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Abstract: Developing renewable energy technologies, especially solar energy-based, is of great
importance to secure our energy future. Current solar thermal systems, however, have relatively
low utilization efficiencies, limited not only by their low solar energy capture efficiency but also
the auxiliary pumping power to circulate the working fluid. Here an innovative nanoparticle
enabled pump-free direct absorption solar collector concept is presented, which combines the
advantages of volumetric solar harvesting and oscillating heat pipes. Two different flow modes
have been observed when the concentration of nanofluid is diff@temt is an optimum filling

ratio when the thermal resistance reaches the minimum. Validation experiments show that 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.

Keywords. solar energy, nanoparticles, energy efficiency, volumetric solar harvesting,

oscillating heat pipe



1. Introduction

Developing renewable and sustainable energy technologies, especially solar energy-based, is of
great importance to secure our energy future Abjong different solar applications including
photovoltaics and photocatalysis, solar thermal system (STS), i.e., direct conversion of solar
energy to heat, still occupies the largest sharelf2proving the system’s energy utilization
efficiency is crucial for its further large scale development [3]. In a typical STS, an engineered
surface is utilized as the solar absorber where solar radiation is converted into heat, which 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 workingd4luill is a
surface-controlled heat transfer process where the highest temperature is on the absorber surface
and the lowest temperature is in the center of the fluid [5], resulting in high heat loss and large
thermal resistance. In addition, large pumping power is required to drive the fluid circulation,
which further increases the auxiliary work of the system.

One recent development to improve the performance of a STS is to use direct absorption
nanofluids, i.e. to change the surface-based heat transfer mode to a volumetric one by seeding
nanoparticles inside the heat transfer flGieB]. As typical fluids such as water, solar oil or molten
salts have low absorptive properties over the solar spectrum, seeding nanoparticles that can absorb
solar energy directly within the fluid volume, the so-called direct absorption solar collector
(DASC), becomes very attractiy®-11]. The solar energy conversion efficiency could be
significantly improved by engineering solar absorption spectrum at the nanoscal€l4$,12
leading to much simplified and compact design. Many experimental studies have shown that by

introducing certain nanoparticles (Ag, Au, Cu, carbon,) eétto heat transfer fluids, the solar



collector efficiency can be improved significantlympaedto the conventional ong¢s5]. Among
the nanomaterials investigated, gold nanoparticle has attracted intensive interestsdieft@e
Plasmon Resonance effects (SPR) [16,17]. Some pilot studies have shown that DASC could be a

promising alternative to conventional solar collectors-f18.

As a promising heat transfer concept first proposed in the 4 §®®), OHP has the advantage
of simple structure, low cost, high flexibility and excellent heat transfer performance [23#]. O
is 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, we&hout th
requirement of additional pumping power. Currently in some OHP studies, capillary tubes are
made of metals [25,26] and some are made of transparent materidisr [Zijw visualization’
purpose. Some researchers have tried to use OHP for transferring solaf 25€@ly However,
solar irradiation is not the direct heat source for almost all these studies, i.e., the surface of the
plate solar collector absorbs the radiative energy, and the OHP transfers the harvested thermal
energy from the collector to somewhere else. The whole efficiency of the system still surfers from
the ill-suited heat transfer process, where the heat generation is separated form the fluid to be
heated. The new concept that combines the advantage of DASC (which efficiently absorbs solar

energy) and OHP (which efficiently transfers thermal energy) has not been proposed.
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Fig. 1 Conceptive view of pump-less direct absorption solar collector

This work proposes an innovative pump-free DASC concept by using oscillating bubB)es (

as shown ifFig. 1| Different to other capillary or gravity-driven solar collectors [31,32], fluids

circulation and heat transport between the hot and cold sinks are driven by oscillating bubbles, i.e.,
a concept used in oscillating heat pipes (OHP) that have shown some promise in improving the
performance of conventional solar collectors [30,33]. In the innovative codaept;absorption
nanoparticles are dispersed into a base liquid enclosed by transparent capillary tubes. The particles
absorb solar energy directly within the fluid (i.e. evaporator) under solar radiation and generate
confined bubbles, which push the liquid to a condenser where heat is released. Such a concept has
many distinctive features such as volumetric absorption, no need of pump, and light/compact

design, which could lead to next generation of high efficiency solar collectors.

2. Experimental setup
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Fig. 2 (a) TEM image for AuNPs.K) Particle size distribution and UV-Vis result (inset) of gold

nanofluid with a concentration of 5 ppm

Au nanopatrticles (AuNPs) 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 [34] was employed to produce stable AuNPs nanofluids. Briefly®smb0HAuUCL 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

maintaired good stability for over two months and were used for the experiments without further

purification and separation. Particles’ size and shape were characterizedF{g. 2p) by a

Transmission Electron Microscopy (TEM) (Tecnai G2 F20 S-TWIN). The optical property of gold
nanofluids was characterized by a UV-spectrophotometer (Shimadzu UV-A8@@)amic light

scattering (DLS) device (Malvern nanosizer) was employed to identify the particle size distribution,

which can be seen from|Fig. 2p.
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Fig. 3 (a) Experimental setup for investigating the performance of solar absorber with constant
temperature of condenser: 1.Water chiller producing circulation cooling water with a constant
temperature of 18C; 2. Fresnel lens with dimension @6 m x 0.5 m; 3. Vacuum pump; 4.
Charging pipeline for OHPs; 5. Cooling water container maintaining constant temperature of the
condenser of solar absorber; 6. OHP; 7. Infrared camera; and 8. High-speed dgrSefreerfatic

of the experimental system, where the number for each pipe is named 1 to 12 from left to right

A feasibility study is conducted in this work to validate the concept. In the experiment, water is
used as the base fluid, and gold nanoparticles are used as the direct absorption agencies. A 12-

turn transparent oscillating heat pipe is designed and the new concept is examined under a solar

concentration of 500 times, as shown in|Fig. 3] OHPswere made from high temperature resistant

guartz glass with pipe diameter of 2 mm with gap between two adjacent pipes, where the number

for each pipe is named 1 to 12 from left to right, as shoﬁ'g’rﬁb. The average temperature of

evaporation section of pipe number 1, 2, 11, 12 is namé&digel. The average temperature of

pipe number 3, 4, 9, 10 is named=alkge 2. The average temperature of pipe number 5~8 is named



asCenter, as shown ifrig. 3p. The inner diameteDf) was determined from Liu and Zhao etc.

[35]. A typical inner diameter of 2 mm with the length of pipes of 200 mm was chosen in the

experiment. The condensation section of OHP was cooled by circulating water with a constant

temperature of 18C produced by a water chiller (SKD Refrigeration). As showyirig 3,

Fresnel lens (Shenzhen MEIYING Technology CO., LTD.) with 100 cm focal distance was used
to focus the sunlight to 500 times. A high precision infrared camera (Fluke Tix 640 with 30 mm
lens) was used to capture the temperature distribution of DAS-OHPs. In order to record the bubble

generation and acceleration process, a high-performance camera (Cannon 70D with 18-135 mm

lens) was used. The schematic of the experimental system can beBeeBhn

Three type K thermocouples with precision ©0.1°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 ti@HP (Fig. 3). One thermocouple was used to measure the ambient

temperature change during the experimAndolar radiation intensity sensor with a measurement
uncertainty of 2.0% was employed to measure the solar intensity.

All the experiments were conducted or"3¢pril 2017 (Beihang University, Beijing, China,

location: 39° 59' 5.49" North, 116° 21' 18.70" East) from 10.00 am to 15.00 pm. As sTEign n

Eia, the solar intensity varied from 870~1060'm?, the ambient temperature varied from 33~38

°C during the experiment, which was relatively stable for the current experimental setting. The
position of OHPs were precisely controlled so that the solar intensity distribution of each
experiments was approximately the same. Each experiment was conducted twice and the deviation

of temperature distribution maintained 10%.



As shown ir[Fig. 4p, the typical charging procedure using the back-filling process on a single

charging tube OHP was employed. A vacuum pump (Leybold, D16C) was employed for filling
the pipes with working fluid. The tube was charged with fluids with different filling ratios, which

is defined as the ratio of working fluid volume to the total volume of the oscillating pipe. The
filling ratio was controlled by the digital balance: 1) with valve 2 closed, OHP was vacuumed by
the pump; 2) with valve 1 and valve 3 closed, the mass of filling into the connecting pipes was
measured by the digital balance after opening valve 2; 3) with valve 3 closed, the mass of liquid
filling into OHP (with filling ratio of ~100%) and the connecting pipes was measured after
opening valve 1, and the mass of liquid filling into OHP with filling ratio of 100% was obtained
after this three procedures; 4) with knowing the total liquid mass inside the OHP, different filling

ratios were achieved by controlling valve 1 according to the measurement of mass from the digital

balance.
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Fig. 4 (a) Solar intensity and ambient temperature during experiment pebjp@harging

system for OHP

3. Resultsand Discussion

3.1 Startup process



The initial pressure inside the pipe after filling the nanofluid wasP& &orresponding to a
saturation temperatur@6°C, which was the ambient temperature (i.e528°C). The two-phase
(liquid-vapor) exists for all OHPs in this work, which is normal for typical heat pipes due to
vacuumed process. The concentration of gold nanofluid in this work is relatively low, i.e.,
maximum 12.5 ppm. The nanopatrticles barely affect the saturated pressure. As measured by the
pressure sensor, the pressure is almost the same when OHPs are filled with DI water and gold

nanofluid with different concentratiofisig. 5/shows a typical example of the starting up process

with and without nanopatrticles for a liquid filling ratio of 67%. Due to the cooling water
circulation, the temperature of the condenser maintained abcat For pipes filled with DI

water|Fig. 58), no liquid flow was observed for the first 2 minutes after applying the concentrated

sunlight. The temperature of the evaporator kept increasing and the center of the evaporator went
over 100°C in two minutes. There was significant temperature non-uniformity in the evaporator
section, and over 7@ was observed between the center and the edge of the evaporator at 120 s.
A sudden temperature drop happened at ~120s, when the bubbles near the center of the heat pipe
started forming and rapidly driving water flow, which indicated the startup of the bubble oscillation.
However, the frequency of such bubble oscillation was low. The temperature and temperature
difference among different parts of the evaporation section continued increasing until the next
pulsating flow. The startup process showed intermittent appearance of liquid and bubbles, similar

to a typical oscillating heat pipe at low heat flux.

For pipes filled with 5 ppm gold nanoparticles (AuNHsY(5pb), however, it was observed that

the liquid started to flow almost instantaneously driven by randomly growing bubbles when the
concentrated sunlight was applied. This resulted in a slow increase of the wall temperature at the

evaporation section. The wall temperature kept increasing until the formation of large accelerating



bubbles at ~1 minute, leading to a shamperature decrease. Contrasting to the large temperature
variation as in the DI water case, the temperature of the evaporation section was highly uniform,
with a maximum SC difference. Smooth startup and active response to concentrated sunlight were
observed during the whole experiment period. It was noted that there was distinct temperature
difference between adjacent pipes in the adiabatic section of the solar collector (i.e. between the

evaporator and the condenser), as ShO\ﬁ'QHSD inside infrared images. This is resulted from

the circular movement of the liquid slugs, i.e., the generation of upward bubbles was associated

with downflow of liquid slugs in adjacent pipes.
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Fig. 5 Temperature variation of the evaporator and condenser sedi@nd 0) filling with of

DI water and gold nanofluid with concentartion of 5 ppm, respectively. The filling ratio is 67%.



The inset shows the photos and infrared images taken at 60 s after applying concentrated solar
radiation.Edgel represents the average temperature of the evaporator section of pipe 1, 2, 11, 12;
Edge2 represents the average temperature of pipe 3, 4, Cd&lder represents the average
temperature of pipe 5, 6, 7, &ondenser reperesents the average temeprature of the two

thermocouples attached to the condenser inside the cooling water.

The reason for such big difference is associated with increased solar energy absorption by
nanoparticles and subsequent generation of bubbles. Many studies have shown that the addition
of small concentrations of nanoparticles could increase solar energy absorption significantly [36]
especially for gold nanoparticles. Due to the effect of the’Bdaw [37], the absorbed solar
energy is concentrated at the surface area, leading to local high temperature that allows strong
bubble generation in the evaporation section, which initiates fluid circulation, achieving much
higher heat transfer performance. There have been many discussions on the mechanism of heat
transfer improvement by nanoparticles. Clearly for this work, the improvement of heat transfer is
not due to the effect of slightly increased thermal conductivity, nor purely the nanoparticles effect
associated with conventional OHPs (i.e., heating to metallic evaporation section). The harvested
solar energy by nanoparticles that leads to stable generation of bubbles at the evaporation session
is the main reason.

It was noted that for 5 ppm AuNPs fluid oscillation with intermittent circulation and flow
reversals, indicated bylow direction switch [24,38], was observed. The bubbles motion was
close to a quasi-steady state, without large bubble accelerations. We classified this motion as the
first mode in this work, i.e., random generation of bubbles under low heatsfivith small
accelerations, accompanied by occasional flow rever8alshown inSupplementary Video

(First mode), with the bubbles growing, some liquid slugs could possibly run into the condensation



section. However, due to tlstow generation of small bubbles and the frequent switch of flow
direction, the newly generated bubbles were difficult to reach the condensation section, which
could limit the heat transfer efficiency of the OHPs. It has been shown that fluid running in one-

way direction is the most efficient heat transfer model, as investigated below.

3.2 Effect of nanoparticle concentration

Controlled experiments were carried out for different concentrations of nanofluid, as shown in

Fig. 6| The performance of 7.5 ppm, as shO\/\1|I>Fiig. 6@, was very similar to that of 5 ppm. The

non-uniform distribution of solar intensity does exist, which is due to the Fresnel lens. But for each

experiment, the non-uniform distribution of solar intensity is almost the same for each

experimental period (i.e., 3 minutes as showhi( 6). So, the non-uniform supply of heat is the

same for the experimental period, the variation in temperature with time is not due to the non-
uniform supply of heat. The more absorption of solar energy due to increased particle
concentration led to a highliquid temperature and stronger bubble motions. Fluid oscillation was
induced and a quick reach to the steady state was observed with little wall temperature non-
uniformity. The fluid motion can be still well described by the first mode. However, a different

phenomenon was observed for the 12.5 ppm case. Large wall temperature fluctuations in the

evaporation sectiowas observed (as shownkig. 6p), indicted by the formation of one direction

fluid running inside the pipes, evidenced by the formation of large bubbles with large accelerations,

i.e., the second mode. For the second mode (when the concentration of nanofluid is high), the

newly generated bubbles can easily go into the condensation section due to the fast generation of
large bubbles and the one-way circulation of nanofluids (as shoBapplementary Video),

which significantly benefit the heat transfer process of the OHPs. The occurrence of the second



modeis also intermittent, e.g., around every 40 s as shoy#gnep for the case of 12.5 ppm.

The overlapping of the first and second mode produced large temperature variations. This
interesting phenomenon was associated with the forming of large accelerating bubbles due to
increased solar energy capture, which provided the required pumping force to drive the fluid
running in one direction. During the bubble growth period, the rapid evaporation of the liquid layer
(i.e., between the bubble and the wall) needed to sustain accelerating bubbles, would cause the dry
out phenomenon [39], leading adarge temperature increase. The departure of the large bubble
was followed by the influx of liquid slugs, which cedidown the wall subsequently, thus forming

large temperature fluctuations in a quasi-sine mode. This phenomenon is very similar to those
confined bubble movement observed in flow boiling in narrow channels [40].

There were speculations that nanobubbles could be formed around heated nanoparticles under
focused solar light, and subsequent merger of these nanobubbles would produce large bubbles
[41,42]. We have shown in our previous work that the hypothesis of nanobubbles was not valid
[5]. Strong evaporation was mainly caused by localized boiling and evaporation in superheated
regimes due to a highly non-uniform temperature distribution, albeit the bulk fluid was still
subcooled. Such a phenomenon can be explained by the classical heat transfer theory and the
hypothesized ‘nanobubble’, i.e., steam produced around heated particles, was unlikely to occur
under normal solar concentrations. The hypothesis of the modification of interfacial tension (IFT)
by nanopatrticles that make the bubble generation easier [43] is also not feasible. There is still
strong debate if nanoparticles alone could modify the IFT, and even so, the magnitude of IFT was
not sufficient to bring such big differences. It is the formation of large accelerating bubbles, i.e.

the second mode, that responsible for the one-way fluid flow.
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Fig. 6 Temperature variation of the evaporator secti@y ad ) filling with of gold nanofluid

with concentartion of 7.5 ppm and 12.5 ppm, respectively. The filling ratio is 67%. The inset shows

the photos and infrared images taken at 60 s after applying concentrated solar radiation.

3.3 Bubble characterization and pumping force analysis

The growth and dynamic movement of bubbles were crucial to the oscillating and heat transfer

performance of the OHR typical flow regime variation within 0.39 s for DI water and 12.5 ppm

gold nanofluid were showniig. 7

The main observation can be concluded as follow:

1) The average bubble size was small for DI water after the startup, i.e. in the range of 2 ~5 mm,

except for a few growing large bubbles as shmﬁ'{m?a. For the nanofluid, however the bubble




size was in the regima 3 ~8 cm, and most of them had long journey movement that passing from

evaporation section to the condensation section, as shgwig. irp.

2) The movement of bubbles for DI water was slow, and difficult to circle in one direction,
accompanied by occasional flow reversal. Most of the bubbles only slightly moved upward with a
low velocity ~ 0.015 m/swhich was calculated through the bubble’s positions captured by the
camera. Some even shesno movement. The lack of fast movement of bubbles limited the heat

transfer performance of OHP, which resulted in the high temperature of evaporation section as

shown inFig. 5a. For the nanofluid, however, the movement was more violent. The example

shown iTFig. 7b had a bubble velocity of 0.2B/s leading to one direction flow (i.e., the bubbles

inside every two pipes moved to the same direction, upward as ma ). This initiated
the second flow mode, consistent with the findingSlofv direction switch phenomenon.

3) Newly formed bubbles had large accelerations for nanofluid samples. For the example shown

in red dotted line in T+0.39(Ejg. 7b, newy generated bubbles pushed the previous bubbles into

the condensation section, driven by other newly generated Amesw bubble grew to as much
as about 10 cm within 0.13 s, i.e. having an average bubble velocity of ~0.7 m/s. The rapid bubble
generation and movement not only accelerate the heat transfer process, but @soretative

high pressure inside pipes, contributing to the latent heat release inside the condensation section.
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Fig. 7 Bubble growth and dynimic movement within 0.39 s of DAS-OHP filled with DI wajer (

and gold nanofluidk) with filling ratio of 67%. The bubble was marked for every other pipes.

It is believed that the unique characteristics of bubble motions were closely rtelates
absorbed solar energy. At a low particle concentration, the flow was in the first mode due to low

solar energy absorption. The dominant flow pattern of the working fluid was the slug flow when

the heat pipe was startgdsulting in random oscillation of the working fluid at low velogRyg




EF). However, at a high particle concentratiéing 6p), the flow was the overlapping of the first

and second motion due to more absorbed solar energy. Vigorous bubble generation would occur
at the evaporation section, where the flow pattern might change to semi-annular flow and even the
annular flow [44].

To estimate the momentum motivated by oscillating bubbles, the average accelerations of
oscillating bubbles were estimated from transient movement of bubbles within an oscillating
period. Clearly the acceleration of the solar absorber filled with gold nanofluid was much higher.
The bubble acceleration at 12.5 ppm nanofluid reached as much as/224vhich was almost
18 times of that of DI water sample (0.4¥4s?). The average pumping force from oscillating
bubbles was estimated from the acceleration according to the following equation,

Fpumping = 0Mmaxa (1)
where a is the acceleratiofl,andm,,,, were the filling ratio and the maximum filling mass of
working fluid, respectively. Assuming an ideal case that no frictional force from the inner surface
the maximum pumping force for the case of 12.5 ppm nanofluid was obtained as 0.056 N, which

is sufficient to transfer fluids from the evaporator to the condenser.

3.4 Energy and thermal resistance analysis
Similar to OHPs, thermal resistance was used to quantify the performance of different cases
studied in this work. The photothermal conversion efficiency needs to be firstly calculated. Our
previous work [5,13] showed that nameticles inside the fluid scatter solar light independently,
and the absorption and scattering coefficients could be calculated based on the Mie theory. The

absorbed solar energy by the solar collector can be calculated:

Qabs = Ne,mlS, ()



wheren, is efficiency of Fresnel lens (a typical value of 92% has been chogen$, the
photothermal conversion efficiency calculated frSapplementary Note, I is the solar intensity
when experimenting (measured by solar intensity sensor, a typical value VY@, ands,
is the area of the Fresnel lens.

The thermal resistance of the collector can be calculated from [45]:

Te—Tc
Qabs

3)

Ronp =
whereT, andT, are the average temperature of evaporator and condenser.

The thermal resistances were calculated based on experimental data for different filling ratios

and particle concentrations, as showfiig. 8| It showed clearly that solar collector filled with

nanofluid could significantly decrease the thermal resistance, which is due to increased solar
absorption and enabled bubble dynamics. Among all the fluids tested, 12.5 ppm AuNPs nanofluid
had the smallest thermal resistance, i.e., ~10 times smaller than Dhtaiter. Clearly both
experiments and predictions shexitthat there was a minimum resistance value for a given filling
ratio (e.g., 0.3&/W at afilling ratio of 92% for 7.5 ppm AuNPs; 0.1&/W at a filling ratio of

83% for 12.5 ppm AuNBsThe initial distribution of liquid and vapor slugs depends on the filling
ratio, whichshall have significant influence on the performance of OHP. For a low filling ratio,
liquid can be easily dried out at the evaporation section, resulting in poor performance, similar to
conventional OHPs [23]. A very high filling ratio, however, would also deteriorate the
performance of OHP due to the existence of long liquid slugs and hence low vapor acceleration.
Han et.al [46toncluded from previous works [47,48ht there was an “optimal range” for filling

ratio, which was in the region of 35%-65%. In this work, however, we sthtvat the optimum

filling ratio was higher than 65%, whose value increased with the increase of nanoparticle

concentration. This is due to the dependence of absorbed solar energy flux on the nanoparticle



concentration.A higher nanoparticle concentration captured more solar energy (i.e., as much as
40W /cm?for gold nanofluid that is much higher than previous studies), and evaporated the liquid
faster, which requires more liquid to sustain the evaporation at the optimum condition, leading to

a higher optimal filling ratio. Increasing filling ratio value would lead to quasi-sine oscillations, as

shown irrFig. 6p andFig. 7| These sinusoidal oscillations were originated from regular oscillating

motions and were only available at suitable power inputs and filling ratios, i.e., higher than 67%

in this study.

@
o

E.‘ =
= 2.5 .
g 1 X- DI Water . IZ[‘ 1
© 2.0 F =- 5ppm AuNPs " o =
2 - ¢ 7.5 ppm AuNPs
) 1F % 12.5 ppm AuNPs| & . ~
215"\ ®--® i
e | K =, :
® 1.0+ 3 -
£ K% 15R- 5
2 wim i %
— 0954 ) TN - : -
0.0 T T v T v T i T v T X T ¥ T v T
20 30 40 50 60 70 80 90 100

Filling Ratio (%)

Fig. 8 Variation of thermal resistance with filling ratio idAS-OHP filled with AuNPs nanofluid

with different concentrations.

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,
according tdq. 2, the photo-thermal conversion efficiency (PTE) in this work is 8.57%, 19.03%
and 29.83% for the OHP filled with DI water, 5 ppm and 12.5 ppm gold nanofluids with the filling

ratio of 100%, respectively, which means that most of the solar energy will penetrate the OHP due



to thin optical depth. According to oprevious study [13], 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. However, the PTE of the OHP can
reach very high when the tubes are filled with multi-wall carbon nanotube (MWCNT) nanofluid
with high concentration of 3.0 wt% (fro®upplementary Note). The maximum efficiency of
OHP filled with MWCNTs nanofluid is around 92%, 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% [49] and 53.79% [29]
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 6000/(m - K); 2) low level of heat leak due to the volumetric
absorption of nanofluid inside the OHP by the ‘thermal trapping’ effect [5,13], 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 typically large gap between
adjacent vacuum-tubes due to the nature of the install panel, which wastes nearly 30% of the
irradiated area). The maximum efficiency for evacuated head pipes is typically less than 70% if
the gap area is considered. Not only the efficiency, the proposed system has many other advantages
such as low cost and easy manufacturing.

4. Conclusions

This work validated experimentally the innovative idea of a pumpstriae collector concept

by using direct absorption nanoparticles for efficient solar energy harvesting. The results show that



by using direct absorption gold nanoparticles, much higher amount of solar energy can be captured
that allows a vigorous generation of bubbles, which enables the circulation of fluids between the
evaporator and the condenser, and efficient transport of energy without using extra pumping power.
The performance is however related to particle concentration and filling ratio. Different flow
modes can be formed at different nanoparticle concentrations, and there is an optimum filling ratio
to reach the minimum thermal resistance. Further optimization of the system is recommended on

proper selection of nanoparticle type and nanoparticle concentration.
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