in converting solar
radiation to the internal energy of the working fluid has limitations, including the efficiency
limitation of the solar absorber to capture solar radiation and the efficiency limitation of
the heat energy transfer to the working fluid [4,5]. A traditional STS absorbs solar energy
by adding a coating on the collector surface, which leads to the highest temperature at the
surface of the collector and the lowest temperature at the center of the working fluid [6,7],
resulting in high heat loss and large thermal resistance. The other disadvantage of the
traditional STS is that extra pump power is required to drive the fluid circulation for the
heat transfer, which further increases the energy consumption of the system. Therefore, it
is necessary to develop novel solar thermal systems that can address these disadvantages
in order to improve the photothermal utilization efficiency.

A pulsating heat pipe (PHP), first proposed in the 1990s [8], is an ideal choice to
achieve pump-free heat transfer. A PHP has the advantages of a simple structure, low cost,
high flexibility, and great heat transfer performance [9-11]. A PHP is composed of long
capillary tubes bent into multiple bends, and the fluid circulation is driven by the bubble

Energies 2022, 15, 9153. https:/ /doi.org/10.3390/en15239153

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15239153
https://doi.org/10.3390/en15239153
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-4877-3606
https://doi.org/10.3390/en15239153
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15239153?type=check_update&version=1

Energies 2022, 15, 9153

20f15

expansion of the evaporator section and the contraction of the condenser section without
additional pumping power [12,13]. Some researchers have attempted to use PHPs to
transfer solar energy and have verified their feasibility [14-16]. However, these researchers
used PHPs to directly replace the water pipes or collector tubes in conventional solar
collectors, which makes the solar energy not a direct heat source for the OHP, but first
absorbs radiation through the surface of the collector thus driving the OHP operation to
transfer heat. In addition, different from PHPs, Boris V. Balakin et al. [17] used magnetic
nanofluids to achieve pump-free heat transfer. However, the system required a magnetic
coil with additional power consumption to generate an external magnetic field to drive the
system cycle.

In order to reduce the thermal resistance in converting solar energy into heat energy
of the working fluid, researchers have proposed the concept of direct absorption heat
collection (DASC) based on nanoparticles [18-21], i.e., volumetric absorption by adding
nanoparticles into the working fluid. Most working fluids (such as water, ethanol, etc.)
have a weak absorption capacity for solar radiation [22]. The addition of a lower-volume
fraction of nanoparticles to the working fluid can significantly improve the photo-thermal
conversion efficiency of the fluid due to the properties of small size and large specific
surface effect of nanoparticles [19,20,23-26]. In addition, the solar energy conversion
efficiency can be further significantly improved by designing the solar absorption spectrum
in the nanoscale [27-29]. Certain metal nanoparticles, such as Ag and Au, have received
widespread attention due to their surface plasmon resonance effects (SPR).

In addition, nanofluids will quickly generate steam under solar radiation [30-33],
which is also beneficial to the operation of PHPs. It has been demonstrated that rapid steam
production is realized under focused sunlight while the bulk fluid is still in the subcooled
state [34-36], which means that only a small part of solar energy is used to increase the
bulk fluid temperature. Using solar energy to generate steam has gradually attracted the
attention of scholars worldwide [37-40]. Compared with the traditional steam-generating
device, the use of nanofluids and solar energy not only reduces the use of fossil energy
but also eliminates the need for high temperatures that can generate significant heat loss.
Researchers have proposed the hypothesis of nanobubbles to explain the generation of
vapor. The rapid heating of nanoparticles generates nanobubbles around the nanoparticles
and the nanobubbles rise to the upper surface of the liquid, thereby releasing the generated
vapor [41-43]. It has been proved that under the heating of an intensive laser, bubbles
are indeed generated around the heated nanoparticles [44]. However, it has recently been
discovered that nanobubbles will not be generated under a relatively low heat flux [45].
Jin et al. [6] found that the generation of steam is mainly caused by the highly uneven
distribution of temperature and radiant energy through the combination of experiments and
mathematical models. This uneven distribution also leads to uneven pressure distribution
in PHPs, which promotes PHP operation, theoretically.

This paper proposes a novel solar thermal utilization system that combines the con-
cepts of DASC and PHP based on nanofluids. This system realizes volume absorption by
filling a transparent capillary glass tube with nanofluid, thereby greatly improving the
process efficiency of converting solar radiation into the internal energy of the working fluid.
Meanwhile, it also has the advantages of the PHP in that the heat transfer is achieved by
the expansion and contraction of the gas plugs and the liquid slugs in the PHP without
additional pump power. In our previous study [46], the feasibility of this system has been
verified under outdoor natural concentrated sunlight. Limited by the experimental equip-
ment, the experimental conditions were relatively rough and difficult to adjust, so there is a
lack of comparative studies of the system performance. In this paper, we have conducted
extensive research on this novel system under the laboratory conditions using an solar
simulator, investigating the influence of nanofluid type, nanofluid concentration, and PHP
filling rate on the system performance, and analyzing the PHP temperature distribution,
the movement of the gas plugs and the liquid slugs in the PHP, and the thermal resistance.
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The novel system has the potential to be a new type of solar collector with the advantages
of volume absorption, no pump, and compactness.

2. Experimental System

Ag nanoparticles (AgNPs) and multi-walled carbon nanotubes (MWCNT), which
have a strong ability to absorb sunlight, are selected to prepare different nanofluids to fill
PHPs. The two-step method is used to prepare stable nanofluids. First, the powder is
dispersed in deionized water (DI water) and placed in an ultrasonic bath (ThermoFisher
Scientific, FB11207) for 30 min. Next, the dispersion is treated with a 50% power ultra-
sonic cell disruption (UCD) system (ThermoFisher Scientific, FB705) for 2 h. After the
nanofluids preparation, they are characterized using scanning electron microscope (SEM)
(JEM-1200EX), transmission electron microscope (TEM) (Tecnai G2 F20 S-TWIN), and UV
spectrophotometer (Shimadzu UV-1800). The distribution, particle size, and spectral ab-
sorption characteristics of the nanoparticles in nanofluid can be obtained, respectively, as
shown in Figures 1 and 2. The change in absorbance is compared after the nanofluids are
left to stand for 2 months, and the difference is less than 1%, indicating its good stability.
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Figure 1. (A) TEM image for AgNPs; (B) SEM image for MWCNTs.
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Figure 2. (A) Spectral-dependent absorbance of silver and MWCNT nanofluids under different
volume fractions; (B) Absorption peak of silver nanofluids at different concentrations.
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The PHP is made of solar-grade quartz with high light transmission and excellent
thermal insulation performance. The PHP capillary pipes have the inner diameter of 2
mm and a pipe length of 200 mm. As shown in Figure 3, the PHP has 12 pipes, which are
numbered 1 to 12 from left to right. The average temperature of the evaporation section of
pipes 1,2, 11, and 12 is recorded as edgel, the average temperature of pipes 3,4, 9, and 10
is recorded as edge2, and the average temperature of pipes 5 to 8 is recorded as the center.
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edgel
Figure 3. (A) Apparatus of PHP and temperature statistics group setting; (B) photograph of PHP.

As shown in Figure 4, a solar simulator (ABET sun3000) is used to simulate sunlight,
and a Fresnel lens (China Shenzhen Meiying Technology Co., Ltd.) is used to condense the
sunlight, with a focal length of 100 cm and a condensing factor of 25. An infrared camera
(Fluke Tix 640, 30 mm lens) with an accuracy of £0.1 °C is used to capture the temperature
distribution and variations of PHP. In order to record the bubble generation and increase
process, a high-performance video camera (Canon EOS 70 D, 18-135 mm lens) is used
for recording. The methodology flowchart of the experiment is shown in Figure 5. Each
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Figure 4. (A) Experimental schematic of solar nanofluid pulsating heat pipe experiment; (B) pho-
tograph of solar nanofluid pulsating heat pipe experiment: 1. filling system; 2. solar simulator; 3.
Fresnel lens; 4. PHP; 5. infrared camera and video camera.
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Figure 5. The methodology flowchart.

3. Results and Discussion
3.1. Effect of Nanofluid Concentration

A series of controlled experiments are carried out to investigate the effect of nanofluid
concentration. The temperature variations of the PHP for different nanofluid concentrations
with the filling ratio of 80% are shown in Figure 6. Before the start of the experiment, the
temperature of each part of the PHP are the same as the ambient temperature, nearly
25 °C. Comparing Figure 6A,B, it can be found that the temperature variations of the PHP
filled with DI water and 0.001 wt% AgNPs are very similar. During the experiment, the
temperature of the working fluid steadily increased without oscillation, meanwhile, the
temperature of the condensation section remained almost unchanged. The main reason
is that the start-up of the PHP does not occur for the experimental period. The working
fluid in the evaporation section cannot reach the condensing section, so the heat is mainly
transferred by conduction. Therefore, the temperature of condensing section cannot have
a noticeable increase due to the high thermal resistance. In addition, since the spot area
is small after the sunlight is focused and cannot cover all the evaporation sections, the
center temperature in the evaporation section increases much faster than the edgel and
edge2 temperatures.
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Figure 6. Temperature variations of the PHP with the filling ratio of 80%: (A-D) filling with DI water,
0.001 wt% AgNPs, 0.01 wt% AgNPs, and 0.02 wt% AgNPs nanofluid, respectively. The inset shows
the photographs and infrared images 120 s after solar radiation.

As shown in Figure 6C, for the PHP filled with 0.01 wt% AgNPs, the temperature of
the evaporation section rises sharply when sunlight is applied. The center temperature of
the evaporation section reaches above 60 °C within 100 s, which is higher than the final
temperature in the experiment of the DI water case. After that, the center temperature
no longer increases drastically, but begins to fluctuate around 60 °C, which indicates that
PHP is already in operating condition at this time and begins to oscillate to transfer heat
from the evaporation section to the condensation section. As shown in Figure 6D, for
the PHP filled with 0.02 wt% AgNPs, the temperature of the evaporation section rises
faster. The center temperature of the evaporation section reaches 60 °C in only about 70 s,
and begins to fluctuate. The fluctuation is greater in magnitude and faster in frequency
than the fluctuation at the concentration of 0.01 wt%. Meanwhile, the temperature of the
condensation section increases significantly, which is also easily drawn from the comparison
of infrared images.

It can be seen that under the irradiation of low-concentrated solar intensity, the
operation of the PHP is greatly affected by the nanofluid concentration. The PHP filling
with low-concentration nanofluid cannot start-up within the experimental period. The main
reason for this phenomenon is that the addition of nanofluid increases the solar absorption
capacity while increasing the flow resistance of the working fluid. The low-concentration
nanofluid has no significant beneficial effect on the start-up and operation of the PHP. The
concentration of nanofluids needs to be high enough so that enough solar energy can be
captured to drive the PHP and improve its performance. The ability of the working fluid to
absorb solar energy improves with the increase in nanofluid concentration, which means
that the input power of PHP increases, thus directly affecting the operation of the PHP. As
a result, the start-up time of the PHP is shortened and the thermal resistance is reduced,
which will be analyzed in detail in Section 3.2.
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3.2. Heat Transfer Performance Analysis

Different from the conventional PHP, the energy transfer process of the solar nanofluid
PHP is that the solar energy is converted into thermal energy by volumetric absorption
in the evaporation section and then transferred to the condensation section by oscillating
motion. Therefore, the photothermal conversion efficiency of the nanofluid needs to
be analyzed. According to previous research [6,28], the nanoparticles in the nanofluids
should scatter sunlight independently, and the absorption and scattering coefficients can
be calculated according to the Mie scattering theory. The solar energy absorbed by the PHP
can be calculated by the following equation:

Qups = 77fy77177t77f15 (1)

where 7 is the photothermal conversion efficiency of each concentration of nanofluid, #;
is the efficiency of the Fresnel lens (17; = 95%, experimentally determined), and #; is the
ratio of the area of PHP in the condensing zone to the total area of the light spot, and 75 is
the filling rate of PHP. According to our previous works, 177, can be calculated:

- 0 Jom E(A) (1 - e—2K(Afv)r)dAdr

3 pum
RP fO.ZHum E(A)d)L

1, )

where Ry, E, and f; are the pipe radius of the PHP, the spectral emissive power, and the
nanoparticle concentration, respectively. « is the photothermal conversion coefficient of
nanofluid, which can be considered as the sum of the conversion coefficient of the base
liquid (DI water) and the conversion coefficient of the nanoparticles.

Substituting the absorbance measured by the spectrophotometer into the above for-
mula, the photothermal conversion efficiencies of each concentration of nanofluids and DI
water are calculated as shown in the table below.

The inner diameter of PHP should be small enough (such as 2 mm in the experiment)
for the working fluid to formulate gas plugs and liquid plugs. According to research [47],
the photothermal conversion efficiency is very sensitive to the optical path when the optical
path is less than 20 mm. For an optical depth of 2 mm, the photothermal conversion
efficiency is very low, which severely limits the performance of the PHP. It can be seen from
Table 1 that adding a small amount of nanoparticles in water can significantly improve the
photothermal conversion efficiency of the working fluid. When the concentration of Ag
nanoparticles is 0.001 wt% and 0.002 wt%, the photothermal conversion efficiency is close
to that of DI water, which is consistent with the result that the PHP does not oscillate and
the temperature variations are similar in the three cases of the experiments.

Table 1. Photothermal conversion efficiency of different nanofluids.

Ag Ag Ag Ag o
DIWater o001 wt%  0.002wit%  0.01wt%  0.02wt% IWCENTO5wt%
ny, 11.86% 12.2% 12.53% 16.42% 19.55% 70.74%

The system energy efficiency and thermal resistance can evaluate the heat transfer
capability of the system. The system efficiency is the percentage of the system output
energy to the input energy. For this work, the condensing section is naturally convection
cooled and the system has a large heat leakage, which makes it difficult to calculate the
system output energy, so the analysis of system energy efficiency is not shown here in
detail. In order to quantify the performance of heat transfer in different cases, the thermal
resistance of the PHP is calculated:

T, - T

R =
Qabs

®)
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where T,, T, are the average temperatures of the evaporation section and the condensation
section during the operation of the PHP. According to the error analysis method [48], the
uncertainty of thermal resistance can be calculated:

2 2
) () ®
R T, —T. I

In the formula, Uy is the uncertainty of thermal resistance, and Ut and U are the
uncertainty of temperature and sunlight intensity, respectively. The calculation shows that
% is less than 5% in each group of experiments; therefore, the error bars are not shown in
the relevant figures to ensure data clarity.

Figure 7 shows the thermal resistance of each concentration of nanofluid at different
filling rates. For DI water and relatively low-concentration nanofluids, the PHP does
not oscillate during the experiment as mentioned in Section 3.1. Therefore, the thermal
resistance is calculated theoretically from the thermal conductivity of the working fluid and
the results are relatively large. It can be seen from Figure 7 that the addition of nanofluid can
significantly reduce the thermal resistance of the PHP. However, when the concentration
of nanofluid is relatively low, the heat absorption of the evaporation section of the PHP is
not greatly improved and the PHP cannot operate. By comparing Figure 7 and Table 1, it
can be conclude that the thermal resistance of the PHP decreases with the improvement of
photothermal conversion efficiency of the nanofluid.
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Figure 7. Variation of the thermal resistance with the filling ratio for PHP filled with different nanofluids.

Previous studies have found that for the traditional PHP, the oscillation phenomenon
is only observed when the filling rate ranges from 20% to 80%. When the filling rate
exceeds the maximum filling rate, the PHP cannot start-up even with a high heat flow in the
evaporation section. The maximum filling rate of the conventional PHP is calculated [49]:

(Pmux = = (5)

For a given PHP, the maximum filling rate depends on the physical properties of the
working fluid and the operating temperature. It can be estimated from Equation (5) that
the maximum filling rate of the PHP with water as the working fluid is about 76% at an
operating temperature of 335 K.
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From the thermal resistance analysis, we found that for the nanofluid PHP of our ex-
periment, there exists an optimal filling rate to minimize its thermal resistance (10.617 K/W
at the filling rate of 30% for the PHP filled with 0.05 wt% AgNPs, 2.719 K/W at the filling
rate of 80%). The filling rate of the PHP determines the distribution of the liquid plugs and
gas plugs in the PHP. If the filling rate is too low, the evaporation section may burn out
and then hinder operation. In the experiment, the best filling rate is between 80% and 90%.
The optimal filling rate is higher than theoretical calculation and previous research [10].
The main reason is that the nanofluid is not only the working fluid of the PHP, but it also
plays the role of absorbing solar energy in this experiment. Therefore, the filling rate needs
to be higher so that more nanofluid can be in the evaporation section to capture enough
solar energy.

3.3. Temperature Fluctuation and Quasi-Sine Oscillation Analysis

The temperature fluctuation of each section of the PHP reflects the heat transfer
and operation process more visually. It can be seen from Figure 6 that when the PHP
is starting up, the temperature of the condensation section fluctuates around a certain
working temperature. Compared with the PHP filling with DI-water, we can reveal that
the addition of nanofluid increases the working temperature and reduces the working
temperature difference (between condensation section and evaporation section). As shown
in Figure 6C,D, it can be found that the working temperature in the case of 0.02 wt% is
about 68 °C, which is higher than the case of 0.01 wt% (62 °C). Furthermore, for the case
of 0.02 wt%, the period of temperature fluctuation becomes smaller and the amplitude
becomes larger. These findings suggest that the increase in the concentration improves
the absorption efficiency of the evaporation section, the heating power increases, and the
oscillation of the gas plug and liquid plug of the working fluid in the tube is enhanced.

In order to clearly observe the temperature fluctuation and quasi-sine oscillation, the
results of the PHP filling with 0.5 wt% MWCNTs were selected for analysis. As shown in
Figure 8, the temperature change curve of the four-part PHP shows obvious fluctuations.
With the PHP operating, the temperature of edgel is even lower than the condensation
section after running for about 100 s, as a result of the light spot not completely covering
the edge of the PHP. Taken together, the temperature fluctuation can be separated into
small-amplitude irregular fluctuations and quasi-sine fluctuations. The reason for the
small-amplitude irregular fluctuation is mainly the non-uniform and discontinuous small-
amplitude oscillation in the tube. For the quasi-sine fluctuations, the accompanying reverse
fluctuations between the evaporation section and the condensation section can be found
(as marked by arrows in Figure 8). The reverse fluctuations could be attributed to the
cycle in which the evaporation section absorbs heat to make the gas plug oscillate to the
condensation section to release heat, which is the ideal operating condition of the PHP.
The appearance of the reverse fluctuations indicates that the PHP has a good operating
performance, and the working fluid has quasi-sine motion in most moments.

Combined with the infrared images, as shown in Figure 9, in the beginning, the tem-
perature of the PHP is equivalent to the ambient temperature, around 25 °C. After applying
sunlight, the evaporation section of the PHP begins to heat up. Because the spot area
cannot cover the entire evaporation section, the temperature increases unevenly. After
30 s, the temperature in the evaporation section is already high, and the high-temperature
zone begins to extend to the condensation section. Then, 45 s later, the temperature of
the evaporation section decreases, and the condensation section begins to show a large
temperature rise, which indicates that part of the working fluid in the evaporation sec-
tion has flowed to the condensation section. The temperature of the evaporation section
continues to rise at 65 s. Then, the working fluid flows to the condensation section again
after 20 s, causing the temperature of the evaporation section to decrease. The operating
temperature of the PHP acted in a quasi-sine oscillating mode. This phenomenon can also
be observed in temperature variations of the PHP, as shown in Figure 9. Although the
temperature of the PHP continues to rise due to the natural cooling method, it can still be
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seen that its temperature curve, especially the curve of center temperature, is similar to a
quasi-sine oscillation.
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Figure 8. Temperature variations of the PHP filled with 0.5 wt% MWCNTs nanofluid with a filling
ratio of 80%.
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Figure 9. Infrared images and photos from a high-speed camera of the PHP filled with 0.5 wt%
MWCNTs nanofluid with a filling ratio of 80%.
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3.4. Gas Plugs Movement and Pumping Thrust Analysis

The growth and movement of gas plugs have an important influence on the heat
transfer performance of the PHP. The flow regime variation during the experiment for the
DI water and MWCNTs nanofluid are shown in Figure 10. Through observation, the rules
of bubble movement are as follows:

(1). The size of the gas plugs for the DI water is generally small (there are no gas plugs
longer than 3 cm), which leads to a large number of gas plugs in the PHP, as shown in
the red rectangles in Figure 10A. In addition, the distribution of gas plugs presents
a random state and is not affected by their location in PHP. For PHP filled with
nanofluids, the number of gas plugs is smaller. As shown in the red rectangles in
Figure 10B, there are both large-size gas plugs and small-size gas plugs and some
extra-long bubbles can reach more than 10 cm. In the distribution of gas plugs, the
large-size gas plugs often appear in the evaporation section and the adiabatic section,
and the small-size gas plugs are usually located in the condensation section.

(2). The gas plugs of the DI water hardly move. As shown in Figure 10A, even if the
time scale is extended to minutes, the gas plug distribution in the PHP is almost
unchanged. From 1 min to 4 min, there is indeed a displacement of the gas plugs.
However, the displacement is extremely small, and no sudden acceleration of the gas
plugs can be seen in the video. The average velocity of the gas plugs is approximately
6.66 x 107> m/s, which is almost negligible. The lack of working fluid flow in the
PHP greatly limits its heat transfer performance. However, for the nanofluid, the gas
plugs move violently. The gas plugs moving speed can reach 0.55 m/s.

(3). For the nanofluid, as shown in Figure 10B, a small gas plug in the evaporation section
grows rapidly from about 1 cm (Ny) to more than 10 cm (N3) in only 0.3 s after being
heated. At the same time, a gas plug that was originally located above the small gas
plug was quickly pushed to the condensation section. As the gas plug reaches the
condensation section and begins to release heat, the length of the gas plug gradually
decreases, from about 10 cm to less than 1 cm. This process explains well why gas
plugs in PHPs have a such distribution rule.

The acceleration of the bubble can be obtained from the video to calculate the thrust of
the working fluid in PHP. Obviously, the acceleration of PHP filled with nanofluid is much
higher. The thrust can be calculated by the following formula:

F — emmgxa (6)

where 4 is the acceleration, and 6, 1,4y are the filling rate and the internal volume of PHP,
respectively. Assuming that there is no fractional force from the inner face, the maximum
thrust for PHP filled with 0.5 wt% MWCNTs fluid can reach about 0.0069 N. By comparing
with our previous research [47], the thrust in the research can be about 8 times higher than
that in this experiment. The sunlight is concentrated 500 times through the Fresnel lens in
the previous research [47], while in this experiment, the solar is only concentrated 25 times.
The difference in solar concentration causes a certain gap in the heat absorption of the
PHP evaporation section. Based on the fact that the PHPs used in the two experiments are
almost the same, the conclusion can be drawn that the difference in heat absorption in the
evaporation section leads to a large difference in thrust. The pressure difference between
the evaporating section and the condensing section is the main factor in the formation
of the thrust in PHPs, and it can be obtained from the saturation pressure—-temperature
curve based on the temperatures of two sections. The greater the heat absorption of the
evaporation section, the greater the temperature difference between the evaporation section
and the condensation section, resulting in greater pressure difference and the formation of
greater thrust.
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Figure 10. Bubble growth and dynamic movement of the PHP filled with (A) DI water and (B)
0.5 wt% MWCNTs with a filling ratio of 80% (the time 0 s represents that the solar simulator is turned
on). The red rectangles indicate the location and size of the selected gas plugs at different times.

4. Conclusions

This work experimentally validated a novel solar thermal system combining DASC
and OHP concepts based on nanofluids to achieve efficient solar energy utilization without
pumps, providing a new solution for solar thermal utilization with efficient heat collection
and heat transfer capabilities. Experiments on this novel system were conducted under
solar simulator conditions to verify the feasibility of the system, and its heat transfer
characteristics and oscillation characteristics were investigated. The effects of nanofluid
type, nanofluid concentration, and the PHP filling rate on the system were examined.
Through the investigations above, the conclusions below can be reached:
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e  When the nanofluid concentration is relatively low, the PHP under low-concentrated
solar intensity cannot operate and the temperature variations are similar to that of
the PHP filled with DI water. For a higher concentration, the performance of the PHP
improves with the increase in nanofluid concentration.

e  There is an optimal filling rate for the PHP to achieve the best heat-transfer perfor-
mance, and the optimal filling rate is between 80 and 90%. The minimum thermal
resistance reaches 0.157 K/W for PHP filled with 0.5 wt% MWCNTs nanofluid at the
filling rate of 80%.

e  The quasi-sine oscillating behavior is observed in the experiment, under the appropri-
ate concentration and filling rate of nanofluids.

e  For PHPs that will operate, the large-size gas plugs often appear in the evaporation
section and the adiabatic section, and the small-size gas plugs are usually located in
the condensation section due to the contraction and expansion of gas plugs in different
sections. Further investigation should be focused on selecting proper nanoparticle type
and concentration and optimizing the PHP structure to increase the energy efficiency.
In addition, the system energy efficiency can be further investigated by focusing
precisely on the output power of the condensation section.
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