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Experimental study of transparent oscillating heat

pipes filled with solar absorptive nanofluids
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1 Laboratory of Fundamental Science on Ergonomics and Environmental Control, School of Aeronautic Science and
Engineering, Beihang University, Beijing 100191, PR China
2 School of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT, UK

Abstract: Nanoparticle-based volumetric solar absorption has been shown to be an effective
technique to realize efficient solar harvesting. However, most of such systems under study are
stationary and cannot realize solar energy transport, which limits their potential applications to a
large extent. A novel idea of using directive absorptive nanofluids in oscillating heat pipes (OHP)
is investigated in this work, which would achieve efficient solar energy capture and transportation
simultaneously without the use of any additional pumping powee influence of a variety of
parameters such as nanoparticle type, nanoparticle concentration, nanofluids filling ratio and solar
radiation intensity on the performance of OHPs are investigated. There exists an optimal filling
ratio of the nanofluid for the OHP (i.e., 83%), under which single direction circulation of the
working fluid is observed, where the thermal resistance of the OHP egstu minimum. The
OHP reachksan extremely high thermal conductwii.e., 6000V /(m - K), when filled with 3.0
wt% MWCNT nanofluid. The maximum energy conversion efficiency has been observed as much
as 92% for the current experimental settings. It is found that strong absorption of solar energy,
efficient vapor generation inside the OHP and proper configuration of the OHP should be
responsible for the efficient operation of this system.
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Nomenclature

surface area exposed to solar radiation (m?)

absorbance (-)
specific heat capacity (J/( kg- K))
specific heat capacity at constant pressure (J/ ( kg: K))
particle diameter (m)
the diameter of OHP tube (m)
spectral emissive power (W/m?)
effective thermal conductivity ratio (-)

volume concentration (-)

radiative intensity (\W/m?)
thermal conductivity (W/ ( m- K) )
imaginary part of the complex refractive index of the based fluid (-)
optical depth (m)
mass (kg)
relative refractive index (-)
complex refractive index (-)
heat flux (W/m?*)
efficiency factor for Rayleigh scattering approximation (-)

radius of OHP tube (m)
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thermal resistance coefficient (K/W)
r radius in the integrating process (m)
T temperature (°C)
t time (S)
U  uncertainty (-)
X characteristic size of nanoparticles (-)
Greek symbols

n efficiency (-)

K  absorption coefficient (m™)

o  surface tension coefficient (N/m)
A wavelength of light in vacuum (m)
p  density (kg/m?)

Superscripts

- average value

Subscripts

abs  absorption

adia adiabatic

amb ambient

b black body

¢ condenser

e  evaporator
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£ fluid

n  wavelength range
I radiative intensity
lig liquid

n  nanoparticle

p  particle

sca  scattering

s scattering

vap vapor

w water

Abbreviations

AuNPs gold (Au) nanoparticles

DI  deionized

MWCNT  multiwall carbon nanotube
OHP oscillating heat pipe

PTE photothermal conversion efficiency
RTE radiative transfer equation
SAR specific absorption rate

SEM scanning electron microscope
TC  thermocouple

TEM transmission electron microscopy




EENNVS)

UV  ultraviolet

UCD Ultrasonic Cell Disruption system
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1 Introduction

Developing renewable and sustainable energy technologies, especially solar energy related, is
of great importance to secure our energy fuflrz]. Among different solar applications such as
photovoltaics and photocatalysis, solar thermal system still occupies the largest share [3]. However,
for current solar thermal systems, the big challenge lies in the energy conversion efficiency. For
example, in conventional solar thermal collectors, engineered surface is utilized as the solar
absorber where solar radiation is converted into heat, and then heat is transferred to a working fluid
flowing in the tubes embedded within or welded onto the surface. In such a system, the efficiency
is limited by not only how efficiently the solar absorber captures the solar radiation, but also how
effectively the heat is transferred to the working fluid [4]. It is a traditional surface-controlled heat
transfer process with relatively high thermal resistance, in which the highest temperature is on the
absorber surface and the lowest temperature is in the center of the fluids [5,6], resulting in poor
energy efficiency especially under high solar concentrations (>100). There are two obvious
shortcomings for this system: first, the energy conversion efficiency from solar radiation to the
internal energy of the working fluid is limited, because the heat loss from the solar absorber where
it has the highest temperature, leading to high radiation loss; Sgcadditional pump power is
needed to circulate the fluid, which further increases the energy expense for the system.

In order to enhance the energy conversion efficiency of solar thermal collectors, nanopatrticle-
based direct absorption concept has been prop[s@dd], which makes use of particular
nanoparticles dispersed in the base fluid to realize effective solar photo-thermal conversion.
Comparing to traditional solar thermal collectors, not only the base fluid absorbing solar energy,
the dispersed nanoparticles could convert the solar energy to heat directly within the base fluid and

transfer the heat to the base fluid efficigntSuch an idea transfers the surface heat transfer
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limitation associated with conventional solar thermal collectors ant@lumetric absorption
process, which can increase the solar energy conversion efficiency significantly by properly
engineering solar absorption spectrum at the nanoscal&4LVany experimental studies have
been conducted since this concept was first proposed. For exahwplkalar photothermal
conversion efficiency of a 0.01% graphite nanofluid was found to be as high as 122.7% of that of

a conventional surface absorbing collector [15]. Some metallic nanoparticles such as gold and
silver have also drawn wide attentions because of their Surface Plasmon Resonance effects (SPR)
[15-17]. For these kinds of materials, the resonance frequencies of conduction electrons are
usually in the visible-light spectrum , which is weakly absorbed by most of the heat transfer fluids
but occupies nearly half of the total solar radiation energy [18]. SPR-induced intensive absorption

of radiative energy (i.e., even leading to vapor generation) has shown excellent photo-thermal
conversion capabilities [19]. Zhang et al. [9] showed that a very low concentration of gold
nanoparticles (i.e., mass concentration of 0.0028%) could increase the photo-thermal conversion
efficiency (PTE) of the base fluid by 20%, and reached an impressive specific absorption rate
(SAR) ~10 kW/g under laboratory conditions. In another study conducted outdoor, up to 144%
enhancement in the stored solar thermal energy was obtained for 6.0.01 wt% silver nanoparticle-
based direct absorption under natural sunlight conditions [8].

In order to realize pump-free thermal energy transport, oscillating heat pipe (OHP) is a good
candidate. As a promising heat transfer concept first proposed in thes 199D OHP has the
advantage of simple structure, low cost, high flexibility and excellent heat transfer performance
[21-23]. OHPis made of a long capillary tube bent into many turns, and fluid circulation is driven
by bubble expansion at the evaporator section and contraction at the condenser section, without

the requirement of additional pumping power [24,25]. Currently in some OHP studies, capillary
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tubes are made of metals 28] and some are made of transparent materiats33aor ‘flow
visualization’ purpose. However, solar irradiation is not the direct heat source for almost all these
studies, and the heat from the heat source is transferred to the working fluid by conduction only.
To allow direct usage of solar energy by OHP technology, a novel idea of employing transparent
glass capillary tubes to allow direct heating of the fluid at the evaporation section is proposed in
this work. This new idea combines the advantages of OHP based phase change technology and
direct absorptive nanofluids technology, and would achieve efficient solar energy capture and
transportation simultaneously without the use of any additional pumping power. An experimental
study is conducted in this work to validate the new concept. Different transparent OHPs with
nanoparticle dispersions as the working fluid for direct solar absorption were fabricated. Extensive
experimental studies were carried out, including the influence of the fluid charging ratio, the OHP
geometries n, cooling type of condenser, type of hanoparticle, nanoparticle concentration and solar
intensity. Thermal resistance of OHPs were calculated, it was found that adding nanopatrticles
could significantly improve the thermal conductivity of OHP. The maximum thermal conductivity
reached 6000V/(m - K) when the OHP was filled with 3.0 wt% MWCNT nanofluid. There was
an optimal filling ratio of the nanofluid, at which quasi-sine oscillation of wall temperature could
be established. The proposed concept can efficiently harvest solar energy and spontaneously
transfer the heat into targeted areas, providing a novel approach for efficient solar energy

utilization.

2 Experimental system

2.1 Preparation of AUNPs and MWCNT nanofluids
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Au nanoparticles (AuNPs) and Multi-Walled Carbon Nanotubes (MWCNT) have been reported
to have strong solar absorption, and they were selected for the preparation of different nanofluids
as the working fluids of the OHP. The one-step method [33] was employed to produce stable
AuNPs nanofluids. Briefly 5x1®mol HAuCL was first dispersed into 190 ml DI water in a three-
necked flask. A magnetic blender with a heating source was used to stir the liquid until boiling.
Boiling was continued for 10 mins and 10 ml of 0.5% sodium citrate was subsequently added. The
solution turned dark blue within 30 s and the final color became wine red after being heated for an
additional 20 mins. The dispersions mainggigood stability for over two months and were used
for the experiments without further purification and separaffarticles’ size and shape were

characterizedHig. 1A) by a Transmission Electron Microscopy (TEM) (Tecnai G2 F20 S-T\WIN

The two-step method [8] was used to produce stable MWCNT lnasfMWCNT powder
was purchased from Beijing DK Nano Technology Co., LTD. First, the powder was dispersed into
deionized water (DI water) and put into an ultrasonic bath (ThermoFisher Scientific, FB11207) for
30 min. Second, the dispersion solution was processed by an Ultrasonic Cell Disruption (UCD)

system (ThermoFisher Scientific, FB705) with 50% power for 2 hours. The size and shape of the

MWCNTSs were characterized by Scanning Electron Microscopy (SEM) (JEM-1200EX) (Fig.

) and TEM([Fig. 1F).

The nanofluids before experiment were processed by UCD System with 50% power for 2 hours.

After that, the nanofluids were standing for 2 months and tested by a UV-spectrophotometer
(Shimadzu UV-1800) to compare the changes in absorption. The difference of absorbance before
and after standing for 2 months was less than 1%, which indicated an excellent stability.

2.2 Experimental setup and data acquisition
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In order to realize volumetric solar absorption, the pipe wall of the Obmade of high-
temperature resistant quartz ggawhich can allow almost all the sunlight to pass through. Two

types of OHP were used in the experiments, one with the gap of 1.5 mm between two adjacent

pipes|Eig. 1P) and the other with nearly no g#id. 1E). Each OHP had six turns, and the pipes

were numbered by 1 to 12 from left to right in sequence in order to present the temperature
distribution from infrared images. The average temperature of pipe number 1, 2, 11, 12 is named
asEdge 1. The average temperature of pipe number 3, 4, 9, 10 is narkeld@8. The average
temperature of pipe number 5~8 is name@easer. With regard to the inner diametdrij range

of OHPs, it is determined by the following empirical equations [34]:

Dipip < Di < Dipgy (1-a)

. o
Dlmin =0.7 ’m ~ 1.78 mm (1—b)
Dia, = 1.84 /m ~ 5.24 mm (1-c)

wherep;;,, pvap, 0 and g are the density of liquid and vapor, the surface tension of working fluid

and the gravitational acceleration, respectively. Both types of OHPs had the same inner diameter

of 2 mm and the length of pipes of 200 nkng( 1E). In order to make the sunlight illuminating

perpendicularly to the OHPs, the angle of the OHPs is oriented.as 4f5der to investigate the

influence of cooling type at the condensection on the thermal behavior of the OHP, the

experiments were arranged for 3 grolipg(2) and 10 cased @ble 1). As shown ifFig. 3| two

Fresnel lenses (Shenzhen MEIYING Technology CO., LTD.) with a 50 cm and 100 cm focal
distance were used to focus the sunlight with 220 times and 500 times, respectively. A vacuum
pump (Leybold, D16C) was employed for filling tHP with the working fluid. An infrared

camera (Fluke Tix 640 with 30 mm lens) with precisiont®f1°C was used to capture the

10
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temperature distribution and variation of the OHPs. In order to record the bubble generation and
increase process, a high-performance camera (Cannon 70D with 18-135 mm lens) was employed
Three type K thermocouples with precisiontf.1°C (Omega 5TCFT-K-30-36) were connected

to a data acquisition system (National Instruments PIXe-1073). Two of the thermocouples were

used to measure the temperature change of water with thermal insulation for cooling the condenser

of the OHP (Fig. 3B). One thermocouple was used to measure the ambient temperature change

during the experimenA solar radiation intensity sensor with a measurement uncertainty of 2.0%

was employed to measure the solar intensity.

All the experiments were conducted o' #pril 2017 (location: 39° 59' 5.49" North, 116° 21'

18.70" East) from 10.00 am to 15.00 pm. As showfion 4| The solar intensity varied from

870~1000W/m?, the ambient temperature varied from 33<@8luring the experiment, which
was relatively stable for the current experimental setting.
3 Results and discussions

3.1 Effect of nanofluids

In order to compare the performance of the OHP charged with AuNPs nanofluid with that

charged with DI wateig series of controlled experiments were carried out in sequence (i.e., filling

with DI water and 0.01 wt% AuNPs, filling ratio of 75%), as showhRin 5| For the same filling

ratio, the operating temperature of the OHP charged with 0.01 wt% AuNPs nanofluid was
obviously higher than that filled with DI water, indicating that AUNPs nanofluid can enhance the
photo-thermal conversion efficiency due to the effect of volumetric absorption, consistent with our
previous conclusions [6]. From infrared images, it can be seen that the operating temperature of
the OHP charged with nanofluid was obviously higher. The OHP filled with AuNPs nanofluid can

absorb more solar energy than that filled withviaater, leading to more bubble generation and

11
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tempestuous circulation. Faster vapor bubble generation and condensation will transfer more
energy and lower the thermal resistance significantly. The temperature distribution in the
evaporator section is more uniform when filled with AUNPs nanofluid than that filled with DI
water, due to strong absorption of solar energy and enhanced circulation of the working fluid inside
the OHP. During the experiment, no nanoparticles aggregation can be visually olisehed

vapor bubble inside OHP. The concentration of Au nanofluid and MWCNT nanofluid has been
measured through the UV-spectrophotometer (i.e., to compare the absorbance of nanofluid) before
and after experiment. The result shows that the concentration maintains the same before and after
experiment, which demonstrates that no sedimentation of nanoparticles during the OHP operating.

3.1 Quasi-sine oscillating behavior

In order to investigate the quasi-sine oscillating behavior of the operating temperature of OHPs,

both infrared images and photos from high speed camera were captured for AUNP nanofluid, as

shown inFig. 6| At the beginning, the temperature of the OHBgZroximately the samasthe

ambient temperature (i.e., ~30). After the application of solar radiation, the temperature of the
OHP at the solar heating area increased dramatically and non-uniformly. 20 seconds later, the
high temperature zone of the OHP extended gradually, and some working fluid with relatively

high temperature reached the top of the OHP. 30 seconds later, a sudden temperature drop of

center tubes happened (which can be seen from

Fig. 7C), indicating that some working fluid from the condenser section (with relatively low

temperature) should reach the solar heating area. 40 seconds later, the temperature of the OHP at

the heating area increased continuously until a dramatic temperature drop happens $0 second

later, which was consistent with the temperature variation trend in

12
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Fig. 7C. In

Fig. 7C, the operating temperature of the OHP exhibited an obvious quasi-sine oscillating mode,

which is closely associated with the oscillating motion of the working fluid inside the OHPs.

3.2 Effect of filling ratio

The filling ratio is defined as the ratio of liquid working fluid volume to the total volume of the

OHP. Using AuNP nanofluids (0.024 wiPas an example, the influence of filling ratio on the

thermal performance of tt@HP was investigated (

Fig. 7). When the filling ratio was relatively small, i.e., 42% in

Fig. 7A, most AuNPs nanofluid was suspen@déthe condenser section. The reason is that once

the nanofluid entered the evaporator secitowas evaporated immediately due to the strong
absorption of solar radiation. The quick vapor generation phenomenon was carefully investigated

in our previous study [35]. The large amount of vapor caused the nanofluid to suspend in the
upside, which was difficult to flow downward to the solar heating area to absorb the solar energy

again. The final result was that the OHP was operating weakly, leading to relatively high

temperaturat the evaporator, and the oscillating frequency was low, as shown in

Fig. 7A.

With the increase of filling ratio, the operation of the OHP became more stable and the

oscillating frequency became higher, as shown in

Fig. 7B andC. What’s more, when the filling ratio reached a certain value (e.g., 67%), single

direction circulation of the working fluid was observed, as clearly observed from both camera and

13
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infrared videos, which was evidenced by the large temperature difference between adjacent pipes.
With intensive solar irradiation at the evaporator section, fluid seeded with AuNPs would be
evaporated quickly, and the generated vapor bubbles forced the fluid to go up into the condenser
section, where they were condensed by water cooling. The caadensd was forced to run
downward in another adjacent pipe, resulting in lower temperature in this pipe (i.e., almost the
same temperature as the cooling water). The OHP with higher filling ratio could realize higher
solar energy absorption than that with the lower filling ratio because more evaporator section was
occupied by liquid working fluid. The higher filling ratio of nanofluid will also enthe thermal
resistance between the evaporator and condenser and can convert (i.e., transfers) more solar energy
into thermal form. Further investigation on the thermal resistance and heat flux is discussed later.
Due to the fact that the relative number of liquid slugs and vapor plugs depends on the filling
ratio, it has a significant influence on the performance of the OHP. Han et.al [21] reviewed many
previous studies [3@8] and concluded that there was an “optimal range” for the filling ratio,
which was generally recommeguias 35%-65%. However, the optimal filling ratio in this work
shows a big difference. It seems that the ogtiiitling ratio is higher than 65%, reaching 83% or
even more. Due to the direct absorption of solar irradiation and consequently heat loss reduction
the absorbed solar flux in this work is much higher than the energyiinprévious studis(i.e.,
as much agt0 W/cm?for AuNPs nanofluid, 140W/cm? for MWCNTSs). Higher heat flux
concentrated in the evaporator section will evaporate the liquid much faster and lead to the dry-
out phenomenon more easily, which requires more liquid to replenish the evaporator. Clearly

increasing energy flux will increases the optimum filling ratio for the OHP [21].

With avery low filling ratio, the evaporator section of the OHP would possibly be dried out

easily, leading to poor running performance (g.g.,

14



10

11

12

13

14

15

16

17

18

19

20

21

22

Fig. 7A), which is consistent with many previous researches [34,39]. However, with the increase

of the filling ratio,a quasi-sine oscillation [40] pattern of the wall temperatme(ybserve

Fig. 7B, C). It was observed that these sinusoidal waves originated from regular oscillating

motions were available only at suitable power inputs and filling ratios. With the increase of power
input, the working fluid staed to move irregularly, resulting in irregular fluctuations of bubble
displacement or velocity. Actually, both experimental and modeling investigatiord3l1
showed that the oscillating motions in OHPs were essentially chaotic, suggesting the absence of
long-term periodic or quasi-periodic oscillating motions. Recently, the dynamic behavior
comparisons of vapor columns or bubbles under pulse and continuous heating by Xian et al. [44]

demonstrated that both the displacement and velocity of front and end of vapor columns were

highly irregular. From the experiments as showirig. 6| it was observed that the quasi-sine

oscillation was only observed in the OHP when the filling natie higher than 67%.

3.4 Thermal resistande different cases

In order to investigate the thermal resistance of the OHP in different cases, the photothermal
conversion efficiency of AuNPs nanofluids with different concentrations and DI water has to be
theoretically calculated. According to our previous study [@&joparticles inside the nanofluids
should scatter the sunlight independently, and the absorption and scattering coefficients could be
calculated based on Mie scattering theory. In the present modeling, the characteristic size of a
nanoparticle was represented by @ = 7D/ A, where D is the diameter of the nanoparticle, about
20nm characterized by TEM, and A is the wavelength of radiation. As the diameter of

nanoparticles is far smaller than the wavelength of irradiation (a < 1), a simplified Rayleigh

15
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scattering approximation [45] was used to calculate the extinction coefficient of the nanoparticles,

as shown below:

NS R E R s I
Q.(2)-ar| =1 (2-b)
Q(4)=Q.(4)+Q(%) (2-¢)

(2=, (2)+x, (1) = Qusl2) 4k (4) 2-d)

2 D A

where Q, (/1) ,Q, (/1) and Q, (/1) are the extinction, absorption and scattering factors, respectively;
K(ﬁ)is the absorption coefficient of Au nanofluid, f,, is the volume concentration of AuNPs

nanofluid, ¥+ is the absorption coefficient of pure water, and M represents the relative complex

refractive index of nanofluid, calculated by:

n_ .
m = _particles (2-¢)

r-Iﬁuid

where n and Ng,4 are the complex refractive indexes of gold and base fluid (water),

particles

respectively. The efficiency factors of gold nanoparticle with diameter of 20 nm can be seen in

Fig. 8] Compared with the absorption factor, the scattering factor of gold nanoparticle is very small.

As the scattering factor is proportional to the 4™ order of @ and « « 1, it is much smaller than the
absorption factor. In terms of energy conversion, the scattering part is not considered when

calculating the photothermal conversion efficiency for solar thermal harvesting.

16
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The photothermal conversion efficiency of the OHP can be calculated through the equation

below, whichintegrates the efficiency with the radius of the cylindrical solar receiver, as:
j Isum (1 g2t )dl dr
0 me
3um
.[0 2um

where E represents the spectral emissive power (as sh), n is the photo-thermal

3)

conversion efficiency.
The absorbed solar energy by the OHP can be calc@ated
Qabs = Ne,mlIS, (4)

wheren, is efficiency of Fresnel leng{~ 95%, which was measured by the experimeht3,the

solar intensity in the experiment (measured by solar intensity sensor, as|Beg)ns; is the

area of the Fresnel lens.

The thermal resistance of the OHP can be calculated from [46]:

Te—Tc
Qabs

Roup = (5-a)

whereT, andT, are the average temperatures of the evaporator and condenser, respectively.
Based on thestandard error analysis method [47], the uncertainty for the thermal resistancean

be expressed as:

URonp _ ur \? Ur 2 ~

Rowp \/2 (Te—TC) + (1 ) (5-b)
WhereUg ., is the uncertainty of thermal resistanig.andU, are the uncertainty of temperature
and solar intensity, which are from the infrared camera and solar intensity sensor. The uncertaint

: U : . : :
analysis shows tha}g’w is less than 5%, so the error bar is not shown in the figures related. In
OHP

order to check the repeatability and reproducibility of the experiments, each experiment were

conducted twice and the final calculated thermal resistance maintains within 5% deviation.

17
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The thermal resistande different casesT(able 1) changing with the filling ratio is showin

Fig. 9B. For the OHP with 2 mm gap between two adjacent pipASE D andCASE E), heat

pipe filled with the nanofluid (i.e., 0.01 wt% AuNPs) has smaller thermal resistance than that filled
with DI water. There is a minimum thermal resistance when the filling ratio reaches a certain value
(e.g., 0.3&K/W atthe filling ratio of 92% for the OHP filled with AUNPs, 0.89W at the filling

ratio of75%). What’s more, the OHP filled with the nanofluid can significantly reduce the thermal
resistance, as much as 24% @ASE E compared withtCASE D. That is because nanofluids can

not only absorb much more solar energy but also enhance the bubble formation process, which has
been widely investigated through boiling and evaporation phenomieiiorg more working fluid

can decrease the thermal resistance (i.e., enhance the performance of the OHP), but when the filling
ratio reaches 100%, the thermal resistance jumps dramatically (due to safety consjderation
running time was very short to avoid physical damage of the OHP. The steady state temperature

difference should be much larger than thfig. 9B for the filling ratio of 100%, leading to a

much higher thermal resistance value). This finding is in consistence with the video where the
oscillating becomes much stranger when the filling ratio is much higher and stops when the
working fluid fully fills the OHP.

However, increasing the volume concentration of AUNPs nanofluids not only increases the heat
flux transferred from the evaporator to condenser but also increases the temperature of the
evaporator. As a result, the thermal resistance may maintain at the same level (e.g., the thermal
resistance ofCASE B almost the samas that of CASE C for different filling ratios. The
concentration is 0.01 wt% and 0.024 wt%, respectively).

What’s interesting is about the thermal resistance of the OHREASE F andCASE G. The

thermal resistance of the OHP when the condenser is cooled by natural air is averagely smaller

18
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than thosen other cases. In fact, the cooling performance of natural air convection is very poor,

which results in an obviously higher operating temperature, and the temperature difference

between the evaporator and condenser corresponding to the same pressure drop becomes smaller

due to increased saturation pressure/temperature slope of the worldndefiding to relativig

small thermal resistance.

3.5 Energy conversion efficiency

In order to study how much solar energy can the OHP collect and transport, the OHP filled with
DI water (CASE H) and 0.024 wt% AuNPs nanoflu{€CASE 1) whose condenser section was

immersedn a water tank with good thermal insulation were tested (The filling ratio is 83%). The

water temperature variation is showprig. 10[ 60 minutes later, for the OHP filled with DI water,

the water temperature increase is abot2While it is about 40C for the OHP filled with 0.024
wt% AuNPs nanofluid, which is twice of that for the OHP filled with DI water. For both cases,
the heating power first increases dramghiy, reaching the marium value, and then decreasing
gradually. According tdqg. 3-4, the maximum heating power for the OHP filled with DI water
and 0.024 wt% AuNPs nanofluid is about 26W and 40 W, respectively.

In order to investigate the OHP filled with a high concentration of MWCNT nanofluid, another
experiment was carried ouCASE J), and the filling ratio is 83%. The variations of the

temperatures of the OHP evaporator and the water in the tank, heating power and thermal

resistance are shownlking. 11{ Amazingly, the water in the tank with thermal insulation reached

its boiling point (i.e., 10€C) in less than 30 minutes through the heating by the OHP under
concentrated solar radiation (i.e., 500 suns), which can be seeisipptementary Material.

The maximum heating power of the OHP reached 240 W, almost ten times of that of the OHP
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filled with DI water. The temperature variations of the evaporator and the water in the taeki show
the same trend and reached the maximum value simultaneously (~ 27 minutes later). The
temperature increase of the evaporator would inevitably increase the heat leak to the surroundings,
and that is the main reason why the heating power decreased as the operating temperature increased.
Tanshen eal. [48] investigated the optimum concentration of MWCNTSs solutions charged in
the OHPs and found that the optimum concentration for their cases was 0.2 wt%. The thermal
resistance of OHP suffers from the high concentration of MWCNTSs, which was mainly attributed
to the physical characteristics of MWCNTSs. The higher volumetric ratio of MWCNTs and the
surface characteristics provide highly viscous fluid that does not allow the fluid to move freely
with the same power supplied in the evaporator section. As they investigated, a higher
concentration than 0.3wt% would increase the thermal resistance and make it higher even than that
filled with water. For the case in this work, the concentration of MWCNTs nanofluid reached as
much as 3.0 wt%, which also increased the viscosity of the working fluid in the OHP dramatically.
However, the performance of the OHP was much better than that filled with water, and even higher
than that filled with 0.01 wt% and 0.024 wt% AuNPs nanofluids, although it has been
demonstrated in many researches that gold nanofluid has remarkable photothermal conversion
performance and solar vapor generation ability [6,9,35,49]. Actually, the main factors dominating
the performance in our volumetric absorption OHP is the input power (i.e., the absorbance of solar
energy) and the steam (i.e., bubbles) generation which can formulate the vap@mpluiguid
slugs and cause the oscillatory motion. Due to a remarkable enhancement of photothermal
conversion efficiency and steam generation efficiency of AUNPs nanofluid, the thermal resistance
of the OHP filled with AuNPs nanofluids decreases and the oscillating intensity is enhanced. More

frequent vapor bubbles generation and condensation will accelerate the oscillating frequency and
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as a result, transferring more solar energy to the condenser section. However, the inner diameter
of the OHP must be small enough (e.g., 2 mm in this paper) so that vapor plugs and liquid slugs
can be formulated due to the dominant effect of the surface tension of the working fluid, which
seriously limits the absorbance of solar energy for the OHP. For instance, the photo-thermal
conversion efficiency (PTE) in this work is 8.57%, 19.03% and 29.83% for the OHP filled with

DI water, 0.01 wt% and 0.024 wt% nanofluids with the filling ratio of 100%, respectively, which
means that most of the solar energy will penetrat©tie due to thin optical depth.

According to our previous study [6], PTE is very sensitive when the optical depth is below 20
mm, where PTE increases quickly with increasing optical depth. For an optical depth of 2 mm (i.e.,
the diameter of the tube), the PTE for a pure fluid is in a very small range (< 10%), which
significantly limits the performance of the OHP. As a result, increasing the concentration of the
nanofluid becomes a desirable solution. The PTE increases with the increase of nanoparticle
concentration. At a concentration of 3.0 wt% MWCNT nanofluid aifitling ratio of 100%, the
PTE can reach as much as 95.3%, three times more than that of 0.024 wt% AuNPs nanofluid and
over ten times more than that of DI water. With such large amount of solar energy absorbed by the
OHP, the vapor bubbles can be generated immediately, and the oscillating vapor plugs and liquid
slugs move quite frequently, leading to a single direction running.

It shall be noted that an increase of particle concentration will increase the effective viscosity
which might retard the movement of the bubbles. For any future applications, the balance of
increased pressure drop and enhance PTE shall be carefully considered.

The effective thermal conductivity of the Old&nbe calculated using the following equation[34]:

_ A4Lggia P _
keff T nmD,? (To-T,) (6-a)
AT,
P = Cpmwy (6-b)
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whereL 4, is the length of adiabatic section (i.e., 80 mm for this c@s&,the outer diameter

UP = Cpmw (6-C)

of the OHP (i.e., 3 mm}; is the number of pipe®, is the heating power calculated frdfq.6-b
(sensible increasing rate of water with insulation treatméptis the specific heat of waten,,
is the mass of the water (600 g for this case). HR¢34] can directly reflect the heat transfer

enhancement degree of the OHP, which is defined below

EF == (7)

wherek, = 1.39 W/(m-K) atT = 50 °C is the thermal conductivity of the substrate material
(quartz glass in this woyk

The thermal conductivity of the OHP filled with MWCNT nanofluid is show‘rﬁiigl 11{ The

thermal conductivity reaches as much as nearly 890@0n - K), which is almost 4300 times of
the thermal conductivity of substrate material (quartz glass) KiFe=4316.5). The thermal
conductivity of the OHP filled with MWCNTSs is much higher than those reported in most of the

previous studies [34,39,582], e.g., 500-300W/(m - K) from Zhao’s investigation [52].

In order to investigate the energy conversion, harvested solar energy by OHP calculated

according to the sensible heat of water-cooling condensation section of OHP. The harvested solar

energy can be calculated by the following equation:
Q. = C,m,,AT,, (8-a)
UQt = CmeUT (8‘b)

The converted solar energy of OHP filled with DI water, gold nanofluid and MWCNTSs nanofluid

can be seen JRig. 12A. For OHP filled with DI water, the maximum harvested solar energy is ~
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40 KJ in 30 minutes, and for OHP filled with gold nanofluid, the maximum absorbed solar energy
is ~78 KJ. Seeding gold nanopatrticles into the water can significantly increase the harvested solar
energy. What’s more, OHP filled with MWCNTs nanofluid with mass concentration of 3.0 wt%

harvests 220 KJ solar energy in 30 minutes, which is almost 5.5 times of that of OHP filled with
DI water.

The final energy conversion efficiency of OHP can be calculated by the following equation:

e = =2 (9-a)

- Inot

o (G ) o

wheee S¢, noare the area and optical efficiency of Fresnel Lens, respectively.

The energy conversion efficiency can be segRig 12B. The maximum efficiency of OHP

filled with MWCNTSs nanofluid is around 92%, which is ~9 times of that of DI water (i.e., ~10%).
The reason for that could be possible: very less sunlight energy can penetrate the pipe (i.e., most
of the solar energy tsapped inside the OHP) and such huge energy inside the evaporation section
of OHP can shorten the need time of startup process and lead to a quasi-sine oscillating behavior
of OHP, which can benefit the performance of OHP. However, the efficiency decreases after 5
minutes for OHP filled with MWCNTs nanofluid, which is possibly due to increased heat loss
caused by high temperature of evaporation and adiabatic section, where no thermal insulation
treatment has been carried out. According to the previous discussion, the efficiency can be
increased even the concentration of nanofluid is not very high if the diameter of OHP tube is
increased to a certain value when the optical depth is favorable for harvesting solar energy.

The efficiency in this paper reaches 92% when the OHP is filled with MWCNTS, which is much
higher than those reported the maximum solar thermal efficiency of a plate solar collector with

glazed copper OHP. Two independent work showed that the maximum efficiency were 62% [53]
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and 53.79% [50] respectively. This high efficiency is due to a few reasons, including 1) high heat
transfer process under concentrated solar intensity, where the OHP progresses intensively and
achieves an effective thermal conductivity of 6090(m - K); 2) low level of heat leak due to

the volumetric absorption of nanofluid inside the OHP by the ‘thermal trapping’ effect [6,54], i.e.,

the highest temperature exists inside the nanofluid instead of on the surface for plate solar
collectors; and 3) the compact arrangement of transparent OHP tubes that absorb most of the solar
energy, more efficient than most of vacuum-tube solar collector (i.e., there is a certain gap between
the adjacent vacuum-tube, which wastes nearly 30% of the irradiated area).

The energy efficiency decreases at low energy intensity, which is consistent with the results in

Fig. 9B, where CASE B under 500 sun has lower thermal resistance than that of CASE B under

250 sun, which means energy efficiency is at low level when solar intensity is low. This may limit
the application of this new technology to high solar intensity where strong bubble generation
phenomenon can be produced. Comparing to plate solar collectors or vacuum-tube solar collectors,
the proposed new idea is easier to implement and has lower cost, in addition to the efficiency issue,
which may warrantee its certain applications.
4 Conclusions
In this work, transpare@HPs filled with AuNPs and MWCNT nanofluids were fabricated and

experimentally studied, in order to realize efficient solar energy collection and transport
simultaneously. A series of experiments have been conducted, some important conclusions have
been reached as summarized below:
B The classical quasi-sine oscillating behavior for the operating temperature of the OHP was

observed in the experiment, under appropriate filling ratio and volume concentration of the

nanofluids.

24



1 W There existd an optimal filling ratio of the nanofluid for the OHP (i.83%), under which
2 single direction circulation of the working fluid was observed, where the thermal resistance
3 of the OHP reached the minimum.

4 m The addition of Au or MWCNT nanoparticles into water can significantly increase the solar

5 energy capture of the OHP via volumetric absorption. An increase of nanofluid concentration

6 not only led to more solar energy capture, but also decreased the thermal resistance of the
7 OHP. Only 24% of the thermal resistance was observed when the OHP was filled with 0.01

8 wt% Au nanofluid compared with that of the OHP filled with water.

9 ®m The OHP filled with 3.0 wt% MWCNT nanofluid reached an extremely high thermal

10 conductivity, i.e., 6000 /(m - K), which is almost 4300 times of the thermal conductivity of
11 the substrate material (quartz glass). Under this condition, the cooling water for the condenser
12 started boiling under concentrated solar radiation (500 suns) in 30 minutes.

13 W The maximum energy conversion efficiency reached 92% for OHP filled with 3® wt
14 MWCNTSs nanofluid.

15 ™ The enhanced performance was due to strong absorption of solar energy, efficient vapor

16 generation inside the OHP and proper configuration of the OHP. Further investigation should
17 be focused on the optimization of pipe geometry to increase the energy efficiency for OHPs
18 filled with a low concentration of nanofluid.
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Table 1 Different cases in the experiments

Case Gap between two  Cooling type of Condenser Working fluid Solar intensity
adjacent pipes
A 0 15 °C cooling water water 500 Sun
B 0 15 °C cooling water 0.01 wt% AuNPs 500 Sun
C 0 15 °C cooling water 0.024 wt% AuNPs 500 Sun
D 1.5 mm 5 °C cooling water water 250 Sun
E 1.5 mm 5 °C cooling water 0.01 wt% AuNPs 250 Sun
F 0 natural air convection water 500 Sun
G 0 natural air convection 0.01 wt% AuNPs 500 Sun
H 0 water tank with insulation water 500 Sun
I 0 water tank with insulation 0.024 wt% AuNPs 500 Sun
J 0 water tank with insulation 3.0 wt% MWCNT 500 Sun
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Fig. 1 (A) TEM image for AUNPs;E) SEM image and) TEM image for MWCNTSs; D) The
OHP withagap of 1.5 mm between two adjacent pip&3;The OHP with no gap between two

adjacent pipes
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Fig. 2 Three types of OHP condenser cooling) fatural air convection;B) circulating water

cooling with constant temperature°®or 15°C ); (C) 700 ml water tank with thermal insulation.
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Fig. 3 (A) Experimental system with circulating cooling water at the OHP condenser section: 1.
Refrigerator producing circulating cooling water watbhonstant temperature; 2. Fresnel lens with

the dimension 00.5 m x 0.5 m; 3. Vacuum pump; 4. Filling pipeline for the OHP; 5. Cooling
water container maintaining at a constant temperature; 6. The OHP; 7. Infrared camera; 8. High-
speed cameraB] Experimental system with a water tank at the OHP condenser section: 1. Fresnel
lens with the dimension df1 m x 1.1 m; 2. The PC for displaying and recording the temperature

data; 3. Data acquisition system connected with three type K thermocouples; 4. Water tank
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containing 700 ml water with thermal insulation; 5. The OHP; 6. High-speed camera; 7. Infrared

camera(C) Schematic of the experimental system
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Fig. 4 Solar intensity and ambient temperature during experiment period
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Fig. 5 Temperature variations of the OHP with the filling ratio of 75%ASE (F) andCASE

(G): (A) and B) show the average temperatures of the evaporator, adiabatic and condenser

sections ofCASE (F) andCASE (G), respectively; €) and D) show the temperature variations

at different positionsHdge 1, Edge 2 and Center) at the evaporator section 6ASE (F) and

CASE (G), respectively. Insets oA) and B) show the visible and infrared images captured at

200 s.
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Fig. 6 Infrared images and photos from high-speed camera of the OHP filled with 0.024 wt%

2

AuNPs nanofluid and with the filling ratio of 83%

3
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Fig. 8. Efficiency factors of gold nanoparticle with diameter of 20 nm.
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Fig. 9 (A) ASTM G173-03 Reference Spectra from the literature, the inset shows the solar energy
distribution along with the wavelength in percentage (integrating spectral emissive power with the
wavelength divided by irradiation intensityB)(Variations of the thermal resistance with the

filling ratio in different cases
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Fig. 10 Water temperature and average heating power variatidd&SE (H) and CASE (I)
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Fig. 11 (A) Evaporator temperature, water temperature and average heating power variations and

(B) thermal conductivity and thermal resistance variations of the OHP filled with MWCNT

nanofluid CASE J), the filling ratio is 83%
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Fig. 12 (A) Harvested energy anB8) energy efficiency of OHP filled with DI wate€CASE H),
0.024 wt% gold nanofluidGQASE 1) and 3.0wt % MWCNT nanofluid CASE J), respectively

(The filling ratio is 83%)
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