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Abstract: In this work, theFe;0O4, Cu and Au with different concentrations and the hybrid nanofluids were
prepared and characterized to enhance the solar photothermal conversiongmedobased on the direct
absorption concept. An extensive experimental study was carried out with diffaneple nanofluids under

a solar simulator. The experiment was first conducted with Au nanofluid in tree® tcainvestigate the effect

of different test conditionsand the test condition where the simulated sunliggst absorbed by the sample
nanofluid only once with minimum heat loss to the surroundings was determined for kedéeche8ased on
the experimental results, below conclusions have been reached: 1) the solar energgrapsdimimance of
nanofluids with plasmonic nanomaterials, i.e., Au or Cu, is much bettethhaof nanofluids with non-
plasmonic nanomaterials, i.€0sand DI water, due to the effect of localized surface plasmon resonance; 2)
the larger the concentration, the higher the solar energy absorption efficiendye ingreasing rate of the
absorption efficiency slows down gradually with the increase of the concent@tmmumerical method to
predict photothermal conversion efficiency of nanofluid under solar radiation has been prdpdsediovel
idea of employing hybrid nanofluid to enhance the solar absorption performance has beemexgly and
numerical validated, which can enhance the solar photothermal conversion when mixiranofluids with

different absorption peaks, and there is an optimal mixing volume fraction for hybriduignof
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Nomenclature

surface area exposed to solar radiatiof) (m

absorbance (-)

Mie coefficient to compute the amplitudes of the scattered field (-)
Mie coefficient to compute the amplitudes of the scattered field (-)
specific heat capacity/( kg- K))

specific heat capacity at constant pressuré kg- K))

particle diameterm)

Petri dish diameterrf)

spectral emissive powa/m?)

volume concentration (-)

radiative intensity\(V/m?)
thermal conductivity YW/ (m- K))

imaginary part of the complex refractive index of the based fluid (-)
optical depthifn)
massKg)

relative refractive index (-)
complex refractive index) (-

order of accuracy

heat flux (\W/m?)

efficiency factor for Mie scattering (-
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T temperature C)

t time )

U uncertainty (-)

X characteristic size of nanopatrticles (-)

Greek symbols

Yij extinction coefficient (™)

g spectral emissivity (-)

n efficiency (-)

K absorption coefficientfi™)

A wavelength of light in vacuumn)

o scattering coefficientih™)
Stefan-Boltzmann constant 70« 103( W( m- |<l))

o) density (kg/m)

v, spherical Bessel function of order n

& spherical Bessel function of order n

Superscripts

average value

- vector quantity
Subscripts

abs absorption

amb ambient

b black body

ext extinction

f fluid

n wavelength range
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I radiative intensity

n nanoparticle
p particle

sca scattering
s scattering
w water
Abbreviations

ABE absorption efficiency

DASC  direct absorption solar collector
DI deionized

PTE photothermal conversion efficiency
RTE radiative transfer equation

SAR specific absorption rate

TC thermocouple

SEM  scanning electron microscope

uv ultraviolet

1. Introduction

With the rapid development of social economy and growth of world population, there is a gidewiagd
on energy fortoday’s world. At the same time, with diminishing availability of fossiklfsiand increasing
concerns on environmental pollution and global warming, to develop sustainablerewble energy
technologies, especially solar energy related, becomes extremely important ingseauenergy futurfl—

3], which attracts the interests of many researchers worldwide.

However nowadays, the solar energy utilization efficiency is still relatively &md there exist many
challenges to overcome before realizing its efficient and widespread igilizéthile for the solar thermal
energy applications, the big challenge lies in the solar photothermal conversi@nefficn recent decades,
in order to enhance the solar photothermal conversion performance, namspaiell direct absorption

concept has been proposediich makes use of nanopatrticles dispersed in the base fluid to realizveffec



98 and efficient solar photothermal conversion, and the solar thermal esexgntually stored in the base fluid

99 through the heat transfer between the nanoparticles and the bag4-fjid

100 Comparing to traditional solar thermal collectors that absorb the solar dinstdyy an engineered solid

101  surface, then transport it through the conduction and convection mgdesthis novel concept, properly

102  selected nanoparticles absorb the solar energy directly within the bas&fticiidan idea transfers the surface
103 heat transfer limitation associated with conventional solar thermal cofleicttar volumetric absorption

104  process, which can increase the solar energy absorption efficiency consideralapdnymngineering the

105 solar absorption spectrum at the nanosfalé4]. So far, big progress has been made in this area since this
106  new concept was first proposed, and the solar energy absorption performanageif/af/nanomaterials has

107  been investigated both experimentally and theoretically, which will be reviewed imé&losi.

108 Otanicar et al. [15] compared the photo-thermal efficiencies oérdift nanofluids including carbon
109 nanotubes, graphite and silver nanofluids. It is found that the optical absorption propetgféected by the
110 nanoparticle material, structure, shape, size and volume fraction. An efficepoyvement of up to 5% in
111  solar thermal collectors by using nanofluids as the absorption mechanism wamentatly demonstrated.
112 Karami et al. [16] prepared alkaline functionalized carbon nanotubes (f-CN@&jeatofluid as working fluid
113  of low-temperature direct absorption solar collector, and characterizedsjisrglon stability, optical
114  properties and thermal conductivity. Experimental results confirmed that fe@Nmaise the optical properties
115  of the fluid due to improvement of the light extinction level even at lownael fractions. 150 ppm f-CNT
116  increased the extinction coefficient of pure water by about 4:1 Significant enhancement of thermal
117  conductivity (32.2%) was observed for 150 ppm f-CNT /water nanofluid. Wisetheomising properties,
118 this kind of nanofluid is very suitable for increasing the overall efficiencyre€tdabsorption solar collectors.
119 Zhang et al. [17] proposed and validated a novel idea of using plasmonic nanoparticles (R the
120  solar photo-thermal conversion efficiency. Gold nanoparticle (GNP) was synth#dsiaadh an improved
121  citrate-reduction method, which was used as an example to illustratgphoto-thermal conversion
122 characteristics of PNPs under a solar simulator. The experimental reswtdshat GNP has the best photo-
123 thermal conversion capability comparing to other reported nanomaterials.|éivést particle concentration
124  examined (i.e. 0.15 ppm), GNP increased the photo-thermal conversion efficigheybaise fluid by 20%
125 and reached a specific absorption rate (SAR) of 10 kW/g. The photo-thermal convdisiemcgfincreased
126  with increasing particle concentration, but the SAR showed a reverse trend. Filhg18] a&lvestigated

127  experimentally the photo-thermal conversion characteristics of one of the plasmomartiales, i.e. silver,
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under realistic conditions. Stable silver nanofluids were formulated through a high¥preemogenizer, and

the experiments were conducted continuously under sunlight on a rooftop for 10h. The results showed tha
silver nanoparticles had excellent photo-thermal conversion capability evenvengdow concentrations.

Up to 144% enhancement in the stored thermal energy can be obtainedestkitemperature for a particle
concentration of 6.5 ppm. Nearly constant initial specific absorption rate)(®4=kW/g, was obtained for
nanoparticle concentrations up to 6.5 ppm, but it decreased significantly atddgbentrations. He et al. [19]
prepared Cu-kD nanofluids through the two-step method, and the transmittance of nanofluids over solar
spectrum (250-2500 nm) was measured by the UV-Vis-NIR spectrophotometer basesj@iing sphere
principle. The factors influencing transmittance of nanofluids, such dsleaize, mass fraction and optical
path were investigated. The extinction coefficients measured experimentally were exbmptr the
theoretical calculation. Meanwhile, the photo-thermal properties of nanofluids werienastigated. The
experimental results showed that the transmittance of QuAEnofluids was much less than that of deionized
water, and decreased with increasing nanoparticle size, mass fraction and optical degtfgh&sie
temperature of Cu-¥D nanofluids (0.1wt.%) can increased up to 25.3% compared with deionized water. The
good absorption ability of Cu4® nanofluids for solar energy indicated that it is suitable for direct jai@or

solar thermal energy systems. Khullar et al. [20] conducted an experimemtal vahich quantitatively
compared a nanofluid-based volumetric system to a conventional surface absorption-based sysyemy emp

a solar selective surface. The nanoparticle dispersions were amorphous carbon nasopiapg®ised in
ethylene glycol and multi-walled carbon nanotubes (MWCNTS) dispersed in distilled Wadestudy showed

that the nanofluid-based volumetric absorption system could be more efficientwHsesa optimum volume
fraction at which the nanopatrticle dispersion-based volumetric system perfibertsast. Additionally, it was

also shown that higher stagnation temperatures were possible in the case of volus@ipitoabsystem,
which can be attributed to the cumulative effect of higher optical efficiency andigher ltonversion
efficiency of radiant energy into the thermal energy in the working fluid. To agsesfficiency of direct
absorption solar collector with different nanoparticles, Zhang et al. [21] conduciexperimental study of

the photo-thermal conversion characteristics of a number of nanopatrticle dispersions including AQ,,Si, Fe
Al;0Os and diamond under the same experimental setup. The results showed that compatiedyatta fluid,

the introduction of nanoparticles can increase the photo-thermal conversion effeigmécantly, and the

efficiency increased in the order of.8k, diamond, (F€, and Si) and Au.
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Ladjevardi et al. [22] investigated the application of graphite nanoftuitiréct absorption solar collector
by numerical simulation. Radiative transport equations along with mass, momenteneagy equations
were solved together to simulate the operating characteristics of direct abssopdionollector. Different
diameters and volume fractions of graphite nanoparticles were investigated. Mofeoaeproposed low-
temperature solar collector, increase in outlet temperature, convective tlisseal and costs were evaluated.
Results of this study showed that by using graphite nanofluidanitiiume fraction around 0.000025%, it
would be possible to absorb more than 50% of incident irradiation energy bapquet0.0045 $/L increase in
cost, while pure water solar collector can only absorb around 27% démadiradiation energy. Luo et al.
[23] established a simulation model of nanofluid solar collector based on disecptitn concept by solving
the radiative transfer equations of particulate media and combining conduction and oanveatitransfer
equations. The system efficiency and temperature distribution were analyzed by aumshiedbsorption
and scattering of nanoparticles and the absorption of the matrix. The simulatide sbewed that the
nanofluids improved the outlet temperature and the efficiency by 30-100 K and by 2-25% than the base fluid.
The photo-thermal efficiency of 0.01% graphite nanofluid was 122.7% of thatazting absorbing collector.
The study indicated that nanofluids, even of very low content, had good absorption of solar radiatiam, and ca

improve the outlet temperature and system efficiency.

According to the review above, both theoretical and experimental studies confirtinetleanployment of
nanoparticles can indeed enhance the absorption efficiency of solar thermal energy considerably @ased on th
direct absorption concept. Currently, in most studies, only a single kind of nacleparbs adopted. For each
kind of nanoparticles, it only has strong absorption capability within a nasotav spectrum. In order to
further enhance the absorption efficiency, it is necessary to improve the solatiabhsarthe whole solar
spectrum, and the application of hybrid nanofluids, i.e. a mixture of eiffé&inds of nanoparticles with the
solar absorption peak at different wavelengths dispersed into the base fluid, iscalfyréeasible method.
For instance Au nanopatrticles have excellent solar absorption performance due to the effecalized
surface plasmon resonance, however, the wavelength corresponds to its solar alpgaptis@round 520
nm, and its absorption capability becomes much worse when the solar wavelength ihder&Onm. For
Cunanopatrticles, the wavelength corresponds to its solar absorption peak is largedinasédt is expected
to improve the solar absorption in the whole solar visible spectrum (390-76@rth application of Cu+Au
hybrid nanofluids. In this paper, hybrid nanofluids of®£ Cu and Au were prepared and tested under solar

simulator. The photothermal conversion efficiency was evaluated based on theoretical\veaasihile,



187  numerical works and other relevant factors affecting the solar energy abspgsfammance of the nanofluids

188  were also investigated and discussed.

189 2. Experimental setup and material

190 2.1 Preparation of nanofluids

191 In this work, Massart co-precipitation method was considered for tdugiion ofFe;0. nanoparticles

192  according to the following reaction [24]:
193 FeCb+ 2 FeCkt 8NaOH— Fez04+ 8NaCl+ 4HO (1)

194 Table 1 shows the concentration and temperature condition of several experiment runs\CEmgraton

195  of other components was prepared based on chemical stoichiometry with Ferrous chloride.

196 Table 1. The condition of nanoparticle synthesis in different experiment runs.
Experimental Ferrouschloride Temperatur
1 0.01 22 °C
2 0.05 22°C
3 0.1 22°C
4 0.01 70°C
5 0.05 70°C
6 0.1 70°C
197 The reverse microemulsion was prepared by mixingl ml ionized water containihgriee€eCl with a

198  mixture of 8 ml cyclohexane, 0.2 g Span80-1.8 g Tween80 and 2 ml propyl alcohol fos Lihder magnetic
199  stirring. One ml of sodium hydroxide solution as the precursor was added dropowike reverse
200  microemulsion during 10 minutes. The mixture was stirred over 4 houveacb the equilibrium. A trial was

201  performed without using any surfactant in the mixture to compare with theseewecroemulsion method.

202  SEMimage for FeDsnanoparticles is shown|Fig. 1

203 The Cu nanofluid was formulated through two step method, i.e. by dispersing a eent@umt of
204  commercial Cu nanoparticles into DI water with pre-determined volumeisinvtrk, the Cu nanoparticles
205  were purchased from the Sigma-Aldrich Corporation walze range of 60-80 nm. In the preparation process,

206  a certain amount of dispersing agent (tri-sodium citrate) was first blended witat&i, then the pH value of
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the tri-sodium citrate aqueous solution was adjusted to about 10.0 by the precisa afidtN&@OH solution.
After that, a certain amount of Cu nanoparticles was blendedhetii{sodium citrategueous solution. The

suspensions were stirred for 30 min by magnetic stirring apparatubemddnicated for 30 min with an

ultrasonic device. SEM image for Cu nanoparticles is shonginl

The Au nanofluid was formulated through simultaneous production and dispersion of therticdasia
situ, i.e. one step method. Au nanopatrticles were synthesized by the citrate reduction ntletthedaid of
magnetic stirring. In the synthesis process, a mixture of 50ml 5mM HAagDeous solution and 50ml 10
mM tri-sodium citrate agueous solution was heated until boiling, and stirred by atindgender. The pH
value of the mixture was adjusted as 7.50 by the addition of NaOH solutiorhwitiomcentration of 1.0M,
and the production process lasted about three hours until the color of thensthatimed to dark wine red.
After that, Au nanofluid was purified by the membrane dialysis methdHidprocess, Au nanofluid was put
in a membrane tube with pore size of 2-3 nm in diameter, which allowsiibeth diffusion of ions but keeps

the Au nanoparticles always inside the tube. The membrane tube was located i éilleskkith DI water

of 2000 ml and stirred by a magnetic stirrer. SEM image for gold nanopartickéé®wn i+Fig. 1} which
clearly shows the morphology information: most of the Au nanopatrticles with sialerare spherical, while
a majority of Au nanoparticles with larger sizes are oval, and the averagétsieé\u nanoparticles is around

20-30 nm.
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FesOs+Cu+Au FesOs, Cu, Au, FeOs+Cu, FeOs+Au, Cu+Au, FeOs+Cu+Au

Fig. 1. SEM images and photo of different nanofluids

The synthesized nanofluids were put into an ultrasonic bath (ThermoFisher Scientific, HB@i230in.
The concentration of the original nanofluid was determined as 330 ppm, 25ppm and 1500 ppm by the Atomi
Absorption Spectroscopy (AAS), and the nanofluids with different concentratiemgsprepared by diluting
the original ones with DI water. The0., Cu and Au nanofluid with concentration of 200 ppm, 50 ppm and
6 ppm were selected for hybrid nanofluid preparation. The diluted mmdutiere processed by an Ultrasonic
Cell Disruption (UCD) System (ThermoFisher Scientific, FB705) with 50% powveéZ hous. After that, the
nanofluids were standing for 2 months and tested W\aspectrophotometer (Shimadzu UV-1800) to
compare the changes in absorption. The difference of absorbance before and after stahdiranfos was
less than 1%, which indicated that the nanofluids maintained good stability. The &é&@dCu and Au

nanofluids (with concentration of 200 ppm, 50 ppm and 6 ppm, respectivelyimivee by the same volume

of each one and processed by the UCD system for 3 hoursSHMamages can be seen|kig. 1f The

Fe;04+Cu, FeOs+Au, Cu+Au and F€4,+Cu+Auhybrid nanofluids were tested by the UV-spectrophotometer,

and the results showed that the deviation of absorbance maintained 1% in 1 veeekprievious research

- 10 -



239  [13,25], adding surfactant can significantly improve the stability of nanoflumrder to improve the stability,
240  dispersing agents of trisodium citrate (TSC) aqueous solution 0.5M and Guuic-@&3#) powder were added
241  to the hybrid nanofluids at 2 vol% and 0.5 wt %, respectively. The deviation of absortaintamad 1% in
242 3 months. However, to avoid the influence of surfactant on the absorption oinswlgy,¢he hybrid nanofluids
243  after UCD treatment and without any surfactant were selected for furtheriregpts, and the experiments

244  were conducted within 1 week after the UCD treatment. The optical prageranofluid was characterized

245 by a UV-spectrophotometer, as sho@ TheFe;04 exhibits strong absorption from 300 nm to 450 nm,
246  and no peak absorption is found. The peak absorption of Cu nanofluid is around 750 nm in spéeireiin
247  peak absorption at the wavelength of around 530 nrAdananofluid with concentration of 6 ppm, which is
248  due to the strong Surface Plasma Resonance (SPR) effect in visible sg26{ruviany previous researches
249  conclude that the strong absorption in visible light is the reason why golduidrwads high photothermal
250 conversion efficiency. And seeking for nanofluid whose absorption shape in specsiomteiswith the shape

251  of solar spectrum becomes popular when considering solar thermal harvesting [2@28}eH the solar

252 spectra emissive power exists from 200 nm to 3000 nm approximately, as st|&vgn 5[ Unilaterally

253  considering the visible spectrum only may cause significant issues in dalgyhbtothermal conversion
254  efficiency. According to the Maxweél equation [29], the scattering of nanofluid in this paper should be

255 independent. As Cu and Au nanofluid have peak absorption in different wavelength nfrapae mixing

256  of Cu and Au nanofluid makes the absorption more smooth in spectrum, as S@HOWGVEI’, the
257  mixing of Cu an Au nanofluid will dilute each other as the volume is the same. According 1s [Bee[29]

258  the absorbance of hybrid Cu-Au nanofluid should be the halfcofA (A is the absorbance). Thaithe

259  reason why the curve absorbance of Cu-Au nanofluid passes through the curvdiotiest€u and Au. The
260  situation is the same féres04,-Cu andFe;0s-Au hybrid nanofluids. Further investigation into the absorbance

261  will be discussed isection 4.5.
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—&— Cu

—*— Au
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—O— Fe 0,+AU
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—>— Fe;0,+Cu+Au

1.0}

Absorbance

0.5 1

0.0
300

Wavelength (nm)

Fig. 2. The absorbance of different nanofluids

2.2 Experimental setup

Fig. 3|shows the experimental setup. In order to minimize the experimental uncestamter direct

sunlight, a solar simulator (Newport Co. Oriel Xenon Arc lamp, Model 94023A) wpkyed to simulate
the real solar radiation. It provides a close spectral match to the reassdta. The performance parameters
of the solar simulator are based on the ASTM standard (ASTM E927-05), including spexttia] non-
uniformity of irradiance (5% maximum) and temporal instability (0.5% 208 maximum for short- and
long-term measurements, respectively). To minimize the temperature gradienthiedidéed, a thin layer of
sample fluid (3 mm) was injected into a Petri dish with 3.5cm eiamwhich was located on the bottom of
an upside-down beaker in the center spot of the solar simulator. Theratiltion was maintained at
approximately 980 W/A(1.5AM) in all the experiments, and a uniform radiation from the solar sionaan

be assumed. The center sample temperature was measured by a type K thermocoupleo(figratio@
with uncertainty of £0.1 °C), whose head was fixed on the bottom centbe d?dtri dish. The radiative
intensity of solar simulator was measured by a radiative sensor (AccuPRXDORIPwith a measurement
uncertainty of 2.0%. The mass of nanofluid was measured by a digital balance (Ohaus Yistomedr

- 12 -



278  DV214c) with precision 0f+0.0005 g. The inner diameter of the Petri dish was measure by micrometer with
279  precision of +5um. The data was recorded in a PC though a data acquisition hardware (thermoguuiple in
280 devices, NI, USB-9211, 4-Channel, 24-bit) under the Labview environment. Prelimistsywtith five

281  thermocouples located at different positions on the bottom of the Petri dish showed thateh@spaon of

282  the sample temperature was very small, i.e. within 0.2 °C. The temperatureonaniathe thermocouple

283  during the switch on period of the solar simulator was not detected, widiiclated that the solar radiation
284  didn’t affect on the temperature acquiring inside nanofluid by the thermocouple. Sample fluid was injected

285  slowly through a variable volume pipette into the Petri dish before each experiment.

Solar simulator

286 Data acquisition
287 Fig. 3. Schematic of the experimental setup
Solar radiation Solar radiation Solar radiation
> . ¢ \ & £ 3
Glass cover Glass cover
Petri dii White paper Petr di%wmte paper " disr‘i
Beaker Beaker Beaker

Black sponge

!/ > ) > /B

288 Case 1 Case 2 Case 3

289 Fig. 4. Three cases in the experiment
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The experiment was conducted for three cases, as shifwia #) For case 1, the Petri dish was covered

by a glass plate (made of quartz glass, material type $1,JGAi Photonics Corporation), which had high
transparency from 185 nm to 2800 nm in spectrum. A piece of white paper was sandwisked biet Petri
dish and the beaker; for case 2, the Petri dish was directly open to the ambiamjenedof white paper was
sandwiched between the Petri dish and the beaker; and for case 3, the Petrs dishenad by a glass plate,
the white paper was removed, and a piece of black foam sponge was placed in the beakdr ttoeadisdar

light transmitted through the sample fluid.

3. Numerical modd

Aiming to investigate special absorbing properties for individual type and hybfigenofluids, a
simulative model was built to predict the Absorption Efficiency (ABE). Through neaieriodel, the reason
why hybrid nanofluids can enhance photothermal conversion efficiency and how to mix eoitlids

properly can be comprehensively explained. Here we preferred to employ realatigradiation profile

based on ASTM G173-03 Reference Spectra [30], as sh¢®ig B) Solar radiative power takes part of more

than 95% in wavelength range between 200~3000 nm, but radiative power from nanofluids is mainly beyond
3000 nm, and is much small than that of sun, as can be seen in inset. So we sepspattrtine into two

bands from 3000nm in order to simplify simulative model [31]

0.5~
Wavelength(nm)

. 2.5 ETR T T T T T T T

B | —— Globat tilt

f Direct+circumsolar

£ 20- 1x10° : : 0.10 |

5 8x10* 1l A B 10.08 |

5 h

2 154 6x10° i 10.06
A

o 1

g 4x10° 10 10.04 1

% 1y - T T4

£ 107 2x10* I e 10.02

o [N P

IS o W S : 0.00

g 3000 6000 9000 12000 |

o

%)

0.0 —

5(|)0 ' 10|00 ' 15|00 ' zoloo ' 25|00 ' 3000
ASTM G173-03 Reference Spectra Derived from SMARTS (nm)

Fig. 5. ASTM G173-03 Reference Solar Spectra Emissive Power with wavelength, inset shows calculated
spectral emissive power for sun (T=5762 K) and nanofluid (T=303 K), where spectral distribution is

separated into two bands, A<€3000 nir) and B (1 >3000 nrr)
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3.1 Miescattering theory

In the present modeling, the characteristic size employed in radiativeetragshtion is ag, = zD/ 4,

where D represents the diameter of nanoparticles. Since the diameter of suspenibdes par the

experiments are much smaller than the wavelength of irradiation<(1), it is appropriate to use simplified

equations, i.e., the Rayleigh scattering approximation [32] to calculate the absogaificient for nanofluids
with small particle inside. However, in order to obtain detailed saagt@drameters, such as the efficiencies
for scattering, absorption, backscattering, averaged absolute-square E-field, thal &dig scattering
equations [29] is preferred to identify the optical properties for starémoparticle suspensions. The Mie

scattering equations can be described by:

oy, (m)y) () =w, (1), (m)

o my, (mx) & (x)-& (x)w, (mx)
)
p Y (mx)w, (x)—my,(x)w, (mx)
w, (mx) & (x)-mé (x)w, (mx) -
28 2 2
Qsca(/i)=FnZ=;(2n+1)[|an| +|bf"] 4)
Qui(#)= =2 (2n+ ) Re(3,+ ) ©)

where the functionsy, (x) and & (X) are spherical Bessel functions[29] of order n (n= 1, 2,..) and the

primes refer to the derivatives with respect to the argument, andreseafs the ratio of refractive indexes,

calculated by:

n )
m= particles (6)

nﬂuid

where n and ng,, are the complex refractive index [&5] of particle material and based fluid (i.e.

particles

water) relative to the ambient medium, respectively. In consideration ofveelativ concentrations of
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nanofluids developed for solar thermal applications, particles should absorb andligtatiedependently
according to the scattering map [29]. With such a consideration, the tidas@qgefficient can be calculated

from the below equation:

(Qual2) | 47k, ()
D A

w(2)=r, (2)+x¢ ()=

N w

()

Here the particle of hybrid nanofluids we intend to investigate is in independertiagatange[29], the
absorption coefficient of hybrid nanofluids can be assumed as the summation of absarpach kind of

nanoparticles and the based fluid, which can be expressed as:

Kiyoria (4) =Ko 0, (A) + K cu(A) + & py(4) + 51 (4)

2 D D D A
8
where the superscripts represent each type of nanofluids.
Based on Beer-Lambert Law [31], the absorbance can be obtained as:
x(A)-L-log,,e=A(1) 9)
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6. Absorbance from UV spectral-photometer and simulation for gold nadefid different concentrations

shows the comparison of simulative and experimental absorption from UV-specatroptest As

can be seen, results from Mie scattering theory are comparable with thaifgeriments. All samples exhibit

very similar absorption curve shapes. The wavelength corresponds to the absorption pab&us 580 nm,

which is independent on the concentration of the nanofluids. Meanwhile the UVAtsbahce of Au

nanofluids agrees pretty wellith the Beer’s law, i.e. the absorbance exhibits strict linear relation with the

concentration. The proposed model can predict the absorbance@araRe Cu nanofluid. However, due to

the reactants and surfactant inside the fluid, the absorbance in UV region shevisfsoiy values (as shown

in

Fig. 2

, Which is not caused by nanoparticles. In this case, the nsau#lsuitable to predict the absorbance

in UV region. In order not to dilute the focal point of this work, the validatioié&®. and Cu nanofluids

not presented.

3.2 Predicted absor ption efficiency

As nanoparticle-based solar receiver, the solar energy absorption of nanopartidestaplified as 1D

radiative transfer, as showr]king. 7| The total absorption efficiency (ABE) can be described as [31]:
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(10)

where the spectral wavelength for calculation is between 200 nm and 3000 nm, in which most of gglar ener

exists.

Reflection

Transmission

Fig. 7. Schematic absorption profiles in a nanoparticle-based solar receiver

Fe;04, Cu and Au nanofluids with concentrations of 200 ppm, 50 ppm and 6 ppm were dispersed into each

other with the same volume, respectively. The absorbance for each nanofluids emsatdiffbrids can be

seen ifFig. 2| These nanoparticle in such low concentration nanofluids should scatter light indyvidsiéhe

size compared with the wavelength is in individual scattering range [29].Becauséfénentinanofluids are
dispersed into each other with the same volume concentration, the absorbancthénghiale spectrum of
UV-spectrophotometer should go through the cross point of two individual absorbancéi.dingbhe

absorbance lines for Cu, Au and Cu-Au hybrid nanofluids go through the same point at waaiemyth

600 nm, as can be seen|kig. 2), which is in consistent with Beer’s Law. Hybrid nanofluid has the

characteristics of mixed ingredients in absorbance, i.e., Au nanofluid and Cu nanoftiabksarbing peaks
around 530 nm and 750 nm in wavelength, respectively. Obviously, hybrid nanofluidd@rand Cu has two

identical peaks and exhibits more flat absorbance curve than that of Au or Cu nanofluid.

4. Resaultsand discussion

4,1 Effect of test conditionson solar energy absor ption performance
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The solar energy absorption performance is influenced by not only the working fluits/edyput also
the test conditions, and it is very important to understand the effect of diffeseocbtelitions in the analysis
of the experimental results. In this work, the experiment was first dardein three cases to investigate the

cover and reflection effects on the solar energy absorption performance.

36 " T " T T T T T
—&— 3 ppm Au nanofluid, case 1
1 —e— DI water, case 1
34 —A— 3 ppm Au nanofluid, case 2 |
—w— DI water, case 2
— 1 —@— 3 ppm Au nanofluid, case 3
O 32 —<«— DI water, case 3
O\/ — -
(]
| -
=
< 30 - i
-
(]
o
£ 28 ]
|_
26 -
24 I T T T T T T T T
0 50 100 150 200
Time (s)

Fig. 8. Temperature variations of DI water and 3 ppm Au nanofluid in different cases

Fig. 8[shows the temperature variations of DI water and Au nanofluid with a conmemwat3 ppm in

different cases. For a fixed solar radiation time of 220s in the same case, i.&.oc2s¢he temperature rise
of Au nanofluid is obviously larger than that of DI water due to enhanced solar photgtioemaersion
performance of Au nanoparticles. However, more interestingly the glass coveraplaygportant role in
affecting the temperature rise of the sample fluid. For DI water, thpegture rise is increased by 3.4°C
when it is covered by a glass plate; and for Au nanofluid, the temperatui® fusther increased by 4.0°C.
The final temperature of DI water with a glass cover is even 1.5 °C higheh#tai Au nanofluid without a
glass cover, indicating that when the sample fluid is directly exposead amibient, as the fluid temperature
rises continuously due to the absorption of solar radiation, the temper#fienendie between the sample fluid
and the ambient increases gradually, and the heat loss from the sample florl teuttie ambient through the
evaporation and convection is comparatively large. The glass cover is made of @sstavpich has high

transparency from 185 nm to 2800 nm in spectrum. The glass cover aitfexitthe solar radiation. However,
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391 the glass cover will significantly absorb the long IR radiation form the nandfibiove 4000 nm with the

392 temperature of 303 K, as shown(|fig. 5), which prevents the radiative loss of nanofluid, the same

393  phenomenon as the greenhouse effect. In order to avoid the influence of radiative and convective heat loss on
394  the analysis of photothermal conversion efficiency, the glass cover is neces$arh@rexperiment. By the
395 employment of a glass cover, the heat loss to the ambient can be effectivetgdhlaibd it is very necessary

396 to seal the sample fluid in later experiments to enhance the solar absorption performance.

397 As shown ifFFig. 8| for a fixed solar radiation time of 220s in the same case, i.e., caSeth@temperature

398 rise of Au nanofluid is obviously larger than that of DI water, due to enhanced solar photothermal aonversio
399 performance of Au nanoparticles. However, more interestingly the sunlightimfletays an important role
400 in affecting the temperature rise of the sample fluid. For DI watetethperature rise is increased by 4.1°C
401  when a piece of white paper is located under the Petri dish; and for Au nanofltédneeature rise is further
402 increased by 6.0°C. That is because when a piece of white paper is located uRedn thish, the sunlight
403  penetrated through the sample fluid is reflected upwards, which will be absorbed by pite fhgid for two
404  or even more times, resulting in a large temperature rise of th@eséimd. While when the white paper is
405 removed, and a piece of black foam sponge is placed in the beaker, the sunlighabgbtibed by the sample
406 fluid only once because most of the penetrated sun light will be absorbed liigdkesponge, resulting in
407  considerably reduced temperature rise of the sample fluid. To better charahgpéar energy absorption
408  performance of the nanofluids investigated here, subsequent experiments will be alwayseddndiase 3,

409 i.e., the sample fluid absorbs the sunlight only once with minimum heat loss to the surroundings.

410 4.2 Effect of different nanofluids on solar energy absor ption performance

411 Fig. 9|shows a comparison of different working fluids on the solar energy absorption performeluckng

412 DI water, FeOs, Cu and Au nanofluids with different concentrations. As showrign9| the solar energy

413  absorption performance of Au nanofluid is the best, which is much better than@abhahofluid. While for
414  Fe04 nanofluid, the solar energy absorption performance is not favorable, whidly sightly better than

415 that of DI water.

416 In fact, the solar photothermal conversion performance of a nanofluid depends slait spectral
417  absorption property, which is directly influenced by the particle matgaaticle shape and morphology and
418 the suspension concentration. Generally, the solar photothermal conversion performarareofitiid is more

419  or less above that of the base fluid, i.e., DI water. That is because natepaispersed in the water have
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420  strong absorption of sunlight and the scattering effect between nanoparticles canmedse ithe optical path

421  of photons entering the nanofluid, which is beneficial to the capture and absorption of sunlight.

34 T I T I T I T I T I
—a— 12 ppm Au nanofluid case 3
—o— 100 ppm Cu nanofluid case 3
32+ —4—100 ppm Fe,O, case 3
O —v— DI water case 3
o 30 -
2
©
[}
Q 28 4
=
()
|_
26
24 T T T T T T T T T T T
0 50 100 150 200 250 300
time (s)
422
423 Fig. 9. Comparison of different nanofluids on solar energy absorption performance
424 Different from non-plasmonic materials, i.€&0., for plasmonic materials such as Au, Ag and Cu

425  nanoparticles, when the oscillation frequency of electrons in the metal is consighetitenincident light
426  frequency, the plasmon resonance can be excited at the metal partide, surfethe absorption and scattering
427  effects of sunlight can be significantly enhanced under the condition of resoB&r&4 [Therefore, at very
428 low concentrations, the Au or Cu nanofluid exhibits much higher temperei@mpared to hon-plasmonic

429 materials.

430 4.3 Nanoparticle concentration effect on solar energy absor ption performance

431 Fig. 10[shows the temperature variations of Au and Cu nanofluids with different conomstiatcase 3,

432  respectively. For both Au and Cu nanofluids, the higher the concentration, the hargemperature rise of

433  the nanofluids. For Au nanofluid, it is in good agreement with the UV-Vis absoresudesrshown |rI>Fig. 6

434  where a higher concentration corresponds to a larger solar absorbance.
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Fig. 10. Temperature variations with concentrations in case 3 of different nanofl&dau(nanofluid;

(B) Cu nanofluid

The absorption efficiency is conventionally defined as the ratio of the internglyeénerease of the fluid

to the total incident solar radiation:

_(@m+GMAT _Gm AT
IAAL A A

n 10)
where AT is the average temperature increase. Comparing with the base fluid, theergt stored in the
nanoparticles is negligible owing to its low concentration and the heat capacity of the naesgartisually
lower than that of water. Here the total energy input from the solar simidateed without considering the
reflection from the glass tube. The evaporated water will re-condengla¢ebatttom of the glass cover, where
the latent heat will release. This will trap the harvested heat absorbed from solavradiatts more, with
the cover of the glass, the relative humidity inside the glass cover and the Petilldikays be saturated,
which can also prevent the evaporation of nanofluid to some extent. As analyzed above, tlai\evapor
convective heat loss is relatively small due to the glass cover (compihedase 1). It is rational not to
involve the conventional definition of absorption efficiency, the same withpmvious research [31,38]
Based on the standard error analysis method [39], the uncertainty for the photodueweasion efficiency

can be expressed as:

(12)
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To quantify the capability of nanopatrticles in absorbing solar energy, the specific mipsate (SAR) is

employed [18]:

(c,m, +c,m,)AT, -c,m AT,
S4R =
m, At
(13)
The uncertainty for SAR can be expressed as:
e 2 2
+
U =U, [ &Mt G} [ G (14)
m At mAt

where the uncertainty of mass of nanofluid was neglected due to the lfegendié between water mass and

nanoparticle mass. The uncertainty analysis showed that the uncertainty of photothermsiloroeffeiency

and SAR were within 1%. All the experiments were performed 3 timeghendesults showed that the

uncertainty was within 3%.

Fig. 11

shows the variation of the solar energy absorption efficiency of Au and Cu nanoflindkffertent

concentrations in case 3, respectively. For both Au and Cu nanofluids, the higher the comuethedarger

the solar energy absorption efficiency of the nanofluids. However, the increasingf rite absorption

efficiency slows down gradually with the increase of the concentration of the nanofluids. Thissgeoots

the Beer’s law where a logarithm relation exists between the transmittance and the concentration of the

nanofluids. For DI water, the solar energy absorption efficiency is 20.3%, while it éagect up to 34.3%

and 30.2% for 15.0 ppm Au nanofluid and 210 ppm Cu nanofluid respectively, indicatitigetiaidition of

a very little amount of nanoparticles into the base fluid, i.e. water, caficagtiy enhance the solar energy

absorption performance.
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471

472 Fig. 11. Variation of solar energy absorption efficiency and SAR with different concentratioA$ Afi(

473 nanofluid and B) Cu nanofluid

474 At the same concentration, the solar energy absorption efficiency of Au nanofluid is igluehthan that
475  of Cu nanofluid. For instance, when the concentration is 10 ppm, the solar energy absorptionyefffdiu
476  nanofluid is about 21%, whereas for Au nanofluid, it can be increased up to 31%. Peaise Au
477 nanoparticles have a much stronger effect of localized surface plasmon resonance canpawed

478  nanoparticles, which leads to a much better solar photothermal conversion performance.

479 Fig. 11|also shows the variation of the SAR of Au and Cu nanoparticlesdifidnent concentrations in

480 case 3, respectively. For both Au and Cu nanofluids, the SAR decreasealgraih the increase of the
481  concentration; at the same time, the SAR of Au nanoparticles is much lhigheahat of the Cu nanoparticles
482  in the experiments. Clearly, the SAR is proportional to the difference dadrtipetature increase rate between
483  the nanofluid and the base fluid. The overall effects result in the unigiagiorarof the SAR of different

484  nanoparticles.

485 4.4 Solar energy absorption performance of hybrid nanofluids
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Fig. 12. Temperature variations of hybrid nanofluids in case 3

As introduced in section 2.1, the hybrid nanofluids were prepared using the same volup®,cE&eand
Au nanofluid with concentration of 200 ppm, 50 ppm and 6 ppm, respectively. The photdtbenwversion

performance of hybrid nanofluids can be seelﬁi'[m 12| The temperature variations of sEe+Cu hybrid

nanofluid with different concentrations are shom{rﬁig. 12A. The temperature increase ogGe+Cu hybrid

nanofluid is higher than that of ¥& nanofluid or Cu nanofluid. The same thing happens with Cu and Au

hybrid nanofluid, as shown @:, i.e., the temperature of Cu+Au hybrid nanofluid is 31C2 higher
that of Cu or Au nanofluid (which are 30.36 and 30.89°C at 300 s, respectively). The simple mixing of
FesO4 and Cu nanofluids, or the mixing of Cu and Au nanofluid can gain extra beshefit absorbing solar
energy. However, the temperature ot®£ Au and FeOs+Au nanofluid are 29.72C, 30.89°C and 30.47

°C, respectively, which means the mixingreO, and Au nanofluid will not gain the extra benefit, as shown

in|Fig. 12B. Simply mixing FeOs, Cu and Au nanofluid, i.e., the f&&+Cu+Au does not have higher

absorption efficiency than that of individual nanofluid, as shoyFign12p.
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Due to the localized surface plasmon resonance effect, Au nanofluids exhibit exablemption
performance of solar thermal energy compared to nanofluids with non-plasmaoieimaterials, such as oxide

nanofluids. However, for Au nanopatrticles, the wavelength corresponds to its solar absorption peak is around

520 nm, as shownl@ and its absorption capability becomes worse for the sunlight with the wavelength
larger than 600 nm. It is possible to further enhance the absorption of switigtite wavelength larger than
600 nm by simply increasing the concentration of Au nanofluid; however, it isugdyinot an economical
way, taking into account the high cost of gold material. While for Cu nanopartitthe wavelength
corresponds to its solar absorption peak is larger than 700 nm, and it is a novel idebite @& and Cu

nanofluids to improve the solar absorption in the whole solar visible spectrur7§89@m), as verified by

Fig. 2lwhere the solar visible light absorbance is evidently enhanced bytAe 8ybrid nanofluid compared

with Au nanofluid at the same Au nanoparticle concentration. This indicates that the apptitdt®hybrid
nanofluids to further enhance the solar energy absorption efficiency should be albydetisible and cost-
effective method. The same thing happens when considering ah@ulRe Cu nanofluid. Because they have
different absorption peaks in spectrum, thedz€Cu hybrid nanofluid has higher absorption efficiency than

that of individual nanofluid. Further investigation will be discussed in the next section.

4.5 Efficiency enhancement from hybrid nanofluids

In order to investigate whether hybrid nanofluid can enhance photothermal convéfisiencg, Eq. 10

was calculated with optical depth from 0.001 m to 0.03 m for all nanofluidsste in this paper, as shown

in|Fig. 13
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Fig. 13 Predicted efficiency for single nanofluids and hybrids with changing optical,dep#t shows photothermal

conversion efficiency when optical depth is 0.015 m

Results from can be concluded as:

1) Photothermal conversion efficiency increases with optical depth for all nafsfluihich is in

consistent with our previous research [18,26,31,38]

2) For all nanofluids, Cu-Au hybrid nanofluid exhibits highest efficiency whikOkaanofluid exhibits

lowest efficiency

3) Iftwo nanofluids with distinct absorbing peak in spectrum, their hybrid naidafbuld possibly exhibit
higher absorbing efficiency when mixing with each other with equal radiothat of single nanofluid,
i.e., Au and Cu nanofluid have absorbing peak around 531 nm and 750 nm, respectively, and they have
efficiency about 76% and 75%; after mixed with each other to become a hybrid, dfiigtiency as

much as 80% is reached. The same mechanism happens with Cu@nd Fe

4) However, if two nanofluid share similar absorbing behavior in spectrum (i.e., Au ggfeee higher

absorbing efficiency in UV range but lower efficiency in near-infrared rangmsralse seen |iﬁig. 2

it is possible to get a lower efficiency if mixing them together to become a hybrid
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If hybrid nanofluids could enhance photothermal conversion efficiency by just mixing itvdo ok
nanofluids with different advantaged absorbing peak spectrum, it is very intetestingstigate that at what
volume fraction when two kinds of nanofluids mixing into each other wéltliethe maximum absorlgn

efficiency. According to Beer’s Law and Eq. 9, predicted efficiency changing with mixing volume fraction at

optical depth of 0.015 m (a typical value) can be se¢hRign 14| For Cu+Au hybrid nanofluids, a peak

efficiency of 80.1% occurs when volume fraction of Au nanofluid is 0.516 (the volume @kas 51.6% in
the mixed hybrid nanofluid). As much as 76.2% of efficiency can be reached when volutioe fthCu
nanofluid is 0.788 in R®,+Cu hybrid nanofluid. However, for E@s,+Au nanofluid, absorbing efficiency

increases monotonously with increasing of Au nanofluid’s volume fraction.
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Fig. 14 Predicted photothermal conversion efficiency from numerical model for hyéniofinids with changing

volume fraction of mixing ingredient when optical depth is 0.015 m

In the present study, the calculation of the solar photothermal conversiceneffiy and the specific
absorption rate SAR of the nanofluids are conducted in a very simple way, althoughressamably reflect
the major variation trends of these variables. There are still some féetoshould be taken into account in
the later research. In our previous research [31,38], ununiform temperatuiteutiistrwas found when

nanofluid under concentrated solar radiation. In this paper, the temperatubaitissirof the nanofluid may
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552  not be very uniform, and the one-point measurement of the temperature cecisglyrepresent the average
553  temperature of the nanofluid, although the maximum temperature differende tivélnanofluid should be
554  not large for the present experimental condition. Actually, the ununifonpaeature distribution is closely
555  related to the optical depth, i.e., the thickness of the petri dish. Furthernesselahphotothermal conversion
556  characteristics of each nanoparticle should be different at diffeveatidns especially along the thickness

557 direction.

558 This work has validated the novel idea of employing hybrid nanofluids to effectivenea the solar
559  absorption efficiency; however, it is still at the early stage of the @sdae., only certain concentration of
560 the FgO,4 Cu and Au nanoparticles are mixed and studied experimentally. Numerical studiemtheathe
561  optimal volume fraction of nanofluid should play important roles when absablagenergy. Future studies
562  should focus on optimization of the concentration and volume of hybrid nanofluids in ordectoartrade-
563  off between the cost effectiveness and solar absorption performance. In adgiiimhnanofluids composed
564  of other nanoparticles such as silver, iron oxide and single or multiplediadibon nanotube nanomaterials
565  should be considered, and different methods to synthesize more stable hybrid nanofildibesleaplored
566  and developed. At last, for the present study, the nanofluids investigated areialtiayquiescent condition,
567 and itis of great importance to investigate the solar absorption performantferentlinanofluids including
568 the hybrid nanofluids under flow condition, which is much similar to the situatimost practical engineering

569  applications.

570 5. Conclusions

571 In order to enhance the solar photothermal conversion performance based on the direct absorption concept
572 Fe&04 Cu and Au nanofluid with different concentrations and hybrid nanofluide weepared and

573  characterized in this work. Extensive experiments were conducted with differeffiluitBnander a solar

574  simulator. A numerical method to predict solar absorption efficiency has bmsyspd to investigate the roles

575  of nanopatrticles for hybrid nanofluid, and important conclusions have been drawn arar i@t is follows:

576 1) The test conditions significantly affect the solar absorption performanites gfample nanofluid by
577 comparing the experimental results in three cases, and the test condition wkeraitiiieed sunlight
578 is absorbed by the sample nanofluid only once with minimum heat lo8te tsurroundings is
579 determined;
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2)

3)

4)

5)

The solar energy absorption performance of nanofluids with plasmonic nanorsaieriaAu or Cu,
is much better than that of nanofluids with non-plasmonic nanomaterialgi@; and DI water, due

to the effect of localized surface plasmon resonance;

The larger the concentration, the higher the solar energy absorption efficiérecga® the increasing

rate of the absorption efficiency slows down gradually with the increase of the cotoentra

The solar energy absorption efficiency and specific absorption rate (SAR) mdrfafiuid are much
larger than those of Cu nanofluid, because the Au nanofluid has a muchrséftecieof the localized
surface plasmon resonance, but the wavelengths correspond to their solar absorptiore pea&s a

different;

The novel idea of employing hybrid nanofluid to improve the solar absorption perf@hasdbeen
experimentally and numerically validated, which can enhance the solar photdthenversion when
mixing two nanofluids with different absorption peaks. There is an optimal mixingmeofraction for
hybrid nanofluid. Further investigation should be focused on the roles of concentration and volume of

hybrids for solar thermal harvesting.
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