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Abstract: Volumetric solar absorption using nanofluids can minimize the 

thermal loss by trapping the light inside the fluid volume. A strong 

surface boiling with the underneath fluid still subcooled could have many 

interesting applications, whose mechanism is however still under strong 

debate. This work advanced our understanding on volumetric fluid heating 

by performing a novel experiment under a unique uniform solar heating 

setup at 280 Suns, with a particular focus on the steam production 

phenomenon using gold nanofluids. To take the temperature distribution 

into account, a new integration method was used to calculate the sensible 

heating contribution. The results showed that the photothermal conversion 

efficiency was enhanced significantly by gold nanofluids. A three-stage 

heating scenario was identified and during the first stage㸪most of the 
energy was absorbed by the surface fluid, resulting in rapid vapor 

generation with the underneath fluid still subcooled. The condensed vapor 

analysis showed no nanoparticle escaping even under vigorous boiling 

conditions. Such results reveal that nanoparticle enabled volumetric 

solar heating could have many promising applications including clean 

water production in arid areas where abundant solar energy is available. 

 

 

 

 



highlights 

 

 

 Novel experiment was performed for nanofluids at a focused solar flux of 280 Suns. 

 Strong surface evaporation was enabled while the bulk fluid was still subcooled  

 A new integration method was used to calculate photothermal conversion efficiency 

 Gold nanofluid (0.04w%) increased photothermal conversion efficiency by 95%. 

 No nanoparticle was entrained with steam even under vigorous boiling 

 

Highlights (for review)



e-component
Click here to download e-component: Supplimentary information3.docx

http://ees.elsevier.com/apen/download.aspx?id=1420467&guid=d99f7847-2813-4d41-8ae5-da4cb28e5fb5&scheme=1


Graphic abstract 

 

Solar
simulator

 T1

T2

T3

Non-uniform 
temperature distribution

Solar absorbing 
nanoparticles

Vapours

Condensate

 

Graphical Abstract (for review)



Reply to Reviewers' comments: 

Manuscript Number: APEN-D-17-00899  

Title: Volumetric solar heating and steam generation via gold 
nanofluids 

 

The authors are grateful for all the constructive comments from the reviewer and the Editor.  

Most of the comments were concerned on the presentation of the work. We have 

addressed all these concerns in the revised version, and a point-by-point reply is supplied 

below  

 

Reviewer #1: 

The authors of the present work experimentally investigated the surface boiling and steam 

production mechanism of gold nanofluids under uniform solar heating of 280 Suns. Various 

concentrations of gold nanofluids were produced and the generated steam was condensed 

and tested to reveal the presence of any nanoparticles. 

 

The study provides good insight to the surface boiling phenomenon of nanofluids and is in 

consonant with recent trend of investigation. However, there are several problems that 

need to be addressed before considering for publication in Applied Energy. 

 

1. The Abstract, in its current state is incomplete. It is more like a conclusion and needs 

to be re-written.  

Action: the abstract was rewritten with more focus on the novelty  

2. The use of "gold nanofluids" should be mentioned in the Title and Abstract. 

Action: The title was slightly changed to reflect the content, and the ƚĞƌŵ ͞ŐŽůĚ 
ŶĂŶŽĨůƵŝĚ͟ was used in the title and the abstract in the revised version. 

3. In the statement: "For example, researchers [43] from Rice University", the 

Institution name should be replaced by the Authors' name. 

Action: TŚĞ ĂƵƚŚŽƌƐ͛ ŶĂŵĞ was used to replace the institution name in the revised 

version. 

4. Section 2.2. line 37-ϯϴ ŵƵƐƚ ƌĞĂĚ͗ ΗGŽůĚ ŶĂŶŽĨůƵŝĚƐ ǁĞƌĞ ƐǇŶƚŚĞƐŝǌĞĚ ͙Η͕ ĂƐ ǁĞ ŚĂǀĞ 
one- and two- step "nanofluid" synthesis methods. 

Action: Modified as suggested. 

*Detailed Response to Reviewers
Click here to download Detailed Response to Reviewers: Reply_to_reviewers.docx

http://ees.elsevier.com/apen/download.aspx?id=1420484&guid=ab9ca71a-b84d-4376-9f45-4794712f9ad1&scheme=1


5. In Fig. 2, the absorbance spectra of the gold nanofluids at 0.008, 0.016, 0.024 and 

0.032 wt% are depicted. Fig. 5a shows the temperature vs. time plot of 0.040 wt %. 

For completion, the absorbance spectra of this concentration should also be 

measured and added to Fig. 2. 

Action: The absorbance of 0.040wt% of gold nanofluid is added in Fig. 2 in the 

revised version.  

6. A photo of the experimental setup must be provided as well. 

Action: The photo of the experimental setup is updated with snaps of various 

components 

7. In section 2.3., the thermal conductivity of the aerogel sheet insulation should be 

stated. 

Action: The thermal conductivity of the aerogel sheet is included in the revised 

version.  

8. In section 2.3., the unit of the uncertainty of the digital weight balance should be 

given. (is it 0.001 gr or something else?) 

Action: This is gram (g) and is added in the revised version.  

9. In section 3.1., it should be noted that Fig. 4 is for 0.016 wt% and Fig. 5 is for 0.040 

wt% samples. (The legend of Fig.5a must read: "0.040 wt%") 

Action: The legend of Fig. 5a is updated in the revised version. 

10. The distinction between the boiling characteristics of the two nanofluid samples and 

DI (Figs. 4-6) should be explicitly explained. 

Action: The suggestion is incorporated in the revised manuscript. 

11. In section 3.1., the authors have stated: "As clearly seen from Fig. 5 (a) that the fluid 

temperature is not highly non-uniform,". Which one is correct? the fluid 

temperature is highly non-uniform or is not highly non-uniform??  

Action: TŚĞ ĐŽƌƌĞĐƚ ƐƚĂƚĞŵĞŶƚ ŝƐ ͞the fluid temperature is highly non-uniform͟.This 

is corrected in the revised manuscript.  

12. Since in section 3.1., first Fig. 7 is explained (mass of condensate vs. time) and 

afterwards efficiency (Figs 7-8) is illustrated, the text and formula regarding the 

absorbed energy (second page of 3.1. from line no. 10 to 55 and third page of 3.1. 

from line no. 1 to 29) should be inserted after the illustration of Fig. 7. (I wish you 

have provided page number for your manuscript!!) 

Action: The text and formulae have been displaced to the suggested location in the 

revised version. 

13. How Eq. 3 was derived? any hint or reference? 



Action: Eq. 3 was modified from the article by Jin et al. and the reference is given in 

the text in the revised manuscript.  

14. Several typo errors exist throughout the manuscript. Third page of section 3.1. line 

34, 39 and Fifth page of this section line 12: correct "nanolfuid". Third page of 

section 3.1. line 51 correct: "tendancy", Fourth page of section 3.1. line 25 correct: 

"volum" , Fifth page line 17 correct: "ehnaces"  

Action: The typos have been carefully corrected and the manuscript is proofread for 

any further typos of this type.  

15. The relative uncertainty in the calculated photothermal efficiency should be 

provided within the illustration of Figs.8-9. 

Action: The relative uncertainty details are already given in supplementary 

information. We included the essential ones in the main text, and other information 

in the supplement.   

16. Fourth page of section 3.1. lines 37-57 is a repetition of the above lines and should 

be briefed.  

Action: The repetition is removed and the text is briefed.  

17. Fig. 8b is something totally different from Fig. 8a and should be inserted as an 

independent Figure. How the efficiency of sensible heating and steam generation in 

this figure were calculated?  

Action: Both Fig. 8a and Fig. 8b represents the radiation absorption efficiency and 

hence combined together. The sensible heating and steam generation efficiencies 

were calculated based on temperature rise and the amount of vapours generated 

over the time and given in Eq. (3). This is further elaborated in the revised version. 

18. In section 3.2. , line 14 substituted "cooking" with "boiling" and also "left over" with 

"leftover" or another term such as "residue" 

Action: The substitution is done in the revised version as suggested. 

19. Why the  hydrodynamic  size  distribution  of nanoparticles has maximum intensity at 

a smaller size after the experiments rather than a larger size? no agglomeration 

effects? 

Action: The maximum intensity of hydrodynamic size at a smaller size may be 

associated with the thinning of the stabilizer  layer due to the treatment at higher 

temperatures. The residue sample after the experiment showed no agglomeration in 

the sample even if the thickness of the surfactant coating is reduced. 

20. In section 3.2. line 44 delete: "ven" 

Action: Deleted.  



21. Since the UV/Vis spectrum of the condensate and DI water of Fig. 10e are not 

completely overlapped, how can a potable water be ensured?  

Action: As there is no peak in the absorption spectrum of the condensate from gold 

nanofluid, it can be said that the gold nanoparticles are not escaped and the 

condensate is free of gold nanoparticles. A very small difference might be due to the 

dust of aerogel which is very light in weight and could be mixed with the vapours and 

finally condensed. This can be avoided by carefully selecting the insulation or 

handling the aerogel with high care to ensure the potable water quality.  

22. In the first paragraph of the conclusion, explain "the effect of temperature 

distribution" on what? 

Action: ͞ƚŚĞ ĞĨĨĞĐƚ ŽĨ ƚĞŵƉĞƌĂƚƵƌĞ ĚŝƐƚƌŝďƵƚŝŽŶ ŝƐ ŽŶ ƚŚĞ ƉŚŽƚŽƚŚĞƌŵĂů ĐŽŶǀĞƌƐŝŽŶ 
ĞĨĨŝĐŝĞŶĐǇ͟ ĂŶĚ ƚŚĞ ƐĂŵĞ ŝƐ ĐŽƌƌĞĐƚĞĚ ŝŶ ƚĞǆƚ ŝŶ ƌĞǀŝƐĞĚ ŵĂŶƵƐĐƌŝƉƚ͘  

23. Comparison should be made with related study to validate the claimed output. The 

manuscript would benefit from investigating the effect of varying solar flux and 

nanoparticle type.  

The study is related and compared with different relevant studies in the literature. 

Another investigation on various type of nanoparticles as suggested by the reviewer 

is in process and will be reported  in the near future.  

 

 

Reviewer #2: 

a. The paper needs to be checked by a native language speaker for grammatical 

corrections.  

 

1.      Page 13 line 34 spelling mistake "nanofluid" 

2.      Page 13 line 39 spelling mistake of "concentration" 

3.      Page 14 line 24 spelling mistake "volume" 

4.      Page 14 line 54 spelling mistake "temperature" 

5.      Page 15 line 6 please specify the concentration wt?? or v/v?? 

6.      Page 15 line 12 spelling mistake "nanofluid" 

7.      Page 15 line 17 spelling mistake "enhances" 

8.      Page 15 line 21 repetition of word. "of" 

9.      Page 15 line 54 spelling mistake "evaporating" 

10.     Page 16 line 14 spelling mistake.  

11.     Page 16 line 37 spelling mistake.  

12.     Page 16 line 44 spelling mistake. 

13.     In highlights "wt" for percentage "t" is missing.  



 

 Action: A careful proof-reading was conducted, and many typos, including the above  

mentioned ones, are corrected in the revised version 

b. In page 13 line 37-41, the authors reported" An enhancement of 80% for nanolfuid 

sample with concentration of 0.008 wt% and about 157% with concnetration of 

0.040 wt% was observed over deionized water. And then in page 15 line 29-37, the 

authors reported " At a particle concentration of 0.040%, the overall photothermal 

efficiency or in a broader term the energy efficiency is enhanced by 95% over the 

base fluid in the experimental domain. This enhancement increases almost linearally 

with the nanoparticle concentration."   

 

Could the authors show a clear relationship between this behavior?  

Action: TŚĞ ƐƚĂƚĞŵĞŶƚ ͞An enhancement of 80% for nanofluid sample with 

concentration of 0.008 wt% and about 157% with concentration of 0.040 wt% was 

observed over deionized water͟ ŝƐ ƚŚĞ ĞŶŚĂŶĐĞŵĞŶƚ ŝŶ ƚŚĞ ǀĂƉŽƵƌ ŐĞŶĞƌĂƚŝŽŶ 
efficiency of gold nanofluid over the base fluid which is now clarified in the text to 

avoid confusion.  The second  ƐƚĂƚĞŵĞŶƚ ͞At a particle concentration of 0.040 wt%, 

the overall photothermal efficiency or in a broader term the energy efficiency is 

enhanced by 95% over the base fluid in the experimental domain. This enhancement 

increases almost linearly with the nanoparticle concentration͟ ĚĞƐĐƌŝďĞƐ ƚŚĞ ŽǀĞƌĂůů 
photothermal conversion efficiency , which includes both the sensible heating 

efficiency and vapour generation efficiency.  We have clarified these points in the 

revised version. 

c. In fig. 2. The authors showed the absorbance of different volume fraction of 

nanoparticles but did not show 0.04%?? 

Action: the absorbance spectrum of 0.040 wt% gold nanofluid sample is now 

included in Fig. 2 in the revised version.  

d. In fig. 9 there is a different behavior between 0.008wt% and 0.016 wt%, can this be 

explained and why does this happen?  

Action: the behaviour between 0.008 wt% and 0.016 wt% is not different but the 

appearance was due to the nature of the curve ŝ͘Ğ ͚ƐƉůŝŶĞ͛. The type of curve is 

ĐŚĂŶŐĞĚ ƚŽ ͚ƐƚƌĂŝŐŚƚ͛ ŝŶ ƚŚĞ ƌĞǀŝƐĞĚ ǀĞƌƐŝŽŶ ƚŽ ĂǀŽŝĚ ƐƵĐŚ ĐŽŶĨƵƐŝŽŶ͘  

e. In fig. 10, e, can a better image be shown for comparison between DI and Au based 

DI?? 

Action: The quality of Fig. 10 (e) is improved for a clear comparison between DI 

water and gold nanofluid.  

 

 



From the Editors:  

-       An updated and complete literature review should be conducted. The relevance 

to Applied Energy should be enhanced with the considerations of scope and 

readership of the Journal.   

 

We have provided updated references, including  three papers  from Applied Energy 

in the revised version 

  

-       A proof reading by a native English speaker should be conducted to improve 

both language and organization quality.  

 

A carful proof reading was conducted, and many typos were corrected in the revised 

version.   A tracking-change version is provided for reference.  

 

-       The originality of the paper needs to be further clarified. The present form does 

not have sufficient results to justify the novelty of a high quality journal paper.  

 

The originality of the paper was further highlighted, as reflected in the Abstract, 

Introduction and Conclusion.  

 

-       The results should be further elaborated to show how they could be used for 

the real applications. 

 

The application perspective was further elaborated in the revised version 
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Volumetric solar heating and steam generation via gold nanofluids 
 

Muhammad Amjad1, 4, Ghulam Raza1, Yan Xin3, Shahid Pervaiz1, Jinliang Xu3, Xiaoze Du3, 

Dongsheng Wen 2,1* 
1
 School of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT, UK 

2 School of Aeronautic Science and Engineering, Beihang University, Beijing, 100191, P.R. China 
3 School of Energy, Power and Mechanical Engineering, North China Electric University, Beijing 102206, P.R. China  

4 Department of Mechanical, Mechatronics and Manufacturing Engineering (KSK Campus), University of Engineering and 

Technology Lahore, Pakistan. 

 

Abstract: Volumetric solar absorption using nanofluids can minimize the thermal loss by 

trapping the light inside the fluid volume. A strong surface boiling with the underneath fluid still 

subcooled could have many interesting applications, whose mechanism is however still under 

strong debate. This work advanced our understanding on volumetric fluid heating by performing 

a novel experiment under a unique uniform solar heating setup at 280 Suns, with a particular 

focus on the steam production phenomenon using gold nanofluids. To take the temperature 

distribution into account, a new integration method was used to calculate the sensible heating 

contribution. The results showed that the photothermal conversion efficiency was enhanced 

significantly by gold nanofluids. A three-stage heating scenario was identified and during the 

first stage̍ most of the energy was absorbed by the surface fluid, resulting in rapid vapor 

generation with the underneath fluid still subcooled. The condensed vapor analysis showed no 

nanoparticle escaping even under vigorous boiling conditions. Such results reveal that 

nanoparticle enabled volumetric solar heating could have many promising applications including 

clean water production in arid areas where abundant solar energy is available.  

Keywords: Nanofluid, steam production, photothermal conversion, evaporation, direct 

absorption, solar energy 

 

*Corresponding author. Tel.: 0044-113-3432678; fax: 0044-20-78825003.  
                                        Email address: d.wen@buaa.ac.uk / d.wen@leeds.edu.cn  

 

 

*Revised Manuscript with No Changes Marked
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1. Introduction 

Solar energy is the most dominant renewable source that  is available and accessible to everyone, 

but facing many challenges to achieve  efficient utilization [1]. Wide-spread solar powered 

applications are not limited to but consist of electricity generation [2, 3], micro thermal power 

[4], chemical production line for  methanol [5] and hydrogen [6], water desalination [7-10], 

greenhouse growth in agriculture [11], sterilization [12] and cooling and refrigeration [13, 14]. 

The solar energy utilization of these applications can be significantly enhanced by suspending 

various nano-sized particles in a fluid, which is called  direct absorption volumetric solar 

collectors [15-19].  In contrast to conventional solar collectors [20, 21] where the solar 

absorption is surface-based, i.e., having  large radiative and thermal losses due to  high surface 

temperature[22], the volumetric solar collectors  minimize these losses by thermal trapping [23, 

24] and reduced temperature difference between the absorber and the fluid [25, 26]. 

A variety of direct absorption nanoparticles  have been analyzed in terms of the enhancement in 

the photothermal performance, including  Ag [27-29], Au [30-32], CNT (carbon nanotubes) [33-

35], Cu [36], Al2O3 [37, 38], graphite [17], graphene [22], and TiO2 [39]. In addition to the 

volumetric heating, direct vapor generation due to localized heating of  nanoparticles [40-43] is a 

recent development in this area. For example, Neumann et al. [44] showed that by using very 

dilute gold nanoparticles (16.7 ppm) under a focused solar light via a typical Fresnel lens, steam 

was produced instantly while the measured bulk temperature was still 6 oC approximately. The 

calculated steam generation efficiency reached 80%, meaning only 20% of the solar radiation 

was used to increase the bulk fluid temperature. Later simulation work [44-46] showed the 

possibility of nanobubble formation based on a non-equilibrium phase change assumption. 

However these results are quite different to the recent results from Jin et al. [47]. Still using a 
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Fresnel lens (i.e. solar flux ~220 Suns), it revealed that steam generation 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. The hypothesized nanobubble, 

i.e., steam produced around heated particles, was unlikely to occur under normal solar radiations. 

It shall be noted that all these experiments [44, 47, 48] were performed outdoor, where the solar 

flux varied from time to time, and the focus by Fresnel lens limited the heating to a small area, 

leading to a non-uniform solar energy input. Such would lead to a very high solar flux in 

localized areas, producing spot heating and high evaporation rate locally.  

As far as the steam generation mechanism is concerned, it has been shown analytically that a 

minimum radiation flux of 3×108 W/m2 is required to produce nanobubbles on heated 

nanoparticles [46, 49, 50], which can only be reached  by powerful laser beams. In a separated 

study, Julien et al. [51] showed that  1×1010 W/m2 was  required to generate a nanobubble on a 

plasmonic gold nanoparticle.  However quite differently, Hogan et al. [52] reported that ~ 1 

MW/m2 solar reflux was sufficient for efficient steam production due to a collective effect of 

nanoparticles that both scatter and absorb light, hence localizing light energy into mesoscale 

volumes.  

It shall be noted that most of the experiments performed so far were not under well-controlled 

conditions [44, 47, 48]. Beside the problem of varying solar flux and spot heating mentioned 

above, most of the experiments were performed by a single-point temperature measurement, 

ignoring the temperature distribution in the bulk fluid [32, 44, 53]. Though Jin et al. [41] and Ni 

et al. [43]  used multipoint temperature measurement, only the average temperature was used for 

the evaluation of the photothermal efficiency. In Jin’s work [41], the spot heating and small fluid 

volume minimized the temperature stratification phenomenon, and the fluid reached   saturated 
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boiling rapidly , where the most interesting phenomenon under subcooled condition was 

insufficiently captured. In addition, possible escaping phenomenon of nanoparticles with the 

steam under saturated boiling has not been investigated, which is critical for any potential 

desalination or clean water production applications. Clearly a better understanding of the solar 

steam generation by nanoparticles is much needed. 

This work aims to advance the field by answering three questions: i) Would  the  steam 

generation phenomenon be different under  a uniform solar heating, instead of spot heating? ii)  

What is the underneath mechanism for steam production if not by forming nanobubbles?  and iii) 

Would nanoparticle be escaped with the produced steam?  To answer these questions, we 

performed a well-controlled experiment under a unique high power solar simulator (i.e. up to 4 

MW/m2) with a large focus area to provide uniform heating.  A novel one-dimension test section 

was designed, and multiple thermocouples were used to reveal the temperature distribution along 

the heating path. A novel integration method was proposed to calculate the sensible heating 

contribution and to aid the analysis of steam production mechanism.  Various concentrations of 

gold nanofluids were produced and used as the test fluids, and the generated steam was 

condensed to reveal the presence of any nanoparticles. All sample nanofluids before and after the 

experiments were carefully characterized in terms of stability, size distribution and 

morphological variation. Such would allow us to answer the proposed questions and advance the 

solar applications by direct absorption nanofluids.  
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2. Materials and methods 

2.1. Reagents and devices 

Hydrogen tetrachloroauric acid (HAuCl4, Au စ 49%) and Tri-sodium citrate (Na3C6H5O7, 99.8%) 

were purchased from Fisher Scientific and used as received. Deionized water was used 

throughout the experiments.  

A transmission electron microscopy (TEM) (TECNAI, TF20) equipped with EDX (Energy 

Dispersive X-ray spectroscope), was used to analyze the morphology of the synthesized 

nanoparticles. The concentration of the gold dispersion was determined by an Atomic 

Absorption Spectrometer (AAS) (VARIAN, AA240FS). The hydrodynamic size and zeta 

potential of the nanofluids were obtained by a DLS (dynamic light scattering) device (Malvern 

nanosizer). The optical absorption of the nanofluid was examined by a UV/Vis 

spectrophotometer (HITACHI, U-3900) using a high precision cell with light path of 10mm. 

2.2. Nanofluid synthesis and characterization 

Gold nanoparticles (GNPs) were synthesized by the one-step method based on  a modified 

thermal citrate reduction method as reported by Zhang at el. [32] and Chen et al. [54]. In the 

synthesis process, 100 ml of 5mM HuACl4 solution was mixed with 100 ml of 10 mM trisodium 

citrate solution. The resultant mixture was heated to the boiling point until the mixture turned to 

wine red color. The resultant solution was continuously heated at 80 oC in a sonication bath for 

further 3 hours. Synthesized GNPs were aged at room temperature for 24 hours and cleaned by 

dialysis from 8 kDa membrane. The membrane allows the excessive ions to diffuse smoothly 

from the suspension and blocks the GNPs. DI water was changed twice a day for a period of 10 

days, leading to pure GNPs dispersions. The concentration of the resulting nanofluid was 

measured by Atomic Absorption Spectrometry (AAS).  
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The morphology of the synthesized nanoparticles was analyzed by a TEM and the hydrodynamic 

size was measured by the DLS device. Fig 1 (a) shows the TEM image of the nanoparticles and 

the inset shows a close view. It can be seen that the gold nanoparticles are mostly spherical with 

particle size in the range of 20~ 30 nm. The hydrodynamic size distribution of the gold particles, 

Fig. 1 (b), shows a slightly larger size than that from TEM, which is due to the hydrodynamic 

nature of size measurement by DLS.  

The optical absorbance of Au nanofluids was checked by UV/Vis spectrophotometer (U-3900, 

HITACHI) using a high precision cell with light path of 10 mm. The absorbance is defined as the 

logarithm (10 as base) of reciprocal of transmittance, whereas the transmittance is the ratio of the 

transmitted light by the nanofluid sample to the incident light. According to the Beer-Lambert’s 

Law [53], absorbance is  ݈݃݋ ሺܫ௢ ሻܫ ൌ Τ ݈߳ܿ, where ܫ௢ is the incident light on the sample, ܫ is the 

light transmitted, ߳ is the extinction coefficient, ݈ is the length of the sample through which light 

passed, and ܿ is the concentration of the nanofluid. The absorbance of Au nanofluid is shown in 

Fig.2, where the inset shows a linear relationship of the absorbance peak with the concentration. 

The absorbance peak of the Au nanofluid appears at a wavelength of 525 nm and is identical for 

various concentrations. The absorbance peak can be engineered and shifted towards longer 

wavelength by controlling the size and shape of the nanoparticles during the synthesis process.  

2.3. Experimental setup  

Photothermal conversion characteristics and steam generation capability of the characterized 

gold nanofluids were investigated using a solar simulator having seven xenon short-arc lamps 

aligned on the reflector ellipsoidal axis [55]. The solar simulator is capable of producing a 

concentrated solar flux of about 4 MW/m2 when all of seven lamps are in operation, for more 

details about the solar simulator, please refer to Section I of the supplementary information. 
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Only one lamp was put in operation for the current experiments to deliver a solar flux equivalent 

to 280 Suns. The solar radiation had a focal area of 28.27 cm2, which was passed through a 

custom-made aperture (30 mm diameter) of aerogel sheet wrapped in aluminum foil. The test 

section was made of high temperature quartz glass with the inner and outer diameter of 30 mm 

and 34 mm respectively. The test section was put accurately under the solar radiator to enable a 

uniform heating. A sample fluid of 25 ml (~35.4 mm depth) was filled into and covered with a 

transparent quartz cover. Holes of 1 mm diameter were fabricated in the vessel to insert the 

thermocouples equidistant to each other at 10 mm. The vessel was covered with a tightly packed 

aerogel blanket with thermal conductivity of 0.015W/m2K to minimize the heat loss to the 

surroundings. A square glass box was used to contain the aerogel with the vessel fitted in a hole 

in the aerogel sheets, and further details can be seen in Section II of the supplementary 

information.  

Three K-type (Omega 5TC-TT-K-36-36) thermocouples (TC) were used to measure the bulk 

fluid temperature, positioned evenly along the optical depth in top, middle and bottom sections 

of the sample fluid at distance of 10 mm from each other. This was to ensure that neither the top 

TC was exposed to the air during the experiment nor the bottom TC touched the bottom of the 

vessel. The temperature of the vapor generated was measured through an additional K-type 

thermocouple. The steam temperature was measured at the middle of a 20 mm long exit channel, 

as shown in Fig. 3. The temperature was registered by a data logger (Agilent 34970A) linked to a 

computer. The uncertainty in temperature measurement was validated as ±0.25 K.  The generated 

steam was condensed in a glass condenser with cooling water circulating around the condensing 

tube. A sensitive digital balance (Setra, BL-500S) with uncertainty of ±0.001g was used to 

measure the mass of the condensed vapor. 
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3. Results and discussion 

3.1. Fluid heating and steam characterization 

The bulk fluid temperature was measured by three thermocouples TC1, TC2 and TC3 as the 

nanofluid sample was heated under a solar flux of 280 Suns.  The top TC1 showed a rapid 

change in fluid temperature as the sample is illuminated. Depending upon the variation of bulk 

fluid temperature, Fig.4, the fluid heating can be divided into three phases. The first phase is the 

heating of surface fluid with the underneath fluid in subcooled condition. The surface fluid 

reaches to the boiling temperature rapidly and the temperature of the underneath layers of the 

fluid volume is slightly changed (Fig. 4 and Fig. 5). The second phase is the heating of bulk 

fluid volume in which the heat flux penetrates and brings the temperature of the whole fluid 

volume to the boiling point. The third phase is the saturated boiling phase in which the sample 

volume temperature reaches the boiling point. Due to the superheating, the steam temperature 

continues to increase above the boiling temperature until the radiation flux is switched off.  The 

temperature distribution in the first two heating phases can be clearly seen in Fig. 5 (a), in which 

the concentration of gold nanoparticles is 0.04 wt%. The non-uniformity of temperature along 

the heating path is increased with the increase of nanoparticle concentration. This is associated 

with the increased radiation absorption at the surface due to more solar energy trapping at the 

surface at a higher concentration. The temperature distribution for deionized water sample is 

shown in Fig. 6 as a comparison, and more non-uniform temperature profile can be referred to 

Section III of the supplementary information. It is evident from Fig. 6 that for DI water, there 

is not much temperature variation along the heating path during the initial volumetric heating 

phase. The rate of rise in surface temperature is also much slower than that of 0.040 wt% gold 

nanofluid (Fig. 5a) 
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Although the thermophysical properties of water like thermal conductivity and specific heat 

capacity would be changed with the addition of nanoparticles. However with such a small 

nanoparticle concentration (0.040 wt%), the change in these properties was found to be 

negligible. The mass of the condensed vapor generated over a 5-min duration is given in Fig. 7, 

which shows a siginificanlty higher value for nanofluid samples . Comparing with DI water,  an 

enhancement of 80%  and 157% in the vapor generation efficiency are observed for gold 

nanofluids at  0.008 wt% and 0.040 wt% respectively.  The amount of condensed vapor is 

increased  nearly linearly with  the increase of  nanoparticle concentration, as presented in Fig.7 

(inset). The variation in the mass of condensate at the initital volumetric heating of the samples 

with varying concentration is small, which might be due to the recondensation of the vapors. The 

vapors generated under subcooled conditions have greater tendency of recondensation due to the 

presene of cold vessel walls. A constant evaporation rate after the phase two of the volumetric 

heating confirms the saturated boiling in the nanofluid sample. The uncertainty in the mass 

measurement for the sample with 0.008 wt% nanoparticle concentration was estimated to be 

±0.592% for the first 60 seconds of illumination.  The relative uncertianty in the calculated 

photothermal efficiency was estimated to be ±2%, and detailed uncertainty analyiss can be found 

in the Section IV of the supplementary information  

The energy absorbed by the nanofluid during the sensible heating period was calculated using the 

following relation by Zhang et al. [32, 53] and Neumann [44], where only one temperature 

sensor was used to represent the bulk fluid temperature; 

 ܳ ൌ  ܿ௣݉οܶ (1) 

where ܿ ௣, ݉  and οܶ are the specific heat capacity, mass of the sample taken and temperature 

change of the fluid volume over the specified time. The change in temperature οܶ was replaced 
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by ο തܶ, i.e., the average temperature difference  by Jin et al. [41, 48], in which more than one 

thermocouple were used. As clearly seen from Fig. 5 (a) that the fluid temperature is highly non-

uniform, the temperature measured by only one thermocouple is clearly not representing the fluid 

temperature. The calculated absorbed energy may be overestimated or under-estimated 

depending upon the position of the thermocouple. Even the average value of the temperature 

may also be misleading depending upon several factors, including the type of nanoparticles, their 

concentrations, color of the nanofluid and intensity of radiation flux.  

Here we use a more realistic method to calculate the energy absorbed by the nanofluid volume. 

The fluid volume is divided into various temperature dependent sections as shown in Fig. 5(b). 

The absorbed energy of the each section is calculated independently and the overall absorbed 

energy is evaluated using the relation given in Eq. 2; 

 ܳ ൌ  ܿ௣ ෍ሺ݉௜ο ௜ܶሻ௡
௜ୀଵ  (2) 

. The overall photothermal conversion efficiency (ᐭ௉்஼) including sensible heating and latent 

heat is subsequently calculated from Eq. 3, which is a modified version of the equation used by 

Jin et al. [41];  

 ᐭ௉்஼ ൌ  ܿ௣ σ ሺ݉௜ο ௜ܶሻ௡௜ୀଵ  ൅ ׬  ௧଴ݐ௩݉௩݀ܮ ׬  ௧଴ݐ௔݀ܣܫ  (3) 

where ܫ is the solar irradiance, ܣ௔ is the area of the aperture, ܮ௩  is the latent heat of vaporization 

of water and ݉ ௩ is mass of the condensed vapors in time ݀ݐ.  

Fig 8 (a) shows the photothermal conversion efficiency during the first phase, i.e. surface 

heating which is typically less than  30 seconds after the  heating. The efficiency includes the 
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sensible and latent heat contributions. As can be observed in Fig 8 (a) that the position of the 

thermocouple has a great influence in determining the photothermal efficiency. If only one 

thermocouple is used for the measurement of temperature change as in [32, 44, 53] and the 

optical length of the fluid volume is significant, the obtained photothermal efficiency would be 

underestimated if the thermocouple is away from the surface (as TC3 here in this study) and 

overestimated  (as TC1 in this study) if it is close to the surface. This underestimation or 

overestimation is because the temperature of the respective thermocouple is used to represent  

the temperature of the whole fluid volume at any instant, but actually it is not as already shown 

in Fig. 5 (a). Using the proposed method of calculating the photothermal efficiency, i.e. taking 

the temperature distribution into account, gives more realiable results and is necessacitated 

particulary when the temperature remains below  the boiling temperaure of the nanofluid.  

Fig 8 (b) shows in the efficiency of sensible heating and steam generation in the proposed three 

phases (Fig. 4) during the irradiance time of 5 min for a nanoparticle concentration of 0.040 wt%. 

During the surface heating, most of the absorbed energy is used in the sensible heating of the 

nanofluid, together with some vapor generated.while in case of DI water,  no vapor were 

observed in the surface heating phase. Hence the presence of nanoparticles enhances the steam 

genergation efficiency even under subcooled condition as also observed by Jin et al. [41]. The 

steam generation efficiency of about 95% in the saturated boiling is very attractive and gives an 

enhancement of 117.5% over the base fluid.  

Fig. 9 shows the overall efficiency of the plasmonic gold nanofluid at various concentrations 

compared to the base fluid. The photothermal efficiency is dramatically enhanced by  gold 

nanoparticles . At a particle concentration of 0.040 wt%, the overall photothermal efficiency or 

in a broader term the energy efficiency is enhanced by 95% over the base fluid in the 
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experimental domain. This enhancement increases almost linearaly with the nanoparticle 

concentration. It can also be noticed that the  efficiency difference among the three modes of its 

evaluation is negligibly small when there is no nanoparticle in the base fluid. But with the 

addition and increase in the concentation of the nanoparticles, this difference is magnified. This 

is due to the non-uniform  temperature distribution (Fig. 4)  caused by the presence of the 

nanoparticles. This non-uniform temperature distrbution is very supportive in evaporating the 

fluid from the surface while keeping the bulk volume under subcooled conditions. This 

phenomenon can be used to produce clean  water by evaporating the water from the surface and 

keep circulating the underneath volume like in forward osmosis desalination.  

3.2. Analysis of nanoparticles after experiments  

The remaining concentrated nanosuspension after the experiments was examined in terms of 

stability, nanoparticle size distribution and morphological appearance it had undergone. Fig 10 

(a) and (b) represents the TEM micrograph and hydrodynamic size distribution of the particles 

after boiling repectively. Compared with the characterization results before the experiment, the 

size and shape of the gold nanoparticles is almost the same after the  experiment. The 

hydrodynamic size distribution of the nanoparticle is slightly changed and has a maximum 

intensity at 44 nm, which was at 49 nm before the experiments. The size inensity distribution is 

more compact and peaked after the photothermal coversion experiments. An additional smaller 

peak is observed in the DLS size distribution. This might be due to the collapse of the surfactant 

layer on the surface of the nanoparticles. The zeta potential of the nanofluid after the steam 

generation experiement is about -37 mV as shown in in Fig. 10 (d), which indicates a good 

stability of the suspension.  
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As to the possible nanoparticle entrainment phenomenon, Fig. 10 (c) shows that the  remaining 

concentrated gold nanofluid in dark red wine color and the condensate in transparent. The 

UV/Vis spectrum of the condensate presented in Fig 10 (e) also confirms that no particles were 

blown out with the steam even under strong boiling conditions. This phenomon is very helpful 

for solar  desalination applications, where potable water could be produced following vapor 

generation, induced by highly absorptive nanopaticles.  

4. Conclusion 

A well-controlled steam generation experiment was performed by using gold nanofluids under a 

concentrated solar flux of 280 Suns, and the main conclusions can be summarized:   

 Highly non-uniform temperature distribution was found t along the heating path of gold 

nanofluids and an integration method was proposed to calculate the sensible heating 

contribution. 

 Three phases of heating was identified, i.e., surface heating, subcooled boiling and 

saturated boiling. During the surface heating phase, most of the energy was absorbed by 

the surface fluid, resulting in vapor generation while the underneath fluid still subcooled. .  

 The photothermal conversion efficiency and steam generation performance increased 

almost linearly with the increase of particle concentration. An enhancement in the energy 

efficiency of about 95% over the base fluid was achieved for 0.04 wt% gold nanofluids.  

 The analysis of the condensed vapor proved the absence of gold nanoparticle, suggesting 

that the nanoparticles were not entrained by the vapor even under vigorous boiling.  
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Fig.  1 Characterization of the synthesized gold nanoparticles, (a) TEM image of the gold nanoparticles 

showing a good suspension and size variation and (b) hydrodynamic size distribution of the gold 

nanoparticles measured by DLS.  

 

 

 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

18 
 

200 300 400 500 600 700 800 900 1000

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

0.00 0.01 0.02 0.03 0.04

0.0

1.5

3.0

4.5

6.0

7.5

9.0
A

b
s
o
rb

a
n
c
e

Wavelength (nm)

 DI water

 0.008 wt% Au

 0.016 wt% Au

 0.024 wt% Au

 0.032 wt% Au

 0.040 wt% Au

A
bo

sr
ba

nc
e

Concentration (wt %)

 

Fig.  2 Optical absorbance spectra of the gold nanofluids at various weight concentrations showing the 

absorbance peak at plasmonic resonance wavelength of 525nm. The inset shows a linear relationship of 

the absorbance peak with the concentration. 
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Fig.  3 Schematic of the experimental setup highlighting the major components. 
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Fig.  4 Temperature distribution during the 5 min illumination of 0.016 wt% Au nanofluid sample where 

phase 1 shows the surface heating, phase 2 is the bulk fluid heating and phase 3 shows the saturated 

boiling of the sample. Here TC1, TC2 and TC3 are the temperatures of the thermocouples 1, 2 and 3 and 

TC4 is the temperature of the steam.  

 

 

 

 

 

 

 

 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

21 
 

 

 

 

 

m1                    ǻT1

m2                    ǻT2

m3                    ǻT3

0 20 40 60 80 100 120 140 160 180 200

20

30

40

50

60

70

80

90

100

T
e
m

p
e

ra
tu

re
 (

o
C

)

Time (s)

 0.040 wt% Au_TC1

 0.040 wt% Au_TC2

 0.040 wt% Au_TC3

T1

T2

T3

(a) (b)

 

Fig.  5 (a) Variation of temperature along the depth of the 0.040 wt% Au nanofluid sample where T1, T2 

and T3 show the reading of thermocouples TC1, TC2 and TC3 respectively and (b) division of fluid 

volume into different levels as per the temperature distribution during fluid heating.  
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Fig.  6 Temperature distribution of the deionized water sample during the volumetric heating 

under the illumination of 280 Suns.  
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Fig.  7 Mass variation of the condensed vapors at different nanoparticle concentrations as the 

sample is illuminated with a radiation flux of 280 Suns for a period of 5 min.  
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Fig.  8 (a) Efficiency (including latent heat) based on individual thermocouple and modified method at 

various nanoparticle concentrations during the phase 1 only  and (b) Efficiency of sensible heating and 

steam generation during the three heating phases of 0.040% gold nanofluid sample where ᐭ୦ୣୟ୲୧୬୥ is 

based on modified method 
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Fig.  9 Photothermal conversion efficiency (ᐭ௉்஼ሻ based on three methods at various nanoparticle 

concentrations over an irradiation time of 5 min.  
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Fig.  10 Characterization of nanoparticles after the steam generation experiment. (a) TEM micrograph, (b) 

particle size distribution, (c) well stable concentrated left over gold nanosuspension (right) after 

evaporation and clear condensate (left), (d) zeta potential graph and (e) optical absorbance spectrum of 

the condensate showing the absence of nanoparticles as can also be seen from the clear color of 

condensate in (c).  
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Abstract: Volumetric solar absorption by using nanofluids can minimize the thermal losses by 

trapping the light heat inside the fluid volumeand reducing the temperature difference between 

the absorbing surface and the fluid. A strong surface boiling of the nanofluid with the 

temperature of the underneath fluid still subcooled volume almost unchanged  could an have 

many interesting applications, whose mechanism is still however under strong debate. This work 

advanced our understanding on volumetric fluids heating by performing a novel well-controlled 

experiment under a unique uniform solar heating setup at 280 Suns, with a particular focus on 

the steam production phenomenon using gold nanofluids. To take the temperature distribution 

into account, a new ovel integration method was used to calculate the sensible heating 

contribution. The results showed that the photothermal conversion efficiency was enhanced 

significantly by gold nanofluids. A three-stage heating scenario was identified and during the It 

was found that during the first stage̍ surface heating stage, most of the energy was absorbed by 

the surface fluid, resulting in rapid vapor generation, with the underneath fluid temperature in 

still subcooled state. The photothermal conversion efficiency was enhanced significantly by 

nanoparitclesnanoparticles, i.e. 95% over the base fluid for golda nanoparticle concentration of 

0.040 wt%. The condensed vapor analysis showed no nanoparticle escaping even under vigorous 

boiling conditions. Such results reveal show that nanoparticle enabled volumetric solar heating 

surface boiling could have many promising applications including such as clean drinking water 

production in arid areas where abundant solar energy is available.  

Keywords: Nanofluid, steam production, photothermal conversion, evaporation, direct 

absorption, solar energy 
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1. Introduction 

Solar energy is the most dominant renewable source that  is available and accessible to everyone, 

but facing many numerous challenges to achieve for its efficient utilization [1]. Wide-spread 

solar powered applications are not limited to but consist of electricity generation [2, 3], including 

micro thermal power [4], chemical production line for including methanol [5] and hydrogen [6], 

water desalination [7-10], greenhouse growth in agriculture [11], sterilization [12] and cooling 

and refrigeration [13, 14]. The solar energy utilization of these applications can be significantly 

enhanced by suspending various nano-sized particles in a fluid, which is  and such solar receivers 

called are known as direct absorption volumetric solar collectors [15-19].  In contrast to 

conventional solar collectors [20, 21] where the solar absorption is surface-based, i.e.,  having 

with  large radiative and thermal losses due to a higher surface temperature especially for  

concentrated solar systems [22], the volumetric solar collectors not only minimize these losses 

by thermal trapping [23, 24] and reduced but also reduce the temperature difference between the 

absorber and the -fluid  interface temperature difference [25, 26]. 

A variety of direct absorption nanoparticles materials had have been analyzed in terms of the 

enhancement in the photothermal performance, including  Ag [27-29], Au [30-32], CNT (carbon 

nanotubes) [33-35], Cu [36], Al 2O3 [37, 38], graphite [17], graphene [22], and TiO2 [39]. In 

addition to the volumetric heating, direct vapor generation due to localized heating of the 

Field Code Changed
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nanoparticles [40-43] is a recent development in this area. For example, Neumann et 

al.researchers [44] from Rice University showed that by using very dilute gold nanoparticles 

(16.7 ppm) under a focused solar light via a typical Fresnel lens, steam was produced instantly 

while the measured bulk temperature was still 6 oC approximately. The calculated steam 

generation efficiency reached 80%, meaning only 20% of the solar radiation was used to increase 

the bulk fluid temperature. Later simulation work [44-46] showed the possibility of nanobubble 

formation based on a non-equilibrium phase change assumption. However these results are quite 

different to the recent results from Jin et al. [47]. Still using a Fresnel lens (i.e. solar flux ~220 

Suns), it revealed that steam generation 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. The, and the hypothesized nanobubble, i.e., steam produced around heated 

particles, was unlikely to occur under normal solar radiations. It shall be noted that all these 

experiments [44, 47, 48] were performed outdoor, where the solar flux may variedy from time to 

time, and the focus by Fresnel lens limited the heating to a small area, leading to a non-uniform 

solar energy input. Such would lead to a very high solar flux in localized areas (i.e. spot heating), 

producing spot heating and leading to high evaporation rate locally. It is however unclear if a 

similar phenomenon could be observed under a uniform solar heating. 

As far as the steam generation mechanism is concerned, for nanobubbles to be produced around 

heated nanoparticles, it has been shown analytically that a minimum radiation flux of 3×108 

W/m2 is required to produce nanobubbles on heated nanoparticles [46, 49, 50], which can may 

only be reached developed by powerful laser beams. In a separated  theoretical study, of the 

nanobubble development kinetics around plasmonic gold nanoparticle by  Julien et al. [51] 

showed that to generate a nanobubble, a flux intensity of around 1×1010 W/m2 was  required to 
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generate a nanobubble on a plasmonic gold nanoparticle.  However quite differently, Hogan et al. 

[52] reported that ~ 1 MW/m2 solar reflux was sufficient for efficient steam production due to a 

collective effect of nanoparticles that both scatter and absorb light, hence localizing light energy 

into mesoscale volumes.  

It shall be noted that most of the experiments performed so far were not under well-controlled 

conditions [44, 47, 48]. Beside the problem of a varying solar flux and spot heating mentioned 

above, most of the experiments were performed bywith a single-point temperature measurement, 

ignoring the actual temperature distribution in the bulk fluid [32, 44, 53]. Though Jin et al. [41] 

and Ni et al. [43]  used multipoint temperature measurement, only the average temperature was 

used for the evaluation of the photothermal efficiency. In Jin’s work [41], the spot heating and 

small fluid volume minimized the temperature stratification phenomenon, and the fluid led to a 

rapid reached  ing to the saturated boiling rapidlystatus , where the most interesting phenomenon 

under subcooled condition was insufficiently captured. In addition, possible escaping 

phenomenon of nanoparticles with the steam under saturated boiling has not been investigated, 

which is critical for any potential desalination or clean drinking water production applications. 

Clearly a better understanding of the solar steam generation by nanoparticles is much needed. 

This work aims to advance the field by answering three questions: i) Would Could significant the  

steam generation phenomenon be different under  be produced under a uniform solar heating, 

instead of spot heating? ii)  What is the underneath mechanism for steam production if not by 

forming nanobubbles?  and iii) Would nanoparticle be escaped with the produced steam?  To 

answer chieve these questionsgoals, we performed a well-controlled steam generation 

experiment under a unique high power solar simulator (i.e. up to 4 MW/m2) with , which has a 

large focus area to provide uniform heating.  A novel one-dimension test section was designed, 
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and multiple thermocouples were used to reveal the temperature distribution along the heating 

path. A novel integration method was proposed to calculate the sensible heating contribution and 

to aid the analysis of steam production mechanism.  Various concentrations of gold nanofluids 

were produced and used as the test fluids, and the generated steam was condensed to reveal the 

presence of any nanoparticles. All sample nanofluids before and after the experiment  were 

carefully ompletely characterized in terms of stability, size distribution and morphological 

variation. Such would allow us to answer the proposed questions and advance the solar 

applications by of direct absorption nanofluids.  

2. Materials and methods 

2.1. Reagents and devices 

Hydrogen tetrachloroauric acid (HAuCl4, Au စ 49%) and Tri-sodium citrate (Na3C6H5O7, 99.8%) 

were purchased from supplied by Fisher Scientific and were used as received. Deionized water 

was used throughout the experimentsal procedure.  

A transmission electron microscopy (TEM) (TECNAI, TF20) equipped with EDX (Energy 

Dispersive X-ray spectroscope), was used to analyze the morphology ical appearance of the 

synthesized nanoparticles. The concentration of the gold dispersion was determined checked by 

an with Atomic Absorption Spectrometer (AAS) (VARIAN, AA240FS). The hydrodynamic size 

and zeta potential of the nanofluids were obtained were analyzed using by a  DLS (dynamic light 

scattering) device (Malvern nanosizer). The optical absorption of the nanofluid was examined 

checked on by a UV/Vis spectrophotometer (HITACHI, U-3900) using a high precision cell with 

light path of 10mm. 
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2.2. Nanofluid synthesis and characterization 

Gold nanoparticles (GNPs) were synthesized by the one-- step method based on using a slightly 

modified thermal citrate reduction method of HAuCl4 as reported by Zhang at el. [32] and Chen 

et al. [54]. In the synthesis process, 100 ml of 5mM HuACl4 solution was mixed with 100 ml of 

10 mM trisodium citrate solution. The resultant mixture was heated to the boiling point until the 

mixture turned to wine red color. The resultant solution was continuously heated at 80 oC in a 

sonication bath for further 3 hours. Synthesized GNPs were aged at room temperature for 24 

hours and then cleaned by through membrane  the dialysis from using 8 kDda membrane and 

deionized (DI) water. The membrane allows the excessive ions to diffuse smoothly from the 

suspension and blocks the GNPs. DI water was changed twice a day for a period of 10 days, 

leading to pure . Thus the suspension contains only GNPs dispersions.  The concentration of the 

resulting nanofluid suspension was measured by Atomic Absorption Spectrometry (AAS).  

The morphology ical characterization of the synthesized nanoparticles was analyzed by a 

transmission electron microscopy (TEM) and the hydrodynamic size was measured by the DLS 

(dynamic light scattering) device. Fig 1 (a) shows the TEM image of the nanoparticles and the 

inset shows a more close view. It can be seen that the gold nanoparticles are mostly of spherical 

shape with particle size in the range of and varies in size ranging from 20~ to 30 nm. The 

hydrodynamic size distribution of the gold particles,  is shown in Fig. 1 (b), shows a slightly . 

The size of the particles suspended in deionized water measured by DLS is slightly larger size 

than that from e TEM size, which is due to which is because of the hydrodynamic nature of size 

measurement by of DLS.  

The optical absorbance of Au nanofluids was checked by on UV/Vis spectrophotometer (U-3900, 

HITACHI) using a high precision cell with light path of 10 mm. The aAbsorbance is defined as 
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the logarithm (10 as base) of reciprocal of transmittance, whereas the transmittance is the ration 

of the transmitted light by the nanofluid sample to the incident light on it. According to the Beer-

Lambert’s Law [53], absorbance is  ݈݃݋ ሺܫ௢ ሻܫ ൌ Τ ݈߳ܿ , where ܫ௢  is the incident light on the 

sample, ܫ is the light transmitted by the nanofluid sample, ߳  is the extinction coefficient, ݈ is the 

length of the sample through which light passed, and ܿ  is the concentration of the nanofluid. The 

absorbance of Au nanofluids is shown in Fig.2, where the inset shows a linear relationship of the 

absorbance peak with the concentration. The absorbance peak of the Au nanofluid appears at a 

wavelength of 525 nm and is identical for various concentrations. The absorbance peak can be 

engineered widened and shifted towards longer wavelength having relatively larger amount of 

energy in the visible spectrum by controlling the size and shape of the nanoparticles during the 

synthesis process.  

2.3. Experimental setup  

Photothermal conversion characteristics and steam generation capability of the characterized 

gold nanofluids were investigated using a solar simulator having seven xenon short-arc lamps 

aligned on the reflector ellipsoidal axis [55]. The solar simulator is capable of producing a 

concentrated solar flux of about 4 MW/m2 when all of seven lamps are in operation, for more 

details about the solar simulator, please refer to Section I of the supplementary information. 

Only one lamp was put in operation for the current experiments to deliver a solar flux equivalent 

to 280 Suns in the current study. The solar radiation had a focal area of 28.27 cm2, which was 

passed through a custom-made aperture (30 mm diameter) of aerogel sheet wrapped in aluminum 

foil. The test section was made of high temperature quartz glass with the inner and outer 

diameter of 30 mm and 34 mm respectively. The test section was put accurately under the solar 

radiator to enable a uniform heating. A sample fluid of 25 ml (~35.4 mm depth) was filled into 
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and covered with a transparent quartz cover. Holes of 1 mm diameter were fabricated in the 

vessel to insert the thermocouples equidistant to each other at 10 mm. The vessel was covered 

with a tightly packed aerogel blanket with thermal conductivity of as low as 0.015W/m2K to 

minimize the heat loss to the surroundings. A square glass box was used to contain the aerogel 

with the vessel fitted in a hole in the aerogel sheets, and further details can be seen in Section II 

of the supplementary information.  

Three K-type (Omega 5TC-TT-K-36-36) thermocouples (TC) were used to measure the bulk 

fluid temperature, positioned evenly along the optical depth in top, middle and bottom sections 

of the sample fluid at distance of 10 mm from each other. This was to ensure  such that neither 

the top TC thermocouple was exposed to the air during at the beginning of the experiment nor 

the bottom lower most TC was touched ing the bottom of the vessel. The temperature of the 

vapor generated was measured through an additional K-type thermocouple. The steam 

temperature was measured as at at  the middle of a 20 mm long exit channel, of the vessel as 

shown in the schematic in Fig. 3. The temperature data was ere registered by a data logger 

(Agilent 34970A) linked to a the computer for its measurement and monitoring. The uncertainty 

in temperature measurement was validated as ±0.25 K oC.  The generated steam was condensed 

in a glass condenser with cooling water circulating around the condensing tube. A sensitive 

digital weight balance (Setra, BL-500S) with uncertainty of ±0.001g was used to measure the 

mass weight of the condensed vapors. The experimental setup is highlighted schematically in 

Fig.3. 
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3. Results and discussion 

3.1. Fluid heating and steam characterization 

The bulk fluid temperature was measured by three thermocouples TC1, TC2 and TC3 as the 

nanofluid sample was heated under a solar flux of 280 Suns.  from the solar simulator. The top 

TC1 being close to the top surface showed a rapid change in fluid temperature as the sample is 

illuminated. Depending upon the variation of bulk fluid temperature, Fig.4, as it is irradiated, the 

fluid heating can be divided into three phases. The first phase is the heating of surface fluid with 

the underneath fluid in subcooled condition. The surface fluid reaches to the boiling temperature 

rapidly in a very short span of time and the temperature of the underneath layers of the fluid 

volume is  slightly changed (Fig. 4 and Fig. 5). The second phase is the heating of bulk fluid 

volume in which the heat flux penetrates and brings the temperature of the whole fluid volume to 

the boiling point. The third phase is the saturated boiling phase in which the sample volume 

temperature reaches the boiling point. boils from the surface to the bottom. Due to the 

superheating, tThe steam temperature continues to increase above the boiling temperature of the 

fluid  untill the radiation flux is switched off. as can be seen in Fig.4. This shows that steam 

undergoes some degree of superheating during the experiment. The temperature distribution in 

the first two heating phases can be clearly seen in Fig. 5 (a), in which the concentration of gold 

nanoparticles is 0.04 wt%. The non-uniformity of temperature along the heating path fluid depth 

is increased directly with the increase of gold nanoparticle concentration. This is fact can be 

associated with the increased radiation absorption at the surface of maximum of radiation flux by 

the surface nanofluid due to more solar energy trapping at the surface at a higher concentration.  

due to increased density of gold nanoparticles in surface layer as the weight concentration is 

increased. The temperature distribution for deionized water sample is shown expressed in Fig. 6 
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as a comparison, and more non-uniform temperature profile can be referred to for reference and 

Section III of the supplementary information. can be referred for more non-uniform 

temperature profiles.  It is evident from Fig. 6 that the radiation flux is passed through the for DI 

water, sample layers and there is no there is not much  significant temperature variation along the 

heating path sample depth during the initial volumetric heating phase. The Also the rate of rise in 

surface temperature in case of DI water is also much slower very far low than that of 0.040 wt% 

gold nanofluid (Fig. 5a) 

The energy absorbed by the nanofluid sample in the sensible heating was calculated using the 

following relation in their studies done by Zhang et al. [32, 53] and Neumann [44], where only 

one temperature sensor was used to represent the bulk fluid temperature; 

 ܳ ൌ  ܿ௣݉οܶ (1) 

where ܿ ௣, ݉  and οܶ are the specific heat capacity, mass of the sample taken and temperature 

change of the fluid volume over the specified time. The change in temperature οܶ was replaced 

by ο തܶ, the average change in temperature in the study done by Jin et al. [41, 48] in which more 

than one thermocouple were used for the measurement of fluid temperature. As clearly seen from 

Fig. 5 (a) that the fluid temperature is not highly non-uniform, the temperature measured by only 

one thermocouple is clearly not capable of representing the fluid temperature. The calculated 

absorbed energy may be overestimated or under estimated depending upon the position of the 

thermocouple. Even the average value of the temperature may also be misleading depending 

upon several factors, including type of nanoparticles, their concentrations, color of the nanofluid 

and intensity of radiation flux.  

Here we used a more realistic method to calculate the energy absorbed by the nanofluid volume 

especially at high nanoparticle concentrations. The fluid volume is divided into various 
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temperature dependent sections as shown in Fig. 5(b). The absorbed energy of the each section 

can be calculated independently and the overall absorbed energy can be evaluated using the 

relation given in Eq. 2; 

 ܳ ൌ  ܿ௣ ෍ሺ݉௜ο ௜ܶሻ௡
௜ୀଵ  (2) 

and the overall photothermal conversion efficiency (ᐭ௉்஼) including sensible heating and latent 

heat can subsequently be calculated from Eq. 3;  

 ᐭ௉்஼ ൌ  ܿ௣ σ ሺ݉௜ο ௜ܶሻ௡௜ୀଵ  ൅ ׬  ௧଴ݐ௩݉௩݀ܮ ׬  ௧଴ݐ௔݀ܣܫ  (3) 

where ܫ is the solar irradiance, ܣ௔ is the area of the aperture, ܮ௩  is the latent heat of vaporization 

of water and ݉ ௩  is mass of the condensed vapors in time ݀ ݐ . Although the thermophysical 

properties of water like thermal conductivity and specific heat capacity would be are changed 

with the addition of nanoparticles. However  but with such a very small nanoparticle 

concentration (0.040 wt%), the change in these properties was found to be negliblenegligible. 

The mass of the condensed vapor generated as the nanofluid samples with different nanoparticle 

weight concentrations radiated at a flux of 280 Suns over a 5- min duration is given in Fig. 7, 

which shows a siginificanlty higher value for . The mass of vapor condensate of 

nanolfuidnanofluid samples is siginificanlty higher than that of deionized water. Comparing with 

DI water,  aAn enhancement of 80%  and 157% in the vapor generation efficiency are observed 

for gold nanofluids at for nanolfuidnanofluid sample with concentration of 0.008 wt% and about 

157% with concnetration concentration of 0.040 wt% respectivelywas observed over deionized 

water. The  The amount of condensed vapor is increased s is nearly linearly with  the increase of  

directly related to  the concentration of the gold nanoparticle concentration,s as presented in 
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Fig.7 (inset). The variation in the mass of condensate at the initital volumetric heating of the 

samples with varying concentration is small, which might be due to the recondensation of the 

vapors. The vapors generated under subcooled conditions have greater tendancytendency of 

recondensation due to the presene of cold vessel walls. A constant evaporation rate after the 

phase two 2 of the volumetric heating confirms the saturated boiling in the nanofluid sample. 

The uncertainty in the mass measurement for the sample with 0.008 wt% nanoparticle 

concentration was estimated to be ±0.592% for the first 60 seconds of illumination.  The relative 

uncertianty in the calculated photothermal efficiency was estimated to be ±2%, and detailed 

uncertainty analyiss can be found in the refer to Section IV of the supplementary information 

for uncertainity analysis in measurements and calculations. 

 The energy absorbed by the nanofluid sample during in the the sensible heating period was 

calculated using the following relation in their studies done by Zhang et al. [32, 53] and 

Neumann [44], where only one temperature sensor was used to represent the bulk fluid 

temperature; 

 ܳ ൌ  ܿ௣݉οܶ (1) 

where ܿ ௣, ݉  and οܶ are the specific heat capacity, mass of the sample taken and temperature 

change of the fluid volume over the specified time. The change in temperature οܶ was replaced 

by ο തܶ, i.e., the average temperature difference change in temperature in the study done by Jin et 

al. [41, 48], in which more than one thermocouple were used for the measurement of fluid 

temperature. As clearly seen from Fig. 5 (a) that the fluid temperature is highly non-uniform, the 

temperature measured by only one thermocouple is clearly not capable of representing the fluid 

temperature. The calculated absorbed energy may be overestimated or under- estimated 

depending upon the position of the thermocouple. Even the average value of the temperature 
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may also be misleading depending upon several factors, including the type of nanoparticles, their 

concentrations, color of the nanofluid and intensity of radiation flux.  

Here we used a more realistic method to calculate the energy absorbed by the nanofluid volume 

especially at high nanoparticle concentrations. The fluid volume is divided into various 

temperature dependent sections as shown in Fig. 5(b). The absorbed energy of the each section is 

can be calculated independently and the overall absorbed energy can beis evaluated using the 

relation given in Eq. 2; 

 ܳ ൌ  ܿ௣ ෍ሺ݉௜ο ௜ܶሻ௡
௜ୀଵ  (2) 

and . The the overall photothermal conversion efficiency (ᐭ௉்஼) including sensible heating and 

latent heat is can subsequently be calculated from Eq. 3, which is a modified version of the 

equation used by Jin et al. [41];  

 ᐭ௉்஼ ൌ  ܿ௣ σ ሺ݉௜ο ௜ܶሻ௡௜ୀଵ  ൅ ׬  ௧଴ݐ௩݉௩݀ܮ ׬  ௧଴ݐ௔݀ܣܫ  (3) 

where ܫ is the solar irradiance, ܣ௔ is the area of the aperture, ܮ௩  is the latent heat of vaporization 

of water and ݉ ௩ is mass of the condensed vapors in time ݀ݐ.  

Fig 8 (a) shows the photothermal conversion efficiency during the first phase, i.e. surface 

heating which is typically less than achieved in not more than 30 seconds after the of the 

illumination time. heating.  The efficiency includes the sensible and latent heat contributionss 

during this very short span of time. As can be observed in Fig 8 (a) that the position of the 

thermocouple has a great influence in determining the photothermal efficiency. If only one 

thermocouple is used for the measurement of temperature change as in [32, 44, 53] and the 
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optical length of the fluid volume is significant, the obtained photothermal efficiency would be 

may be misleading due to underestimated ion if the thermocouple is away from the surface (as 

TC3 here in this study) and overestimated ion (as TC1 in this study) if it is close to the surface. 

This is because the temperature distribution does has a significant influence on the photothermal 

efficiency.  So in this case, using multiple thermocouples that divide the fluid volume into 

multiple sections is advisable.  

As in Fig. 8 (a), the efficiency based on TC3 only is an underestimation because of the uneven 

temperature distribution and the efficiency based on TC1 only is clearly an overestimation 

because the heat is abosrbed by the surface layer of the fluid only and its dissipation to the lower 

layers is restricted. This underestimation or overestimation is because the temperaure 

temperature of the respective thermocouple is used to represent thought to be the temperature of 

the whole fluid volume at any instant, but actually it is not as already shownin in Fig. 5 (a). 

Using the proposed modified method of calculating the photothermal efficiency, i.e. taking the 

temperature distribution into account, gives more realiable results and is necessacitated 

particulary when the temperature remains below under the boiling temperaure of the nanofluid.  

Fig 8 (b) shows in the efficiency of sensible heating and steam generation in the proposed three 

phases (Fig. 4) during the irradiance time of 5 min for a nanoparticle concentration of 0.040 wt%. 

Dduring the surface heating, most of the absorbed energy is used in the sensible heating of the 

nanolfuidnanofluid, together with some vapors generated. in the top of the nanoparticles while in 

case of DI water, basefluid no vapors were observed in the surface heating phase. Hence the 

presence of nanoparticles ehnacesenhances the steam genergation efficiency even under 

subcooled condition as also observed mentioned by Jin et al. [41]. The steam generation 
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efficiency of about 95% in the saturated boiling is very attractive and gives an enhancement of of 

117.5% over the base fluid.  

Fig. 9 shows the overall efficiency of the plasmonic gold nanofluid at various concentrations 

compared to the base fluid. The photothermal efficiency is dramatically enhanced by on adding 

gold nanoparticles in the base fluid. At a particle concentration of 0.040 wt%, the overall 

photothermal efficiency or in a broader term the energy efficiency is enhanced by 95% over the 

base fluid in the experimental domain. This enhancement increases almost linearally with the 

nanoparticle concentration. It can also be noticed that the  efficiency difference among the three 

modes of its evaluation is negligibly small when there is no nanoparticle in the base fluid. But 

with the addition and increase in the concentation of the nanoparticles in the base fluid, this 

difference is magnified. This is due to the non-uniform uneven temperature distribution (Fig. 4) 

which is because of caused by  the presence of the plasmonic nanoparticles in the basefluid. This 

non-uniform temperature distrbution is very supportive in evaporating the fluid from the surface 

while and keeping the bulk volume under subcooled conditions. This phenomenon can be used to 

produce clean drinking water by evaorating evaporating the water from the surface and keep 

circulating the underneath volume like in forward osmosis desalination.  

3.2. Analysis of nanoparticles after experiments  

The remaining left over concentrated nanosuspension after the experiments was examined in 

terms of stability, nanoparticle size distribution and morphological appearance it had undergone. 

Fig. 10 shows the characterization of the residual nanofluid. Fig 10 (a) and (b) represents the 

TEM micrograph and hydrodynamic size distribution of the particles after cooking boiling 

repectively. Compared with the characterization results before the experiment, the size and shape 

of the gold nanoparticles is almost the same  after the steam generation experiment. The 
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hydrodynamic size distribution of the nanoparticle is slightly changed and has a maximum 

intensity at 44 nm, which was at 49 nm before the experiments. The size inensity distribution is 

more compact and peaked after the photothermal coversion experiments. An additional smaller 

peak is observed in the DLS size distribution. This might be due to the clapse collapse of the 

surfactant layer on the surface of the nanaoparticles. The zeta potential of the nanofluid after the 

steam generation experiement is about -37 mV as shown in in Fig. 10 (d), which indicates a good 

stability of the suspension.  

As to the possible nanoparticle entrainment phenomeonphenomenon, Fig. 10 (c) shows that the 

left overleftover  remaining concentrated gold nanofluid in dark red wine color and the 

condensate in transparent. The UV/Vis spectrum of the condensate presented in Fig 10 (e) also 

confirms that no particles were blown out with the steam even ven under strong boiling 

conditions. This phenomon is be very helpful for solar  desalination applications, where potable 

water could be produced following vapor generation, induced by highly absorptive nanopaticles 

in the water mixture..  

4. Conclusion 

A well-controlled steam generation experiment was performed and the effect of non-uniform 

temperature distribution during the bulk fluid heating on the photothermal conversion efficiency 

and enhanced vapor generation performance of  by using gold nanofluids was investigated under 

a concentrated solar flux of 280 Suns, and the main conclusions can be summarized: .  

 Highly non-uniform A very clear uneven temperature distribution was found present 

along the heating path of gold nanofluidsin the layers of the nanofluid sample before the 
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saturated boiling stage was obtained.  and an integration method was proposed to 

calculate the sensible heating contribution. 

 During Three phases of heating was identified, i.e., surface heating, subcooled boiling 

and saturated boiling. During the surface heating phasestage, most of the energy was 

absorbed by the surface fluid, resulting in vapor generation while , still keeping the 

underneath fluid still subcooled. Due to non-uniform temperature distribution, an 

integration method to calculate the sensible heating contribution should be used instead 

of relying on one point temperature measurement.  

 The pPhotothermal conversion efficiency and steam generation performance of the base 

fluid is significantly enhanced with the addition of gold nanoparticles and increased s 

almost linearly directly with the increase of particle concentration. An enhancement in 

the energy efficiency of about 95% over the base fluid was achieved for with a 0.04 wt% 

of gold nanofluidsparticles was achieved.  

 The analysis of the condensed vapor proved the absence of gold nanoparticle, suggesting 

that the nanoparticles were not entrained by the vapor even under vigorous boiling.  
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Fig.  1 Characterization of the synthesized gold nanoparticles, (a) TEM image of the gold nanoparticles 

showing a good suspension and size variation and (b) hydrodynamic size distribution of the gold 

nanoparticles measured by DLS.  
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Fig.  2 Optical absorbance spectra of the gold nanofluids at various weight concentrations showing the 

absorbance peak at plasmonic resonance wavelength of 525nm. The inset shows a linear relationship of 

the absorbance peak with the concentration. 
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Fig.  33 Schematic of the experimental setup highlighting the major components. 
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Fig.  4 Temperature distribution during the 5 min illumination of 0.016 wt% Au nanofluid sample where 

phase 1 shows the surface heating, phase 2 is the bulk fluid heating and phase 3 shows the saturated 

boiling of the sample. Here TC1, TC2 and TC3 are the temperatures of the thermocouples 1, 2 and 3 and 

TC4 is the temperature of the steam.  
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Fig.  55 (a) Variation of temperature along the depth of the 0.040 wt% Au nanofluid sample where T1, T2 

and T3 show the reading of thermocouples TC1, TC2 and TC3 respectively and (b) division of fluid 

volume into different levels as per the temperature distribution during fluid heating.  
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Fig.  6 Temperature distribution of the deionized water sample during the volumetric heating 

under the illumination of 280 Suns.  
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Fig.  7 Mass variation of the condensed vapors at different nanoparticle concentrations as the 

sample is illuminated with a radiation flux of 280 Suns for a period of 5 min.  
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Fig.  8 (a) Efficiency (including latent heat) based on individual thermocouple and modified method at 

various nanoparticle concentrations during the phase 1 only  and (b) Efficiency of sensible heating and 

steam generation during the three heating phases of 0.040% gold nanofluid sample where ᐭ୦ୣୟ୲୧୬୥ is 

based on modified method 
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Fig.  9 Photothermal conversion efficiency (ᐭ௉்஼ሻ based on three methods at various nanoparticle 

concentrations over an irradiation time of 5 min.  
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Fig.  10 Characterization of nanoparticles after the steam generation experiment. (a) TEM micrograph, (b) 

particle size distribution, (c) well stable concentrated left over gold nanosuspension (right) after 

evaporation and clear condensate (left), (d) zeta potential graph and (e) optical absorbance spectrum of 

the condensate showing the absence of nanoparticles as can also be seen from the clear color of 

condensate in (c).  
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