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Abstract 

Majority of the installed solar energy conversion platforms either convert the incident solar 

radiant energy into electricity (solar-photovoltaic) or into thermal energy (solar-thermal). At 

present, owing to steep decline in the cost of photovoltaic cells; photovoltaic technology has 

more presence opposed to solar thermal technologies. In relation to meeting heating and 

cooling energy demand (which accounts for nearly 50% of the total energy demand), solar 

thermal technologies potentially promise much greater dividends. Paradoxically, the current 

worldwide deployment of solar-thermal platforms is meager; this may be ascribed to their 

relatively low thermal efficiencies and high capital investments. Therefore, there is an urgent 

need to significantly improve the existing solar thermal systems. To this end, nanofluid 

based volumetrically absorbing systems have emerged as one of the potent candidates that 

promise high energy conversion efficiencies and lower material requirements. However, 

these promising novel systems have not been able to outperform the incumbent solar thermal 

platforms under the sun owing to instability of nanofluids in real-world service conditions - 

nanoparticles tend to agglomerate and hence settle down. In order to subjugate the stability 

barrier, and to operate the volumetric receiver in real world applications; we report a low 

cost and scalable method to synthesize solar selective nanofluids from 'used engine oil'. The 

as-prepared nanofluids exhibit excellent long-term stability and photo-thermal conversion 

efficiency. Moreover, these were found to retain their stability and functional characteristics 

even after extended periods of high temperature (300°C) heating, ultra violet light exposure 

and thermal cyclic loading. Building upon it, a nanofluid based volumetrically absorbing 

solar receiver having reflecting inner surfaces has been tested under outdoor conditions. 

Results show that steady-state thermal efficiency peaks at an optimum nanoparticles volume 

fraction (η
th

 = 59 ± 5.5% at f
v
 = 1%). Furthermore, the as-prepared nanofluid shows excellent 

stability i.e. it retains its optical characteristics and particle size distribution even after 

undergoing pumping and thermal cycles and moving in flow loops (circulation through 

pipes/valves) during on-sun testing.  Moreover, the as-prepared nanofluid has negligible 

impact on the surface and optical properties of solar receiver constituent materials.  

Furthermore, the present work investigates efficacy of ZnO based transparent heat mirrors 

as thermal loss mitigators in 'direct volumetrically absorbing' solar thermal platforms. 

Comprehensive experimental and theoretical modeling frameworks have been developed to 

understand and quantify the heat loss mechanisms. Detailed analysis reveals that 
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performance characteristics are strong functions of the 'side' of the glass that has been coated 

(i.e. whether 'receiver facing' (RF) or 'sky facing' (SF) sides of the cover has been coated). 

Results show that the employing ZnO based heat mirror as a cover significantly reduces the 

thermal losses relative to uncoated glass cover (25.12% and 21.43% reduction for RF and 

SF side coated heat mirrors respectively). Moreover, fundamental performance limits of 

ideal heat mirrors have also been determined for both RF and SF side coated cover 

configurations. Relative to the uncoated glass covers, ideal heat mirror covers (viz., RF and 

SF side coated) promise 50.03% and 38.23% thermal loss reduction respectively (@ 400˚C 

receiver surface temperature and 1.5μm cut-off wavelength).  

Overall, the present work represents a significant step in improving the existing volumetric 

absorpion based solar thermal systems; particularly aiming at intermediate temperature 

applications (viz. industrial and domestical heating/cooling). 
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Chapter 1  

Introduction  

 

1.1 Motivation  

World-wide energy crisis is a reality now, caused by the fast growth in world population and 

industrial development as well as the rapid expansion of the society. Fossil fuel reserves being 

limited; renewable energy resources such as solar, wind, and geothermal could prove to be 

good alternatives to the conventional fossil fuels. 

Although intermittent, but amongst all the renewable energy resources, solar energy is one of 

the most lucrative options (being huge and freely available resource). Either solar energy could 

be directly converted to electricity (solar photovoltaic) or it could be converted to thermal 

energy which could then be employed in a host of applications ranging from cooking, water 

heating, air conditioning and electricity generation (common Solar thermal systems (STSs) are 

shown in Fig. 1.1). Currently, STSs are used for numerous domestic as well as industrial 

purposes (electrical energy generation, water heating system, space heating and cooling 

systems and desalination). Moreover, solar thermal energy harvesting technique is a more 

sensible and effective way of harnessing solar energy, when our objective is to heat or to cool 

something. Solar thermal systems being scalable and being amenable for a variety of 

applications are expected to provide a solution to the energy demand with minimal damage to 

the environment. Present solar thermal technology is relatively inefficient compared to its fossil 

fuel based counterparts, thus making it imperative to improve the existing STSs. 

 

1.2 Background  

At the heart of most of STSs (which are used for heating/cooling applications or electricity 

generation purposes) there is a surface absorption based receiver which converts incident solar 

energy into thermal energy. In case of parabolic trough collectors (which is presently the most 

matured CSP technology), the receiver consists of a coated metal tube enveloped in a 

concentric glass tube. These are generally metal tubes made of materials such as 

aluminium/carbon/cooper/stainless steel and having a matte black layer or solar selective layer 

deposited on the surface. This allows sufficient photo-thermal energy conversion of the 
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incident solar radiant energy into the thermal energy gain of the absorbing surface (walls of the 

metal tube). 
 

 

 

   

       Linear parabolic trough     Linear Fresnel reflector 

      

 

 

 

 

 

                 Parabolic dish                Evacuated tube collector 

     

Solar pond     Solar power tower 

Fig. 1.1: Existing solar thermal systems (STS) based on surface-absorption based receivers: 

(a) Linear parabolic trough1 (b) linear Fresnel reflector2, (c) parabolic dish3, (d) evacuated tube 

collector4, (e) solar pond5, and (f) solar power tower6. 

 

1http://www.energynext.in/indias-first-csp-plant-commissioned-under-jnnsm/ 
2https://csp-world.com/news/20131015/001222/first-year-operation-puerto-errado-2-fresnel-csp-plant 
3https://www.pinterest.com/pin/490399846906567265/ 
4http://www.garagejournal.com/forum/showthread.php?t=78588 
5https://solarthermalmagazine.com/learn-more/the-solar-pond/70-kwatts-in-elpaso-texas/ 
6https://www.pinterest.com/pin/372884044132238968/ 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Subsequently, the circulating fluid being in direct contact with the walls of the tubes, the 

transfer of energy from the tube walls to the fluid happens predominantly firstly by conduction 

and then by convection. The aforementioned conduction-convection mechanism being 

relatively less efficient, results in significant temperature gradients across the metal tube wall-

fluid interface - termed as "temperature overheat". This inherent "temperature overheat" results 

in considerable performance reduction in surface absorption based STSs. To circumvent this 

issue, one of the alternate approaches which has seen recent upsurge is volumetrically thermal 

energy conversion of the solar radiation within the working fluid instead of at the absorbing 

surface. The thermal resistance (conductive and convective) is significantly cut down in a 

volumetric absorption solar thermal system. The graphics of both solar thermal systems, and 

the corresponding schemes and thermal resistance analogies are compared in Fig. 1.2. The idea 

of volumetric absorption was presented in the 1970’s as a substitute to conventional solar 

collector with the objective to enhance the photo-thermal conversion efficiency. First of all 

Minardi et al. [1] developed a volumetric absorption receiver using heterogeneous mixture of 

micro-sized (μm) carbon particles in shellac (Indian Ink). Although, this work contributed 

towards the development of new solar thermal systems, but, owing to stability issues of the 

micro-particle dispersions, could not be a success. 

 

  

 

Fig. 1.2: Graphics of the (a) surface based and (b) volumetric absorption solar thermal 

systems, and their (c-d) Thermal resistance analogy. 



4 

 

Stable colloidal dispersion of nanoparticles (particles with dimension < 100 nm); termed as 

“nanofluids”, have shown to improve optical and thermal properties in relation to the 

conventional flowing mediums. Nanoparticles when suspended in the basefluid gives variation 

in properties like density (ρ), specific heat (c
p
), thermal conductivity (k), viscosity (μ), and 

absorption coefficient; which could ultimately enhance heat transfer characteristics of basefluid 

as shown in Fig. 1.3. 

 

 

Fig. 1.3: Tailoring nanofluid properties through variation in properties of the basefluid and the 

nanoparticles.  

 

The advantages of employing nanofluid as the working fluid in solar thermal systems are as 

follows:  

 As the nanoparticles have a particle size in the nano-range (10-9), they could be 

considered to be as lumped systems and (Biot number < 0.1). A simple calculation 

suggests that heat transfer coefficient (h) between the nanoparticles and the 

surrounding media could be as high as 108 Wm-2K-1.  
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 The optical properties (such as absorption and extinction coefficients) of nanofluids 

could be engineered to be considerably higher than the corresponding basefluids. 

 The nanofluid thermal conductivity (knf
) has been shown to be high (3% - 5%) in 

comparison to the corresponding basefluid. [2] 

 As nanoparticle dispersion could be engineered for broad temperature range, hence 

making them suitable for use in a host of variants of volumetric absorption solar 

collectors. [3] 

 Problems such as agglomeration, scaling and clogging of pumps and pipes faced in 

using micron particles suspension in collector could be eliminated by use of nano 

sized particles in volumetric absorption based solar thermal system. [4] 

 

In the past decade, extensive work has been carried out in relation to nanofluid based 

volumetrically absorbing solar thermal systems. However, stability of nanoparticles 

dispersions under practical operating conditions (nanoparticles agglomerate and stick to the 

piping/plumbing components [3, 4]) and optimum volumetric receiver design (that achieves 

high thermal efficiency) are the two fundamental standing issues in the development of these 

volumetrically absorbing systems. 

Present work is essentially a significant step in addressing the aforementioned concerns. An 

efficient volumetric absorption based solar thermal system employing thermally stable - solar 

selective nanofluids engineered from 'used engine oil' has been designed and fabricated. 

Herein, the objective is two-folds: assessing the performance of the designed receiver and 

testing the as-prepared nanofluid under laboratory as well as real world conditions under the 

sun. 

 

1.3 Thesis outline 

Chapter 1 (Introduction) starts with the motivation behind research in the area of solar 

thermal technologies. Subsequently, the constructional and working principle differences 

between conventional and volumetric solar thermal systems have been briefly discussed. At 

the end, the fundamental challenges in the development of volumetric absorption based solar 

thermal systems have been listed. In Chapter 2 (Literature review), the nanofluid preparation 

methods and their stability quantification techniques are discussed; also literature relevant to 

the stability of nanofluids has been discussed. Subsequently, the literature relevant to the 

experimental studies in the realm of volumetric absorption solar thermal systems has been 
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critically reviewed. Finally, these have been sub-classified based on the type of concentrating 

optics employed (parabolic and Fresnel reflectors/refractors) and the typical temperatures 

involved. Chapter 3 (Nanofluid synthesis and stability quantification) details the low-cost 

and scalable method to synthesize solar selective nanofluid from 'used engine oil'. The as-

prepared nanofluids exhibit excellent long-term stability and photo-thermal conversion 

efficiency. Moreover, these were found to retain their stability and functional characteristics 

even after extended periods of high temperature (300°C) heating, ultraviolet light exposure, 

and cyclic thermal loading. Furthermore, the as-prepared nanofluid shows excellent stability, 

i.e., it retains its optical characteristics and particle size distribution even after undergoing 

pumping and thermal cycles and moving in flow loops (circulation through pipes/valves) 

during on-sun testing. In Chapter 4 (Experimental investigation of volumetric absorption 

solar collector) on-sun experimental investigations into nanofluid-based volumetrically 

absorbing solar receiver (having reflecting inner surfaces) have been carried out. Carbon soot 

nanoparticles from used engine oil dispersed in paraffin oil forms the working fluid. Results 

show that steady-state thermal efficiency peaks at an optimum nanoparticles volume fraction 

(η
th

 = 59 ± 5.5% at f
v
 = 1%). Moreover, the as-prepared nanofluid has a negligible impact on 

solar receiver constituent materials' surface and optical properties. Chapter 5 (Experimental 

and theoretical estimation of thermal loss from volumetric absorption solar collector) 

focuses on experimental setup design and exploring the possibility of heat mirrors reducing the 

thermal losses in the volumetric receiver. Heat mirrors having infrared reflecting property 

reduce the radiative loss. Detailed analysis reveals that performance characteristics are strong 

functions of the 'side' of the glass that has been coated (i.e. whether 'receiver facing' (RF) or 

'sky facing' (SF) sides of the cover has been coated). Due to the experimental setup's working 

temperature limit, the cover configurations have been investigated experimentally only up to 

175˚C. However, theoretically, investigation has been done even for high inlet fluid 

temperatures (up to 400°C). Moreover, fundamental performance limits of ideal heat mirrors 

have also been determined for both RF and SF side coated cover configurations. Chapter 6 

(Conclusions and recommendations for future work) summarises the main conclusions of 

the research work done and delineates the possible future directions which warrant attention. 
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Chapter 2 

Literature Review 

 

Today world is facing many challenges and out of those challenges; generation of clean energy 

without affecting environment is one of the key challenge. As per the prediction by energy 

development authorities, by the year 2050, the world population shall require 30 TW (terawatt) 

of energy in order to maintain economical growth. Sun daily irradiation is adequate enough to 

bear the energy demand for years [5]. Firstly, the literature relevant to the stability of nanofluids 

is dealt with. Subsequently, the literature relevant to the experimental studies in the realm of 

volumetric absorption solar thermal systems has been critically reviewed. Finally, these have 

been sub-classified on the basis of the type of concentrating optics employed (parabolic and 

Fresnel reflectors/refractors) and the typical temperatures involved.  

 

2.1 Literature review on stability of nanofluid 

2.1.1 Preparation Methods   

The stability of nanofluids is one of the most critical issues in adapting a volumetric absorption 

solar system in industrial applications. The synthesis and operating condition are the factors 

which affect the nanoparticles stability in dispersion. First of all, nanofluid preparation method 

must be carefully selected, to ensure the nanofluid stability. The preparation methods are 

categorised as [6]: 

 One step process: The nanofluid synthesis is done through in-situ preparation via 

chemical methods. By this method, agglomerations problem is minimized i.e. highly 

stable nanofluids could be synthesized, however, this method is difficult to scale up, 

i.e. nanofluids in bulk quantity with controlled volume fractions is still a challenge. 

 Two-step process: This route of synthesis of nanofluid involves preparing the mixture 

of already prepared nanoparticles and the basefluid. Primarily, nanoparticles are 

synthesized to the favourable size (nm) and shape by processes (physical or chemical) 

and then, dispersed in the basefluids by mechanical methods (steering and ultra-

sonication). 
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2.2.2 Stability enhancement methods for nanofluids  

Nanofluids "very existence" rests on their stability characteristics; agglomeration of 

nanoparticles can result the nanofluids to lose their enhanced heat transfer properties. 

Therefore, investigation of stability problem in nanoparticle dispersions (nanofluids) is vital to 

examine as it could significantly impact the thermo-physical and well as the optical 

characteristics of nanofluids. Different chemical methods have been used by various 

researchers to increase the stability of the nanoparticles dispersion. These have been briefly 

described below:  

 Addition of surfactants: In order to stabilize the nanofluids, surfactant molecules are also 

added; i.e. they surround the nanoparticles and form a shell around the nanoparticles. The 

surface tension of the host liquid is reduced by surfactants and as a result it enhances the 

dispersion of the nanoparticles. The electromagnetic repulsive forces amongst these 

enveloped nanoparticles inhibit the probable sedimentation of nanoparticles and hence 

improve the stability of nanofluid.  

 Chemical functionalization: In this technique, functional groups (such as COOH, COH 

and OH) are bonded to nanoparticles' surfaces with the help strong oxidants like sulphuric 

acid (H2SO4) and nitric acid (HNO3) or by mild oxidation via potassium persulphate 

(K2S2O8) treatments. Recently researchers reported that nanoparticle dispersions 

employing functionalized nanoparticles are stable up to temperatures on the order of 200°C 

[7] 

 Plasma functionalization: Herein, the nanoparticles are functionalized using plasma 

deposition process. More commonly, the surface modification of CNTs has been done 

through the aforementioned process. Surface treatment helps in controlling hydrophilicity 

of the CNTs and therefore, enhancing the CNTs stability in the basefluid. In recent times, 

researchers have reported stable nanoparticle dispersions (showing remarkable stability for 

sufficient period of time, nearby 8 months and at high temperatures, 170oC) employing 

plasma treated multi-walled carbon nanotubes (MWCNTs) [8]. 

 Engineering nanofluids pH: Electro-kinetic properties directly influence the nanoparticle 

dispersion stability; therefore, a particular value of the pH can enhance the stability 

characteristics. The nanofluids pH should be controlled such that it should be away from 

the Isoelectric point (IEP). Next to IEP, fluid zeta potential is zero. 
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2.2.3 Stability analysis methods for nanofluids  

Stability being one of the key attributes dictating the suitability of the nanofluid for a given 

application; various techniques (as shown in Fig 2.1) have been developed to assess the stability 

of nanofluids. 

 

Fig. 2.1: Stability quantification methods 

 

 Sedimentation method 

This is one of the most straightforward methods for evaluation of the stability of 

nanofluids. Sedimentation method can be performed essentially by the following two 

routes 

1. Natural sedimentation 

2. Analytical centrifugation  

Out of both the aforementioned techniques, natural sedimentation is the primary and 

the most cost-effective method. The dispersion is checked visually over the time as 
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nanoparticles tend to sediment out due to density difference. Natural sedimentation is 

more amenable for checking short term stagnation stability. However, to check the 

stability in accelerated mode, centrifugation technique is employed. In this method, an 

exterior field of force is applied so that the nanoparticles start to agglomerate if not 

stably dispersed in the base-fluids. The volume or weight of sedimentation indicates 

the stability of nanofluids. [9]. Even though both the methods are simple, but they 

provide only qualitative information about the dispersion stability. 

 Zeta potential analysis 

Zeta potential is primarily used to assess the nanoparticles' stability in case of 

electrostatic and/or electrosteric stabilization. "Zeta potential" is essentially the 

potential difference between the dispersion medium and the static layer of fluid 

adhering to the particle. Fundamentally, it specifies the degree of repulsion between 

adjacent charged particles in dispersion. In general, nanofluids having zeta potential 

between 40mV - 60 mV exhibit excellent dispersion stability. [10] 

 Spectral analysis method 

Spectral analysis is another useful way to estimate the stability of nanofluids. Through 

UV-Vis-NIR spectrophotometer, the change in optical signatures (spectral 

transmittance curve) could be used as an indicator of stability of the nanofluids [11]. 

Spectral methods can augment the preliminary revelations from sedimentation 

methods. In case of the nanofluid having high stability the optical characteristics 

(spectral transmittance) will nearly remain unchanged even after stagnation and 

centrifugation process. 

 Electron microscopy methods 

To measure the typical nanoparticles size and analyse their morphology, microscopy 

techniques are the most common methods available. Very high resolution microscopes 

such as transmission electron microscope (TEM) and scanning electron microscope 

(SEM) are employed to take digital images of nanoparticles, known as electron 

micrographs. In electron microscopy the sample to be analysed is prepared by drying a 

small quantity of the prepared nanofluid. The sample preparation is much easy in case 

of water based nanofluid; for the oil based nanofluid, during the drying process oil gets 

adsorbed on the surface of nanoparticle - thus necessitating the use of other 

reagents/chemicals before the sample could be loaded in SEM and TEM instruments. 
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 Dynamic Light scattering method 

Dynamic light scattering (DLS) technique estimates the hydrodynamic diameter of the 

nanoparticles in the dispersion. This technique is based on the Rayleigh scattering of 

incident light. Light scattering intensity is disturbed by the Brownian motion of the 

nanoparticles. Therefore, change in intensity difference would yield particle size as 

Brownian motion is particle size dependent. Coupling of DLS with sedimentation 

technique will give more insights about the stability of nanofluid. 

Stability being one of the key factors impacting the performance of volumetric absorption solar 

collectors (VASC); it is imperative that the prepared nanofluids exhibit stability under real life 

operating conditions. Researchers have employed various methods to anticipate the stability of 

nanofluids under various conditions that simulate the real life operational conditions. These 

include techniques such as natural sedimentation, cyclic heating, and constant temperature 

heating for long hours. Table 2.1 details the selected studies that have tried to address the 

stability issue. Most of the studies have assessed the nanofluid stability under stagnation 

conditions. Only a few of these explore the nanofluid stability conditions in cyclic/prolonged 

heating conditions. 

 

Table 2.1: A brief summary of the studies done by several researchers on the stability of 

nanofluids. NS- natural sedimentation, AC- analytical centrifugation, ZP- zeta potential, EM- 

electron microscopy, DLS- dynamic light scattering, SA-spectral analysis 

 

Author(s); 

Year 

Nanoparticle/ 

Size 

Base-fluid Surface 

modification 

Temperature Stability 

assessment 

method 

Cyclic 

heating 

Stagnation 

stability period 

Sani et al., 

2011 [12] 

SWCNHs, 

Amorphous 

EG ------------------ Up to 150oC NS, DLS 5 cycles 6 months 

 Otanicar et 

al., 2013 [13] 

Silver (35nm), 

Gold (25nm), 

Silica 

Water, EG Tween, SDS, 

Triton X 

Up to 80oC ZP, DLS 200 cycles 2 days 

 Quinbo et al., 

2013 [14] 

Cu 

(25nm,50nm) 

Water SDBS ------------------ NS ---------------- 7 days 

Colangelo et 

al. 2013 [15] 

Al2O3(45nm), 

Fe2O3(30nm), 

ZnO(60nm) 

Water ---------------- ----------------- NS --------------- 1 day 

 Karami et al., 

2014 [16] 

CNT Water Alkaline 

functionalizati

on 

------------------ SA ---------------- 1 month 

 Hordy et al., 

2014 [17] 

MWCNT/30nm Water, EG, 

Therminol 

VP-1, PG 

Plasma 

functionalisati

on 

80% of boiling 

point of 

basefluids 

NS, SA 3 hours heat 8 months 
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 Khullar et al., 

2014 [18] 

MWCNT 

(31.6nm), 

Amorphous 

carbon (<50nm) 

Ethylene 

glycol, 

Water 

Triton X-100 32-65oC ZP, DLS ---------------- 1 day 

 Filho et al., 

2014 [19] 

Silver (10nm) Water ------------------ Up to 50oC NS ---------------- 3 months  

 Zhang et al., 

2014 [20] 

Cu, Ni, and 

Ni/C 

1-hexyl-3-

methylimida

zolium 

Tetra 

fluoroborate 

([HMIM]BF

4) 

------------------ ------------------ NS ---------------- 3 days 

 

 

 

 

 

 

 Sajid et al.,  

2014 [21] 

Al2O3 Water ------------------ ------------------ EM, DLS, 

SA 

---------------- 6 hours 

 Mehrali et al., 

2014 [22] 

GNPs(Graphene  

Nano platelets) 

Water ------------------ ------------------ NS, ZP, SA ---------------- 600 hours 

 Chen et al., 

2015 [23] 

Ag, TiO2, ZnO Water ------------------ Up to 65oC NS ---------------- 20 days 

 

Subramaniyam 

et al., 2015 

[24] 

TiO2, C-TiO2/ 

42.77nm 

Water, 

Ethylene 

glycol 

------------------ ------------------ NS ---------------- 10days 

 Hordy et al., 

2015 [25] 

MWCNT Denatured 

alcohol 

Plasma 

functionalisati

on 

Up to 65oC SA 5 cycles of 

evaporation 

20 months 

 Mesgari et al. 

2015 [7] 

MWCNT Therminol 

55, EG 

Plasma 

functionalisati

on 

Up to 150oC SA 1 hour heat --------------------

- 

 Gorji et al., 

2015 [26] 

SWCNT/1.5nm Water -COOH 

functional 

group 

25-90oC DDLS, SA, 

ZP 

50 cycles 3 Months 

 Jin et al., 

2016 [27] 

Au (20nm) Water ------------------ Up to 56oC SA ---------------- 2 months 

 Mesgari et al., 

2016 [28] 

CNT, DWCNT, 

MWCNT 

Therminol 

55, EG, 

Water 

Acid treated, 

KPS treated, 

Surfactant-

SDBS 

25-150oC SA Heated up to 

250oC 

 

 Li et al., 2016 

[29] 

SiC (30nm) Diathermic 

oil 

------------------ ------------------ NS ---------------- 3 days 

 Menbari et 

al., 2016 [30] 

Al2O3 (40nm) -

CuO (100nm) 

binary 

Water, EG Sodium  

Hexameta 

Phosphate 

(SHMP) 

------------------ EM ---------------- 1 day 

 Zhang et al., 

2016 [31] 

GNPs (30nm), 

SWCNT (2nm), 

GE(Graphene) 

1-hexyl-3-

methylimida

zolium 

Tetra 

fluoroborate 

([HMIM]BF

4) 

------------------ 20-100oC NS ---------------- 1 month  

 Shende et al., 

2016 [32] 

PUMWNT(parti

ally unzipped 

multi wall 

carbon nanotube 

Water-EG ------------------ ------------------ SA ---------------- 2 months 

 Colangelo et 

al., 2016 [33] 

Al2O3 (50nm) Therminol-

66 

Oleic acid ------------------ NS ---------------- 1 month 
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Sarsam et al., 

2016 [34] 

GNPs Water GA, CTAB, 

SDS, SDBS 

----------------- NS, ZP, SA --------------- 2 months 

 Farzaneh et 

al., 2016 [35] 

TiO2 Water, EG ------------------ ------------------ NS ---------------- 21 days 

  Chen et al., 

2016 [36] 

Fe3O4 (9nm) Silicone Oil PDMS 

(polydimethyl

siloxane) 

ligands 

25-150oC AC-DDLS, 

SA 

10 cycles -------------------- 

 Vakili et al., 

2016 [37] 

Graphene Nano 

platelets 

Water ------------------ ------------------

- 

NS, ZP ---------------- 45 days 

 Li et al., 2016 

[38] 

CNT EG Cyclodextrin 

modified 

------------------

- 

NS, ZP ---------------- 2 months 

 Zeng et al., 

2016 [39] 

Sn/SiO2/Ag (68-

105nm) 

Therminol 

Vp-1 

------------------ 50-250oC EM 200 cycles --------------------

- 

 Yan et al., 

2017 [40] 

SiO2 (30nm) Water ------------------ 41-53oC NS, DDLS ---------------- 20 days 

 Liu et al., 

2017 [41]  

Paraffin@MF/gr

aphite 

1-hexyl-3-

methylimida

zolium 

Tetra 

fluoroborate 

([HMIM]BF

4) 

------------------ 30-80oC DDLS, SA 50 heating 

cycles of 30-

80oC/ 

4 hours of 

heating at 

70oC 

------------------ 

 Akilu et al., 

2017 [42] 

SiO2-CuO/C 

(25nm) 

Glycerol-EG 

mixture 60-

40 

------------------ ------------------ NS ---------------- 1 month 

 Rosa et al., 

2017 [43] 

Gold (20nm) Water ------------------ 1 hour heating 

at 100oC 

NS 6 cycles ------------------ 

 Chen et 

al.,2017[44] 

Graphene oxide Water ------------------ 30-80oC NS ---------------- 2 months 

 Leong et al., 

[45] 

Aluminium 

oxide (13, 

<50nm) 

TiO2 (21nm) 

Water Gum Arabic 

(GA), Poly 

vinyl 

pyrrolidone 

(PVP), SDBS 

------------------ SA ---------------- 4 weeks 

 Shende et 

al.2017 [46] 

rGo (Reduced 

graphene oxide) 

Water, EG Chemical 

functionalisati

on 

------------------ SA ---------------- 2 months 

 Furio et al., 

2017 [47] 

CB (carbon 

black) 

Therminol 

VP-1 

SDS, SDBS, 

DS (diphenyl 

sulphone) 

------------------ SA 10 cycles of 

heating at 

400oC 

5 days 

 Jian et al., 

2017 [48] 

MWCNT Water Surfactant 

TNWDIS  

20o-80o NS, DDLS, 

SA 

15 cycles  

 Rafael et al., 

2017 [49] 

Sn (80nm) EG ------------------ ------------------ SA, DDLS, 

ZP, EM 

---------------- 10 days 

 Roberto et al., 

2017 [50] 

Au (15nm) Eutectic 

mixture of 

biphenyl and 

diphenyl 

Oxide. 

------------------ 300oC  NS 5 hour heat/4 

cycles 

7 days 

 Khosrojerdi et 

al., 2017 [51] 

Graphene oxide 

Nano platelets 

Water ------------------ ------------------ NS ---------------- 340 days 
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 Liu et al., 

2017 [52] 

Modified 

graphene 

1-hexyl-3-

methylimida

zolium 

Tetra 

fluoroborate 

([HMIM]BF

4) 

------------------ Up to 180oC 

for 1 month 

NS, ZP 500 cycles ------------------ 

 Chen et al., 

2017 [53] 

SiC/30nm 1-hexyl-3-

methylimida

zolium 

Tetra 

fluoroborate 

([HMIM]BF

4) 

------------------ 25-65oC NS, SA ---------------- 20 days 

 Bhalla et al., 

2017 [54] 

Cobalt oxide De-ionized 

water 

Surfactant- 

Triton X-100 

Up to  64oC NS ---------------- 1day 

 Chen et al., 

2017 [55]  

Graphene oxide 

(GO) 

Water  30-75oC NS, ZP, EM ---------------- 2 months  

 Wang et 

al.,2017 [56] 

Al2O3 (30nm) Water  surfactant- 

Tween 80, 

Span 80 

------------------ NS, SA ---------------- 3 weeks 

 Wang et al., 

2018 [57] 

Cu (100nm), 

CuO (50nm), 

Chinese ink, C 

Water ---------------- Up to 80oC NS, SA 4 hours of 

heat 

1 day 

 Zeng et al., 

2018 [58] 

MWCNT 

(15nm), 

SiO2/Ag 

Water Hexadecyl 

trimethylamm

onium 

bromide(CTA

B) 

30-68oC NS, ZP ---------------- 7 days 

Yasinskiy et 

al.,2018 [59] 

TiO2 (20nm) Eutectic 

mixture of 

biphenyl and 

diphenyl 

oxide 

1-

octadecanethio

l (ODT) 

------------------ DDLS, ZP, 

SA 

---------------- 5 days 

 Gulzar et al., 

2018 [60] 

HybridAl2O3-

TiO2 

Therminol-

55 

Oleic acid 25-158oC NS ---------------- 7 days 

 Wang et al., 

2018 [61] 

ZnO-Au 

13.3nm 

Silicone oil  Up to 

100oC 

NS, SA 10 cycles 10 days 

 Khullar et al., 

2018 [62] 

Amorphous 

carbon 

Water Triton X-100 Up to 90oC NS, DDLS ---------------- 1day 

Zhang et al., 

2018 [63] 

CuO (10nm) Water ammonium 

citrate 

Up to 60oC NS ------------- 1 month 

Mehrali et al., 

2018 [64] 

Ag-rGo, rGO 

(25-45nm) 

Water ---------------- ----------------- NS, SA -------------- 1000 hours 

Coronilla et 

al., 2018 [65] 

Nio (9nm) Eutectic 

mixture of 

biphenyl and 

diphenyl 

oxide 

Benzalkonium 

chloride (BAC) 

and 1-

octadecanethiol 

(ODT) 

------------------ DDLS, ZP, 

SA 

-------------- 1 week 

Navas et al., 

2018 [66] 

MoS2 Eutectic 

mixture of 

biphenyl and 

diphenyl 

oxide 

------------------ ----------------- DDLS, SA --------------- 8 days 

Wang et al., 

2018 [67] 

Au-ZNG(N-

doped graphene) 

Water ------------------ Up to 40oC SA --------------- 2 months 

Peng et al., 

2018 [68] 

Fe3O4@graphene 

(10nm) 

Silicone Oil PDMS 

(polydimethyls

iloxane) 

6 hour heating 

@150oC 

AC, SA, EM 5 cycles ------------------- 
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Taylor et al., 

2018 [69] 

Ag+ Nasio2 

Ag+TEOS(tetrae

thyl-

orthosilicate) 

Water ------------------ At 80oC DDLS, EM, 

ZP, SA, 

10 cycles ------------------ 

Aguilar et al., 

2018 [70] 

TiO2 Eutectic 

mixture of 

biphenyl and 

diphenyl 

oxide 

------------------ ----------------- DLS, ZP, SA -------------- 1 month 

Huaxu et al., 

2018 [71] 

 ZnO 

(231nm) 

Water 

Glycol 

------------------ 10 hours 

@80oC 

NS,AC --------------- 4 hours 

Qu et al., 2019  

[72] 

CuO-

MWCNT(50nm) 

Water ------------------ Up to 75oC NS -------------- 1 month 

Xu et al., 2019 

[73] 

rGO Water-EG 

mixture 

PVP 

(polyvinylpyrr

olidone) 

----------------- NS -------------- 2 months 

Sadegi et al., 

2019 [74] 

Cu2O(58nm) Water PVP-K300 

(polyvinylpyrr

olidone) 

----------------- NS -------------- 7 months 

Shu et al., 

2019 [75] 

rGO EG ----------------- 12 hours 

@ 120oC 

NS 8 cycles 2 weeks 

Furio et al., 

2019 [76] 

CB (carbon 

black) 10nm 

Therminol 

66 

DS(Diphenyl 

sulfone) 

30 minutes 

@85oC 

DLS --------------- ------------------ 

Furio et al., 

2019 [77] 

SWCNH, 

Oxidised 

SWCNH 

Water SDS 30 minutes 

@75oC 

NS,DLS --------------- 3 months 

Sharaf et al., 

2019 [78] 

CIT-Au 

PEG-Au 

Water ----------------- 12 hours 

@70oC 

NS --------------- 16 months 

Sreekumar et 

al., 2019 [79] 

ATO/Ag 

(20-50nm) 

Water SDS ----------------- NS --------------- 30 days 

Valizade et al., 

2019 [80] 

CuO(30nm) 

 SiC(35nm) 

Water GA, CTAB ----------------- NS,ZP --------------- 1 week 

Chen et al., 

2019 [81] 

MWCNT 

(20nm) 

Water ----------------- ----------------- ZP 50 cycles 

@60oC 

10 days 

Li et al., 2019 

[82] 

SiC(40nm) 

MWCNT 

(20nm) 

EG PVP-K30 ----------------- ZP 30 cycles 

@60oC 

30 days 

Alberghini et 

al., 2019 [83] 

Coffee Glycerol ----------------- ----------------- NS --------------- 6 months 

Ismail et al., 

2019 [84] 

CNT(20nm) Water GA, PVP, 

SDS 

----------------- NS,ZP --------------- 6 months 

Okonkwo et 

al., 2019 [85] 

Fe 

TiO2(30-70nm) 

Syltherm-

800 

----------------- ----------------- ZP --------------- 15 days 

Hazra et al., 

2019 [86] 

CB(100nm) EG PVP-K30 ----------------- NS,DLS,ZP --------------- 5 months 

Lin et al., 

2020 [87] 

ITO(7.8nm) Therminol 

66 

----------------- 5.5 hours 

@320oC 

NS --------------- 72 hours 

Qu et al., 2020 

[88] 

GO (0.2-5um)/ 

MWCNT 

(20-30nm) 

Therminol 

66 

Oleic acid ----------------- NS 4 cycles  2 weeks 

Lee et al., 

2020 [89] 

Au@SiO2 

(88nm) 

Ag@SiO2 

(139nm) 

 

Therminol 

VP-1 

----------------- 1 hour 

@150oC 

NS --------------- 6 months 

Merino et al., 

2020 [90] 

WSe2 

(400-900nm) 

Eutectic 

mixture of 

biphenyl and 

Triton X-100 ----------------- NS, ZP --------------- 30 days 
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diphenyl 

oxide 

Li et al., 2020 

[91] 

CD-CNT EG PVP-K30 ----------------- NS,ZP 30 cycles 

@60oC 

1 month 

Sani et al., 

2020 [92] 

S-GNP(3-12nm) 

P-GNP(2-18nm) 

Water ----------------- ----------------- NS,DLS --------------- 1 week 

Torres et al. 

2020 [93] 

CuO 

(50nm) 

PEG ----------------- ----------------- NS,ZP --------------- 2 months 

Sharaf et al., 

2021 [94] 

 CIT-Au 

 BSA-Au 

 PVA-Au 

 PEG-Au 

Water ----------------- 12 hour 

@85oC 

NS 20 cycles 3 years 

Seifiker et al., 

2021 [95] 

CQD(6.5nm) PEG-200 ----------------- ----------------- NS 6 cycles  

@60oC 

37 days 

Zanetti et al., 

2021 [96] 

SWCNH 

(30-50nm) 

Water SDS 

PVP-10 

----------------- SA --------------- 1 week 

 

2.2 Literature review on nanofluid-based volumetric absorption solar 

collector  

Theoretical (numerical and analytical) and experimental studies under no flow conditions 

clearly point out that it is indeed possible to enhance the overall thermal efficiency through 

direct volumetric absorption of solar irradiance. However, under flow conditions, it has been 

found that the nanofluid based solar receivers (whether mounted on a parabolic trough or 

Fresnel lens based solar collector system), have lower thermal efficiency as compared to its 

surface absorption counterparts. This may be attributed to stability issues of nanofluids and 

high radiative losses from VASCs. Therefore, in order to make these novel systems outperform 

their surface absorption counterparts (under real life flow conditions), more research (both 

theoretical and experimental) is required. 

 

Table 2.2: A brief summary of low temperature nanofluid-based VASCs.  

Authors (s); 

Year 
Basefluid Nanoparticle Research Findings 

Tyagi et al., 2009 

[97] 
Water Aluminium 

There is 10% efficiency enhancement with 

nanofluid as compared to conventional solar 

collector 

For low fraction efficiency increases remarkably 

and remain constant at higher volume fraction. 

Mu et al.,  2009 

[98] 
Water 

Tio2, SiO2, ZrC 

(40nm)  

Temperature enhancement in case of nanofluid 

dispersion of TiO2 and ZrC nanoparticle are better 

than SiO2 based nanoparticle. 

Otanicar et al., 

2010 [99] 
Water CNTs, graphite, Ag  

An improvement of 6% in steady state efficiency 

when Silver nanoparticle size is reduced to half 

(40nm to 20nm) 

Lee et al., 2012 

[100] 
Water 

SiO2/Au core 

nanoshell 

Gold nanoshell based nanofluids at 0.05% volume 

fraction enhance efficiency up to 70%. 

Parvin et al., 

2014 [101] 
Water Ag, Cu, Al2O3 

Cu volume fraction of 3% is most effective in heat 

transfer rate. 
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 Increasing the Reynolds number, enhances the 

collector efficiency 2 times.  

Khullar et al., 

2014 [18] 
Water, EG 

Amorphous 

carbon, 

MWCNTs 

There is an optimum volume fraction of 

nanoparticle at which volumetric absorption will 

perform best. 

Higher stagnation temperature is the result of better 

optical and conversion efficiency. 

Filho et al., 2014 

[19] 
Water               Ag 

Stable suspension of silver nanoparticle is tested 

under direct sunlight. 

Stored energy increased to 144% for 6.5 ppm of 

silver particles. 

Cregan et al., 

2015 [102] 
Water Al 

Nanoparticle concentration strongly influences 

collector performance. 

Nanoparticle size and collector angle has no 

influence on efficiency. 

Gorji et al., 2015 

[103] 
Water Graphite 

Increase in collector length, height and entropy 

generation results in positive effect on thermal 

performance, whereas an increase in width 

decreases the thermal efficiency.  

Lee et al., 2015 

[104] 
Water MWCNTs 

Results show that the efficiency is directly influence 

by concentration and Peclet number (Pe) and 

contrariwise influence by Nusselt number (Nu) 

Gupta et al., 2015 

[105] 
Water Al2O3 

Enhancement in efficiency for all concentration as 

compare to the fluid without concentration. Volume 

fraction beyond 0.005% had a counter effect on 

efficiency. 

Karami et al., 

2015 [106] 
Water-EG CuO 

Efficiency with nanoparticle concentration is 17% 

more as compare to the basefluid.  

Efficiency increases with increase of flow rate.    

Delfani et al., 

2016 [107] 
Water-EG MWCNTs 

 Volume fraction of 100ppm had an efficiency of 

29% more than basefluid used as the working fluid 

System design only applicable for low temperature 

domestic application. 

Vakili et al., 

2016 [108] 
Water Graphene 

A maximum efficiency of 93% is achieved with 

nanoparticle concentration, while only 69% of 

basefluid. 

Jeon et al., 2016 

[109] 
Water AuNRs 

Gain in the temperature decreases to an optimum 

value of Absorption coefficient.  

Increasing the length of collector has adverse effect 

on the efficiency 

Turkyilmazoglu, 

2016 [110] 
Water Al 

Efficiency of 100% is also possible with a heat 

transferring material for the bottom panel.  

Gorji et al., 2016 

[111] 
Water 

Graphite, Ag, 

Fe3O4 

The thermal efficiency of 40ppm concentration is 

57.4% higher than that of basefluid. 

Exergy analysis is directly related to the incident 

radiation and inversely with the flow rate. 

Menbari et al., 

2016 [112] 
Water 

 

CuO 

Volume fraction and flow rate are effective in 

enhancing the thermal efficiency. 

Increase in volume fraction enhance thermal 

efficiency from 18% to 52%. 

Chen et al., 

2016[23,113,114] 
Water Ag, Au, TiO2 

Photo thermal conversion efficiency of Silver 

nanoparticle is better than Gold and TiO2. 

Maximum collector efficiency of 90% is attained for 

a volume fraction of 0.03%  

  

Chen et al.,  2017 

[115] 
Water 

Graphene oxide 

(GO) 

Photo-thermal conversion performance of 

dispersion was more as compare to basefluid and the 

highest efficiency was 97.45% (@30o C) and 

48.92% (@ 80o C). 
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Dugaria et al., 

2017 [116] 
Water SWCNH 

An optical efficiency is estimated 90.6% for 

volumetric concentrating collectors. 

Receiver behaves more like a surface type absorber 

receiver as the nanoparticle concentration is 

increased. 

Khullar et al., 

2018 [117] 
Water Amorphous carbon 

Amorphous carbon being well suited for solar 

thermal applications as compare to others 

nanoparticles. Due to carbon having highest solar 

weighted absorptivity at low volume fraction. 

Zhang et al., 

2018 [63] 
Water CuO 

Optimal depth of 1cm for the present nanofluid 

concentration. An enhancement of 30.4% efficiency 

is achieved than that of basefluid. 

Bhalla et al., 

2018 [118] 
Water Al2O3, Co3O4 

Optimum mass fraction have average temperature 

(19.4°C) rise than ambient temperature compared to 

others mass fractions. 

Mehrali et al ., 

2018 [64] 
Water Ag-rGo, rGO  

For low volume fraction, receiver efficiency 0f 77% 

is achievable. A receiver height of 20mm can be 

used for practical applications.  

Zeiny et al., 2018 

[119] 
Water Ag, Cu, C 

The blending of fluid does not affect solar energy 

absorption efficiency. Carbon black is most suitable 

when considering photo thermal conversion 

efficiency and economic cost. 

Beicker et al., 

2018 [120] 
Water  Ag, MWCNT 

Linear relationship amongst stored energy and 

nanofluid volume fraction. MWCNT shows good 

dispersion stability as compare to Ag nanoparticles. 

He et al., 2018 

[121] 
Water Au 

Different shapes of Au nanoparticles have been 

investigated. Thorny Au perform better as compare 

to quasi-spherical Au nanoparticles. 

Campos et al., 

2019 [122] 
Water Ag, Au, Cu, GO 

Non-spherical Ag and hybrid GO/Ag nanofluid 

perform better under low and high solar 

concentration. 

Li et al., 2019 

[82] 
EG SiC, MWCNT 

Hybrid nanofluid absorb 99.9% of solar incident 

energy at path length of 1cm. Solar thermal 

conversion efficiency is 48.6% higher as compare to 

pure EG.  

Zanetti et al. 

2021 [96] 
Water  SWCNH 

Circulation, radiative flux and working temperature 

of nanofluid affect the stability. Functionalised 

nanoparticles are alternatives to surfactant based 

nanofluids.  
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Table 2.3: A brief summary of high temperature nanofluid-based VASCs.    

Author (s); 

Year 

Base-Fluid 
Nanoparticle Research Findings 

Taylor et al., 

2011 [123] 
Therminol VP-1 

 Ag, Al, Cu, graphite  

 

 An enhancement of 5-10% is possible for a 

nanofluid based receiver. 

Large scale nanofluid based plant can be 

economical beneficial. 

Lenert et al., 

2012 [124] 
Therminol VP-1 

 Carbon coated 

cobalt 

 Optical thickness for the volumetric receiver 

is 1.7±0.1.  System efficiency of more than 

35% is predicted. 

Veeraragavan 

et al., 2012 

[125] 

Therminol VP-1 Graphite 

The bulk fluid temperature is more than that 

of surface temperature. System efficiency of 

35% is presented.  

Khullar et al., 

2013 [126] 

 

Therminol VP-1 Al 

 The results predicted that the potential to use 

solar energy of nanofluid based CPSC is more 

as compared to conventional receiver. To get 

the optimum output Size, shape and material 

of nanoparticle have to be carefully chosen.  

Luo et al., 

2014  [127] 
Texatherm 

Al2O3, Ag, Cu, 

CNTs, graphite, TiO2  

 Thermal conductivity improves with 

nanofluid volume fraction and decrease as 

with rise in the temperature. 

A maximum 122.7% photo thermal 

conversion efficiency from graphite based 

nanofluid as compared to the surface coating 

collector. 

Y.S. 

Hewakuruppu 

et al., 2015 

[128] 

Water-EG-

Therminol 
MWCNT 

 Nanofluid wavelengths (short and long) 

found as a function of temperature and solar 

concentration. 

 There is a need to search for new material for 

DACs as an existing collector in not 

comparable to the surface based collector. 

Liu et al.,  

2015 [129] 
Ionic liquid Graphene 

 Receiver efficiency directly depends upon the 

height and solar concentration and inversely 

proportional to nanofluid concentration. 

Wang et al., 

2017 [61] 
Silicone oil ZnO-Au 

Photo thermal conversion efficiency of the 

nanofluid is 17% higher than that of basefluid.  

Seifiker et al., 

2021 [95] 
PEG-200 CQD 

Surface temperature of nanofluid reaches 145° 

in 1-hour solar radiation. CQD having good 

dispersion stability and simple to synthesize 

without using any dispersant. 

 

2.3 Literature review based on parabolic trough volumetric absorption solar 

collector 

Table 2.4: A brief summary of nanofluid-based PTVASCs. 

Author (s); 

Year 
Basefluid Nanoparticle  Research Findings 

Moradi et al., 

2015 [130] 
Water, Glycol 

Carbon-

nanohorn 

Temperature distribution is maximum inside the fluid 

domain itself. 

Water based nanofluid has higher efficiency as 

compared to glycol having a higher outlet temperature. 

Guoying Gu et 

al., 2015 [131] 
Synthetic Oil CuO 

A uniform temperature distribution is obtained in case 

of nanofluid based collector.  

Heat transfer in case of nanofluid dispersion based 

collector is higher than that of surface based collector 
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Kasaeian et al., 

2017 [132] 
EG 

MWCNT-

Nanosilica 

 Outlet temperature is a function of concentration of 

the nanoparticle. An increase of 94% in outlet 

temperature for MWCNT and 45% for nanosilica 

nanoparticle. 

The thermal efficiency is 72.8% for MWCNT and 

63.6% for silica based nanoparticle.  

Menbari et al., 

2017 [133] 
Water-EG Al2O3-CuO 

Ethylene glycol is better for use in a wide range of 

temperature as compare to water-EG mixture. 

Binary nanofluid has maximum absorption spectra and 

thermal conductivity for optimum stable dispersion. 

Khullar et al., 

2017 [62] 
Water 

Amorphous 

Carbon 

Out of various nanoparticle for solar application, 

amorphous carbons nanofluid is best because of its 

highest solar weight absorptivity at a low volume 

fraction as that of other nanoparticles. 

 Three times higher temperature increase is achieved 

as compared to basefluid. 

Potenza et al., 

2017 [134] 
Air CuO 

Mean efficiency of 65% with a maximum temperature 

of 180oC is achieved. 

The problem of pipe dirtying is observed in the 

experiment. 

Bortolato et al., 

2017 [135] 
Water SWCNH 

 There is a decrease in thermal efficiency with time. 

Thermal efficiency reached a maximum of 87% and 

then decline to 69% after 8 hours of solar exposure. 

Stability of the nanofluid is the main factor behind 

decrease in efficiency. 

O’Keeffe et al., 

2017 [136] 
Therminol Vp-1 Al 

At low temperature heat mirror coating on nanofluid 

based receiver is not much efficient. Emissivity of heat 

mirror is varying at all temperatures.  

Sreekumar et al. 

2019 [79] 
Water ATO/AG 

Results shows a thermal efficiency of 63.5%.  

Exergy analysis indicates need to reduce heat loss. 

Heyhat et al. 

2019 [137] 
Water CuO 

Arrangement of nanofluid and metal foam improves 

the efficiency. Thermal efficiency increases from 29% 

to 46%.   

Joseph et al., 

2020 [138] 
Water SiO2/Ag-CuO 

At flow rate of 90lph, thermal efficiency enhancement 

of 48.7%. Exergy efficiency enhancement by 8.4% at 

60lph. 

 

2.4 Literature review based on Fresnel lens based volumetric absorption 

solar collector 

Table 2.5: A brief summary of nanofluid-based FLVASCs. 

Author (s); 

Year  
Base-fluid Nanoparticle Research Findings 

Vijayraghavan 

etal.,  2013 

[139] 

Water CuSo4 

The performance of the collector is not affected by 

flow rate and optical concentration. 

High thermal losses in the collector as heat input is 

reduced. 

 Kaluri et al., 

2015 [140] 
Water CuSO4- Graphite 

An increase in solar concentration ratio of 48 to 683 

enhances the thermal efficiency from 12.9% to 28.8%. 

Collector efficiency is influenced by the absorption 

coefficient of gray fluid whereas the flow rate did not 

show any effect.  

 Mesgari et al., 

2016 [3] 

Water- 

Therminol 

55, PG 

CNT 

Out of different functionalisation technique used to 

increase the stability KPS treated nanoparticle show 

maximum stability. 

Nanofluid suspension found to be stable up to 250oC.   
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Muraleedharan 

et al., 2016 

[141] 

Therminol 

55 
Al2O3 

 Absorbance, thermal conductivity and refractive 

index increase as the volume fraction of nanoparticle 

increases. 

A thermal efficiency of 62.7% and maximum 

temperature of 132oC is obtained from 0.1% volume 

fraction of the nanoparticle.  

Qiyuan Li et al., 

2016 [142] 
Therminol55 MWCNT 

 At 80oC black chrome coated receiver has a greater 

collector efficiency of 68% in comparison to nanofluid 

based solar receiver having 54%. 

Even after using ITO coated nanofluid based tube has 

a thermal efficiency, lower than surface based tube. 

Kalidoss et al., 

2019 [143] 
Therminol55 TiO2 

Maximum efficiency of 82.63% is achieved by using 

secondary refelctors.  

Jin et al., 2019 

[144]  
Water Au 

Pump free volumetric absorption solar collector is 

presented. Higher amount of solar energy can be 

captured by using Au nanoparticles which leads to 

generation of bubbles. 

Qu et al., 2020 

[88] 

Therminol 

66 
GO/MWCNT 

A higher temperature of 153°C is achieved, 56°C 

higher than basefluid. Receiver efficiency increased 

from 52% (basefluid) to 70% (nanofluid) 

Shen et al., 2020 

[145] 
Water ATO/GO 

Lighting and heating system has been introduced. At 

0.025%/0.0001 volume fraction, light transmission 

efficiency was 19.5% and photo thermal efficiency 

was 25.35%. Flow rate has no effect on light 

transmission.  

 

2.5 Research gaps 

 
 Under real life flow conditions; volumetric absorption based receiver designs have 

lower thermal efficiency as compared to the surface based receivers. So more research 

has to be done on the design of volum High temperature and longetric receivers. 

 High temperature stability is still a standing issue with nanoparticle dispersions. 

 No real time analysis has been done for effect of thermal cycle and pumping action on 

the stability of nanofluid. 

 Most of the theoretical models developed in the literature have not been 

experimentally validated. 

 

2.6 Objectives of the study 
 

 Design and fabrication of nanofluid-based volumetric absorption concentrating solar 

collector. 

 Experimental Investigation of the performance (in terms of typical temperatures 

reached and thermal efficiencies achieved) of nanofluid-based volumetric absorption 

concentrating solar collector. 

 Identification of the key operating parameters and quantification of their effect on the 
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performance of the collector. 

 Investigation into the effect of thermal and pumping cycles on the stability, thermo-

physical and optical properties of nanofluid. 
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Chapter 3 

Nanofluid synthesis and stability quantification 

 

3.1 Introduction 

Building upon the idea of utilizing nanostructures for solar to thermal energy 

conversion process; volumetrically absorbing solar thermal systems employing nanoparticle 

dispersions (nanofluids) have been devised by various researchers. Theoretically (and on 

laboratory scale), particularly at high solar concentration ratios (solar flux), the nanofluid-based 

volumetrically absorbing solar thermal systems have been shown to have higher thermal 

efficiencies, lower embodied energies and lower carbon footprints relative to their surface 

absorption based counterparts [4,18,97,146]. However, these promising novel systems have 

not been able to outperform the incumbent solar thermal platforms under the sun owing to 

inefficient receiver designs and instability of nanofluids in real world service conditions - 

nanoparticles tend to agglomerate and hence settle down; this drastically affects the optical 

efficiency and hence the overall performance of these systems [135,142]. Presently, a lot of 

efforts are underway to tailor solar selective, low cost, high temperature, and long term stable 

nanoparticle dispersions [3,13,69,147–150,25,26,36,47,50–52,61].  

 

3.2 Nanoparticles synthesis  

we propose 'used engine oil' (owing to the presence of carbon soot particles) could be 

employed to synthesize broad wavelength absorption nanoparticle dispersions (volumetrically 

absorbing solar selective heat transfer fluid). 

Annually, approximately 24 million metric tons of 'used engine oil' is discharged into the 

environment without any recycling or treatment [151]. Therefore, forming one of the most 

hazardous wastes; having irreversible environmental and health implications. Putting this 

otherwise hazardous waste to harness solar energy could prove to be a sustainable option. 

Pristine (or un-used) engine oil essentially consists of base oil (or blend of base oils) and an 

additive package to enhance its anti-oxidant, anti-wear, anti-foaming, and dispersancy 

characteristics. During its operation, the engine oil comes in contact with high temperature 

cylinder liners and washes away the carbon soot particles (left after combustion) from the 

cylinder circumference. Furthermore, a host of metallic particles (as a result of wearing action) 
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enter the engine oil. The blow-by gases also enter the crankcase which may tend to oxidize the 

engine oil; and here comes the role of anti-oxidant which interrupts the oxidation mechanism 

by reacting with the reaction intermediates[152–156]. The presence of dispersant molecules 

helps in dispersing the aforementioned foreign particles in the oil by forming an envelope 

around these particles. The polar part of the dispersant molecule attaches itself to the surface 

of the particle; whereas the oleophilic long chain hydrocarbon part helps in mobility of the 

particle. This ensures that the soot particles do not interact with each other and hence prevents 

agglomeration of the soot particles; i.e.; agglomeration is prevented through steric 

stabilization[153]. Now, the effectiveness of dispersant in dispersing the soot particles depends 

on the effective reactive surface area available on the soot particle where adsorption of the 

polar part of the dispersant could take place. This is important as many researchers have 

observed that certain combustion conditions result in un-reactive soot particles; and 

furthermore, other polar molecules in the engine oil may also get adsorbed on the soot surface 

and hence reducing the effective reactive surface area available for the dispersants[152,156].  

 

 

Fig. 3.1 Procured and EDS analysis of the used engine oil. 
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In the service life of the engine oil, as the concentration of the soot particles increases; more 

number of soot particles compete for the available dispersant and also thermal degradation 

(resulting in conformal changes in the oleophilic chain of the dispersant) as well as the 

oxidation of the dispersant happens - this results in decrease in dispersancy of the soot particles 

and hence thickening of the engine oil owing to soot particles agglomeration[152,156]. As 

shown in Fig. 3.1, through Energy-dispersive X-ray spectroscopy (EDS), the percentage of 

carbon soot particles extracted from the as-prepared nanoparticle dispersion has been found to 

be on the order of ~85% by weight (other notable elements being O, Al, Ca, and Fe). Used 

engine oil cannot be directly analyzed by EDS because of the presence of oil which may 

contaminate the electron beam. So sample was prepared by evaporating 20ml sample at 160°C 

and the leftover after evaporation was collected. The collected solid particles were then washed 

with the ethanol (5 times) in order to remove any traces of oil. Finally, the washed particles 

were loaded onto the copper grid for EDS analysis. 

After the end of the engine's service life, oil, in addition to resin, sludge, etc., consists of a large 

number of nano-sized soot particles that are still enveloped by dispersant molecules. 

Filtered oil has been checked for its amount of nanoparticles. Soot particles are extracted by 

co-flocculation. 1ml and 2ml samples of filtered oil have been mixed with n-butanol (3:1), 

resulting co-flocculation of the particle at bottom of the beaker. Then the samples are heated 

in a furnace at 300°C (evaporating light hydrocarbon), and 500°C (evaporating heavy 

hydrocarbon and dispersants) is present in samples. After heat treatment, the sample weight 

difference is measured that's comes out to be 0.85% shown in Fig. 3.2.  

 

 

Fig. 3.2 Quantification of amount of nanoparticle in used engine oil. 



26 

 

It is essentially the presence of these carbon soot particles' in the used engine oil that qualifies 

it to be used as a precursor for synthesizing heat transfer fluid for direct absorption of solar 

energy. The volume fraction has been determined by the percentage of filtered used oil in pure 

paraffin light oil per litre.  

3.2.1 Understanding soot dispersancy in used engine oil 

In order to understand the reasons for dispersancy of soot particles in used engine oil; 

in addition to 'used engine oil', we also need to analyze two variants of soot particles extracted 

from the used engine oil -namely - the one in which dispersant macromolecules remain attached 

to the soot particles (referred to as Type-1) and the other in which there are no attached 

dispersant macromolecules (referred to as Type-2). Now, in order to extract the two 

aforementioned soot types from used engine oil, we need to understand solution 

thermodynamics. The interaction energy between the solvent and polymer macromolecule is 

given by Eq. (3.1) as [157] 

 
2

s pK               (3.1) 

where K is a positive constant, and  δ
s
 and δ

p
 are the Hildebrand solubility parameters of solvent 

and polyolefin (polymer macromolecule) respectively. A value Δε near zero [in other words, 

low magnitude of (δ
s
 - δ

p
)] signify good solubility; whereas, values away from zero [high 

magnitude of (δ
s
 - δ

p
)] signify poor solubility [157–159]. Firstly, in order to extract Type-1 soot 

particles, we use 1-butanol (3:1), an extraction-flocculent solvent, which through it anti-solvent 

action on the polymeric macromolecules results in co-flocculation of soot and polymeric soot 

particles together. This may be attributed to the high value of (δ
s
 - δ

p
), for 1-butanol as the 

solvent. 

Now, in order to extract Type-2 soot particles, we follow the same procedure as followed in 

extraction of Type-1 soot particles, followed by treatment with a hydrocarbon based solvent 

(n-heptane in the present work). Here, Type-1 soot particles are mixed in n-heptane followed 

by centrifugation (for 10 minutes @8000 rpm) - resulting in removal of oil as well as dispersant 

macromolecules from the carbon soot particles [the value of (δ
s
 - δ

p
) being small with n-heptane 

as the solvent] [158,159]. Finally, Thermo-gravimetric analysis (TGA) was carried out on all 

the three samples namely- 'used engine oil', 'Type-1 soot particles', and 'Type-2 soot particles'. 

Figures 3.3(a) and 3.3(b) show weight loss (%) and differential weight loss (%) as function of 

temperature. Clearly five distinct regions could be identified in these plots [marked as regions 

'A' (30°C - 200 °C), 'B' (200°C - 310 °C), 'C' (310°C - 400 °C), 'D' (400°C - 500 °C), and 'E' 
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(500°C - 800 °C)]. Region 'A' depicting no appreciable weight loss, region 'B' showing weight 

loss due to evaporation of light hydrocarbons, region 'C' depicting weight loss due to 

evaporation of relatively heavy hydrocarbons, region 'D' depicting decomposition/desorption 

of the attached dispersant molecules and region 'E' represents the pyrolysis of the carbon soot 

particles. Here, the region 'D' is of particular interest as it represents the quantum of dispersant 

macromolecular-soot particles interactions - being highest in the Type-1 soot particles - 

confirming that indeed dispersant macromolecules are adsorbed on the soot particles.  

 

 

Fig. 3.3 TGA: Weight (%) loss and (b) differential weight loss as a function of temperature for 

used engine oil, Type-1 soot particles and Type-2 soot particles (Nitrogen atmosphere, 30°C 

to 800°C at a heating rate of 10°C/min, TGA/DSC 1 - Thermogravimetric Analyzer, Mettler 

Toledo). 

 

Furthermore, when two soot particle types (Type-1 and Type-2) were separately dissolved into 

paraffin oil; Type-1 soot particles showed complete miscibility in paraffin oil. Complete 

reversal of flocculation is a characteristic of sterically stabalized dispersion [160]. Hence, 

confirming that soot particles are sterically stabalized in engine oil. 

However, in case of Type-2 soot particles, partial miscibility was observed - particles 

separating out of the solution. The partial miscibility could be attributed to incomplete removal 

of oil/dispersant macromolecules during treatment with n-heptane [this is also apparent from 

the TGA of Type-2 soot particles; see region D, Fig. 3.3(b)]. 
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3.3 Nanofluid synthesis philosophy and elemental-morphological analysis  

Used engine oil has been collected from a 15000 km run 4-stroke diesel engine. To 

filter out sludge, resin etc. a cotton cloth has been used. Subsequently, the filtered 'used engine 

oil' was furthered filtered with 0.7μm filter paper. Desired fractions of the resulting filtered 

'used engine oil' (after undergoing filtration process) have been mechanically mixed with 

compatible non polar base oil (paraffin oil light, (840 kgm-3)) followed by 30 minutes of ultra-

sonication in a bath type ultasonicator (Bath type - 250 W, Sarthak Scientific) - thus forming 

nanofluids of different concentration. 

The mixture was then ultra-sonicated to get the required nanoparticle dispersions (see Fig. 3.4). 

Figure 3.5(a) shows the picture of as-prepared nanofluids of different concentrations (1.25, 2.5, 

5, 10 and 20 ml/L) of 'used engine oil' in pristine paraffin oil. Transmission electron microscopy 

(TEM) images show that the soot particles are present in the form of nano-clusters of irregular 

curvilinear geometry [see Fig. 3.5(c)]. The sample for TEM analysis was prepared by solvent 

extraction method. The used oil was mixed with n-heptane (1:60) and ultra-sonicated for 30 

minute. The prepared sample was then placed on the carbon grid and washed with n-heptane 

to remove any traces of oil on the surface of soot particles. Furthermore, to get the better image 

quality, sample was washed with diethyl ether (2 times).  Hydrodynamic particle size has been 

measured through DLS (Malvern Zetasizer Nano S (ZEN 1600)); particle size varies in the 

range of 15 nm to 68 nm, average particle size being 38 nm [see Fig. 3.5(b)]. 

 

 

Fig. 3.4 Schematic showing the steps involved in nanoparticle dispersion synthesis. 
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Fig. 3.5 (a) Photographs of the as-prepared nanofluids of different concentrations, and (b) 

Dynamic light scattering (DLS) measurements of the as-prepared nanofluid sample (5 ml/L), 

and (c) TEM images of the soot particles in the used engine oil (FEI Tecnai G2 F20, 

Netherlands). 

 

3.4 Experimental investigation of nanofluid stability 

In the past decade, extensive work has been carried out in relation to volumetric 

absorption solar thermal systems. However, stability of nanoparticles dispersions under 

practical operating conditions (nanoparticles agglomerate and stick to the piping/plumbing 

components [135]) fundamental standing issues in the development of these volumetrically 

absorbing systems. Most of reported work only express optical spectra of nanofluid and the 

stability of nanofluid by natural sedimentation or stagnation stability for some days or weeks 

(chapter-2). In order to use the nanofluid in practical application, stability should be extensively 

checked. 
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Fig. 3.6 Nanofluid stability testing (indoor and outdoor) under various operating conditions 
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In relation to nanofluid stability, there have been recent breakthroughs in synthesizing stable 

nanofluids through chemical/plasma nanoparticles functionalization techniques [3,161].  

Majority of the reported works in the literature are limited to laboratory scale stability testing 

of nanofluids (chapter-2). Reported work for stability under laboratory scale is scrutinize by 

four condition, categorized as stagnation (>3 months), centrifugation (>5000 rpm), thermal 

loading and UV-exposure stability. Figure 3.6 lists the reported works relevant to the nanofluid 

stability. The as-prepared nanofluid as explain has been examine for stability by all the four 

method under laboratory as well as outdoor condition. 

 

3.5 Stability of the as-prepared nanofluid 

3.5.1 Long-term stability 

As 'heat transfer fluids' in volumetric absorption platforms; nanofluids are expected to maintain 

their optical and thermo-physical properties under extended periods without any appreciable 

degradation for consistent and efficient photo-thermal conversion. Long-term stability of the 

as-prepared nanofluid dispersions has been assessed under natural and accelerated 

sedimentation (centrifugation) conditions.  

The as-prepared nanofluid is kept under stagnation condition for 6 months. After that period 

nanofluid has been tested spectrally for their change in transmittance as well as hydrodynamic 

particle size. The nanofluid also accessed for stability by accelerated sedimentation i.e., 

centrifugation. Nanofluid has been centrifuge at 8000 rpm for 90 minutes.  During 

centrifugation, the fluid experiences severe shear stresses- simulating real flow conditions 

which the heat transfer fluid may be subjected to in actual solar thermal systems [162–167]. 

After centrifugation sample checked for their change in transmittance and hydrodynamic 

particle size. Figure 3.7 reveals that the as-prepared nanofluids exhibit remarkable long term 

stability and can withstand high shear stresses without any appreciable change in their optical 

characteristics, and nanoparticle hydrodynamic size distribution. 
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Fig. 3.7 (a) Spectral optical characteristics (Shimazdu UV-2600), and (b) hydrodynamic 

particle size distribution of the as-prepared and six months old nanofluid samples (Malvern 

Zetasizer Nano S (ZEN 1600)); and (c) spectral optical characteristics, and (d) hydrodynamic 

particle size distribution of the as-prepared and after centrifugation (for 90 minutes @8000 

rpm) nanofluid samples (5 ml/L). 

 

3.5.2 High temperature stability 

The nanofluids should maintain their desired characteristics under constant and cyclic 

thermal loads. In its service life, the nanofluids are expected to absorb high solar flux 

(particularly in high solar concentration solar thermal systems), which in turn shall result in 

rapid and significant temperature rise. Furthermore, the nanofluid shall transfer the absorbed 

energy to a secondary fluid (such as water) - thus experiencing rapid temperature drops. These 

rapid heating and cooling cycles form the integral part of any power cycle in general and solar 
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electricity generation systems (SEGS) in particular. The as-prepared nanofluids were found to 

possess excellent stability and retain their functional characteristics under constant as well as 

cyclic thermal loads. During cyclic thermal loading, the nanofluid was rapidly heated to a 

particular fixed temperature and then was suddenly cooled by dipping it into the water bath 

maintained at room temperature (see Fig. 3.8).  

 

 

Fig. 3.8 (a) Schematic showing the procedure followed for carrying out thermal cyclic tests, 

and (b) heating - cooling curves for the thermal cycling at different temperatures. 

 

For the purpose of tracking the temperatures, K-type thermocouple remained dipped in the 

nanofluid during the entire testing period. This however allowed the ambient air (oxygen) to 

interact with the nanofluid which in effect resulted in the oxidation of the basefluid (paraffin 

oil, Fig. 3.9) as well as the oxidation of added used engine oil (See Fig. 3.10) - proving to be 

detrimental to the stability of the nanofluids particularly at high temperatures. 
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Fig. 3.9 (a) Effect of oxidation on the (a) optical properties, and (b) Raman spectra of pristine 

paraffin oil (Measured at 532 nm, Horiba Scientific). 

 

Fig. 3.10 ATR-FTIR spectra showing the effect of oxidation on nanofluid (5ml/L); 1650 cm-1 

- 1800 cm-1 being the region of oxidation products [168]. For better comparison; spectra have 

also been shown for pristine engine oil, used engine oil and pristine paraffin oil. Fourier 
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transform infrared (FTIR) spectroscopy (Infrared measurements were made using attenuated 

total reflectance (ATR) technique with help of Nicolet iS50 FT-IR) 

 

Fig. 3.11 (a) Effect of cyclic thermal loads on the optical properties of the as-prepared 

nanofluids at (a) 85°C, (b) 160°C, (c) 200°C, and 240°C. 

 

Similar phenomenon was discovered during constant thermal loading (12 hours heating at 

constant temperature) as well (see Fig. 3.11,3.12, and 3.13) - indicating that it is not the thermal 

stresses but oxidation of the nanofluid that renders the nanofluid unstable at high temperatures. 

Interestingly, when nanofluid was prepared using oxidized paraffin oil as the basefluid; it was 

observed that the added used engine oil was not fully miscible - as clouds of used engine oil 

could clearly be seen (although particles did not settle out). Thus, oxidation of basefluid 

hampers the solubility of the used engine oil. As a whole; instability of the nanofluid happens 

both by oxidation of the basefluid as well as the oxidation of the dispersant macromolecule 
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attached to the soot particle - the later being responsible for settling out of soot particles from 

the solution. 

 

 

Fig. 3.12 (a) Effect of cyclic thermal loads on the hydrodynamic size distribution of the as-

prepared nanofluids at (a) 85°C, (b) 160°C, (c) 200°C, and 240°C. 
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Fig. 3.13 (a) Effect of prolonged heating (for 12 hours) on the (a) optical properties, and (b) 

hydrodynamic size distribution of the as-prepared nanofluid (5 ml/L). 

 

Instructively, when the constant and cyclic heating tests were carried out by making the 

container housing the nanofluid 'airtight' (i.e., sealed, to ensure that no outside air enters the 

container); no agglomeration or settling of the nanoparticles was observed for both constant 

[see Figs. 3.14(a) and 3.14(b)] as well as cyclic heating tests [see Figs. 3.14(c) and 3.14(d)]. 

Moreover, nanoparticle size distribution and optical characteristics were retained even after 

constant heating for 12 hours at 300°C [see Figs. 3.15(a) and 3.15(b)]. However, if the heating 

period is extended to longer duration (72 hours at 300°C), the particles tend to agglomerate 

[see Fig. 3.15(d)]. Although, no particle separation was observed, but some thin deposition on 

the walls of the container (above the liquid free surface) was observed (due to evaporation and 

subsequent condensation of the nanofluid on the container surface). This resulted in change in 

optical properties of the nanofluid [see Fig. 3.15(c)]. 
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Fig. 3.14 (a) Spectral optical characteristics, and (b) hydrodynamic particle size distribution of 

the as-prepared and after heating (for 12 hours at 240°C) nanofluid samples; and (c) spectral 

optical characteristics, and (d) hydrodynamic particle size distribution of the as-prepared and 

after 100 thermal cycles nanofluid samples (5 ml/L); tested under airtight conditions. 
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Fig. 3.15 (a) Spectral optical characteristics, and (b) hydrodynamic particle size distribution of 

the as-prepared and after heating (for 12 hours at 300°C) nanofluid samples; and (c) spectral 

optical characteristics, and (d) hydrodynamic particle size distribution of the as-prepared and 

after heating (for 72 hours at 300°C) nanofluid samples (5 ml/L); tested under airtight 

conditions. 

 

3.5.3 Stability under ultra-violet (UV) light exposure 

Although ultraviolet radiations form only a small fraction of the incident solar energy; but 

given the fact that these are very high energy radiations, and may amount to significant values 

in case of concentrating solar thermal systems - the as-prepared nanofluids were tested 

exclusively under UV exposure. UV exposure tests have been done in a custom designed 

ultraviolet light chamber (photo-chemical reactor). The UV light source being a 125 W (HPL-
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N 125W E27, Philips) mercury vapor lamp (outer phosphorous coated cover removed) 

surrounded with water jacket to maintain a constant temperature of the lamp. 

 The nanofluid to be tested was housed in a glass tube and was placed at a distance of 

70 mm from the UV light source. The incident flux at the location was measured to be 117 ± 2 

Wm-2 with the help of a thermopile detector (818P-015-18HP, Newport) and power meter 

(1918-R, Newport, calibrated at λ = 355 nm). 

Now, in order to calculate the total exposure energy; Schwarzschild law has been invoked, 

given by Eq. (4.1) as 

E It            (3.2) 

where E is the measured exposed energy, I (= 117 Wm-2) is the light source intensity, t is the 

time and ρ (= 0.9) is the Schwarzschild coefficient. Exposed energy (E) for 8 hours light 

exposure amounts to approximately 760 Whm-2.   

Now, taking E = 760 Whm-2 and peak solar UV intensity (AM 1.5) reaching the nanofluid to 

be 6.5 Wm-2; Eq. (3) is invoked to calculate t. This comes out to be 198.53 hours (or 24.8 days, 

with each day of 8 hours sunshine) of peak sunlight, i.e., 8 hours of UV exposure in the UV 

chamber is equivalent to 24.8 days [69]. 

In the present work, the nanofluid sample has been tested for 5 UV cycles. Each cycle 

consisting of 8 hours of UV exposure, followed by 16 hours of darkness (this is in accordance 

with the procedure given in Ref [69]). In other words, the nanofluid has been effectively tested 

for 124 days of sunlight exposure. 

Interestingly, the nanofluids were found to be stable and retain their properties even after 

prolonged exposure to UV radiations (see Fig. 3.16) - as there is only a small change in average 

particle size (~ 2%) and also very less change in the optical characteristics. This is a significant 

improvement, as exposure to UV radiations has been known to significantly impact the stability 

of the nanofluids, i.e., extensive agglomeration and settling of the untreated nanoparticles 

occurs when exposed to UV radiations [69]. 
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Fig. 3.16 (a) Effect of UV exposure (5 cycles) on the (a) optical properties, and (b) 

hydrodynamic particle size distribution of the as-prepared nanofluid (5 ml/L). 

 

3.5.4 Stability under prolonged on-sun exposure 

In non-concentrating type solar thermal systems, as-prepared nanofluid could be 

employed as the working fluid. Therefore, it has also been tested for stagnation stability under 

prolonged on-sun conditions. A fixed quantity of nanofluid having volume fraction f
v
 = 0.5% 

has been placed outside under the sun as shown in Fig. 3.17(a).  

Average global solar radiation during 3 months’ period from 9:00 AM to 5:00 PM has been 

recorded using pyranometer (Kipp & Zonen) and is shown in Fig. 3.17(d). After 90 days of on-

sun exposure, nanofluid is checked for stability, i.e., optical characterization (using UV-VIS-

NIR spectrophotometer, Shimadzu UV-2600) and hydrodynamic particle size distribution 

(using Malvern Zetasizer Nano S ZEN 1600) measurements [see Fig. 3.17(b) and (c)]. There 

is no visible agglomeration in the dispersion and negligible change in optical characteristics 

and hydrodynamic particle size distribution even after 3 months of exposure. Therefore, the as-

prepared nanofluid is stable and suitable to use as working fluid in non-concentrating type 

volumetrically absorbing solar thermal systems. 
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Fig. 3.17 (a) Pictorial view of nanofluid sample under outdoor on-sun exposure (b) spectral 

optical characteristics (c) hydrodynamic particle size distribution of samples before and after 

on –sun heating, and (d) solar radiation data for the 90 days of experiment (averaged over each 

day) 
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Chapter 4 

Experimental investigation of volumetric absorption solar 

collector 

 

4.1 Introduction 

Rigorous testing of the as-prepared nanofluids has revealed that indeed these could 

operate under real world service conditions without losing their functional properties. Optimum 

volumetric receiver design (that achieves high thermal efficiency) is the fundamental standing 

issues in the development of these volumetrically absorbing systems. In volumetric absorption 

mode, the as-prepared nanofluids (of different concentrations) were examined experimentally. 

Herein, the nanofluid directly absorbs the energy and convert into thermal energy through non-

radiative decay of the absorbed photons. Subsequently, the absorbed energy is transferred to 

the surrounding medium at staggeringly rapid rate (owing to the extremely small size of the 

particles). In this chapter nanofluid has been checked volumetrically under stagnation as well 

as under flow condition. Stability being a key factor, the as prepared nanofluid has been tested 

for the effect of prolonged concentrated solar energy heating, circulation through pipes/valves 

and pumping cycles action on the stability (chapter-3). Under experimental conditions, 

nanofluid interaction with solar receiver constituent materials can alter their properties. The 

changes in optical and surface properties of solar receiver materials are investigated through 

spectral optical properties and surface roughness. 

4.2 Photo-thermal conversion efficiency 

As a first step, optical signatures of various nanofluid concentrations have been 

measured in the UV-VIS-NIR region (300 nm - 1100 nm). Figure 4.1(a) clearly shows that 

pure paraffin oil transmits nearly all the incident radiation whereas 20 ml/L nanofluid absorbs 

nearly in the entire wavelength band; thus giving us a fair idea about the absorption capability 

of the as-prepared nanofluids. This data was then employed to calculate the solar absorption 

fraction for different nanofluid concentrations as a function fluid layer thickness as given by 

Eq. (4.1) 
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where S
λ
 is the spectral solar irradiance (AM 1.5 spectra), K

aλ
 is the spectral absorption 

coefficient, and y is the fluid layer thickness. 

 

 

Fig. 4.1 (a) Spectral transmittance of the as-prepared nanofluids in the UV-VIS-NIR region, 

(b) Solar absorption fraction for various nanofluid concentrations as a function of fluid layer 

thickness, (c) schematic showing the experimental set-up for photo-thermal conversion 

experiments, and (d) steady state temperatures for various concentrations of nanofluids. T
avg

 = 

(T
1
 + T

2
 + T

3
 + T

4
) /4 

 

Solar absorption fraction essentially gives the fraction of the incident solar energy that could 

be absorbed by a given thickness of the fluid layer. Clearly, solar absorption capability 

increases rapidly with increase in concentration. Moreover, to achieve the desired value of solar 
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absorption fraction, we could either increase the concentration or increase the physical 

thickness of the nanofluid layer - in effect increasing the optical depth. 

In order to clearly gauge the photo-thermal conversion efficiency of the as-prepared nanofluids, 

laboratory scale experiments have been carefully designed. Nanofluids (housed in a cylindrical 

column with reflective surface at the bottom) of different concentrations were illuminated with 

a broad spectrum white light source (Light guide connected to a 3200K color temperature 

halogen lamp (250 W), Philips) [see Fig. 4.1(c)]. Samples were illuminated until these reached 

steady state temperatures. These measured steady state temperatures (averaged across the entire 

depth of the nanofluid column) essentially represent the photo-thermal conversion efficiencies 

of various nanofluid concentrations under optical heating. Figure 4.1(d) clearly points out that 

nanofluids have higher steady state temperatures (on the order of ~31 higher) relative to the 

case of pure paraffin oil.  

 

 

Fig. 4.2 Spatial temperature distribution, when the as-prepared nanofluids are illuminated 

under a white light source. (a) Pristine paraffin oil, (b) 1.25 ml/L, (c) 2.50 ml/L, (d) 5.00 ml/L, 

(e) 10.00 ml/L, and (f) 20.00 ml/L. 

 

Interestingly, the highest concentration nanofluid (20 ml/L) does not have the highest photo-

thermal conversion efficiency; instead it is highest for the nanofluid with a moderate 

concentration (2.5 ml/L). This could be understood from the spatial temperature distribution 
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across the depth of the nanofluid column for various nanofluid concentrations (see Fig. 4.2). 

Spatial temperature field gives us insights into the photo-thermal conversion process. For a 

fixed physical thickness of the fluid layer, with increase in nanoparticle concentration, the 

photo-thermal conversion process tends to be limited to only top layers; not allowing the light 

to reach the lower layers-hence resulting in lower average steady state temperatures at very 

high concentrations.  

 

4.3 Thermo-physical properties 

Thermal conductivity, viscosity and contact angle are amongst the key thermo-physical 

properties that impact the redistribution of the absorbed energy within the fluid and pumping 

power requirements respectively. The as-prepared nanofluids show thermal conductivity 

(measured using transient hot wire method, KD2 pro) enhancements [see Fig. 4.3(a)] of 

typically 2-4% (relative to pure paraffin oil); although not a significant enhancement, but could 

prove to be beneficial under high solar flux conditions.  

 

 

Fig. 4.3 (a) Thermal conductivity ratio (k
nf

/k
bf

), and (b) kinematic viscosity ratio (μ
nf

/μ
bf

) as a 

function of nanofluid concentration. Error bar represents the standard deviation and is given by 

𝜎 = √
∑ (𝑥̅−𝑥𝑖)2𝑛

𝑖=1

𝑛
 

 

Thermal conductivity enhancements may be attributed to the combined effects of ballistic 

phonon motion, Brownian motion, thermal boundary resistance, and mass difference scattering 
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[169,170]. However, more detailed work is required to understand the dominant mechanisms 

resulting in changes in thermal conductivity values.  

Viscosity measurements (made using capillary action viscometer) show linear increase in the 

viscosity with increase in concentration of the nanofluid, the increase being not greater than 

2.5% [see Fig. 4.3(b)] even for the highest concentration (20 ml/L). Therefore, there shall not 

be requirement of additional pumping power when using these fluids in actual practice. Next, 

the role of contact angle as thermo-physical property and in altering the optical properties has 

been explored [171]. A contact angle of less than 90° means that the fluid shall wet the surface 

- i.e., liquid shall adhere to the surface and in effect change its optical properties.  

 

 

Fig. 4.4 (a) Static contact angle measurements for different concentrations of nanofluid having 

substrate materials as glass, SS mirror, and solar selective surface, and (b) schematic of 

interfacial forces at triple point. Error bar represents the standard deviation 

 

Moreover, contact angle shall play a significant role in dictating the flow and heat transfer 

behaviour in the conduit [172–175]. A goniometer (KRUSS) based on Sessile drop method has 

been used to measure contact angle. Contact angle as a function of nanoparticles volume 

fraction for different substrate materials is shown in Fig. 4.4. As per contact angle 

measurements, it is clear from the graph that nanofluid wets (as θ < 90°) the receiver constituent 

materials - thus confirming the role of contact angle in altering the optical properties. For a 

given substrate, the wettability is a function of the volume fraction of the nanoparticles.  

In case of SS mirror as the substrate material, the contact angle clearly increases with increase 

in the volume fraction of the nanoparticles. In case of solar selective surface, it fluctuates 
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between 28° and 31°. Interestingly, in case of glass, the contact angle decreases up to a 

particular nanoparticles volume fraction and then starts to increase with further increase in the 

volume fraction of the nanoparticles.  

The wettability is governed by many factor such as (i) physical properties of fluid, substrate 

and surrounding medium; (ii) homogeneity and non-homogeneity of substrate [176,177].  

The static contact angle measured at the interface (solid-liquid-vapour) or triple line is 

expressed by Young’s equation assuming solid surface (smooth, homogenous, rigid, 

chemically and physically inactive) as  

cos SV SL

LV

 







                                                                                                        (4.2) 

Where 𝛾𝑆𝑉, 𝛾𝑆𝐿, 𝛾𝐿𝑉 are solid-vapour, solid-liquid and liquid-vapour interfacial tension at the 

triple point shown in Fig. 4.4(b) 

Liquid-vapour tension (𝛾𝐿𝑉) can be measured experimentally with  optical tensiometer. It varies 

by different factors such as interaction between particles, fluid-particles interaction, presence 

of surfactants in nanofluid, physical properties of nanofluid (density, viscosity). 

Solid-liquid tension (𝛾𝑆𝐿) depends upon the surface morphology, surface potential, adhesive 

and cohesive forces, nanofluid properties (size, concentration and shape). It is calculated from 

Young’s equation as direct measurement of 𝛾𝑆𝐿, 𝛾𝑆𝑉  force in not possible. 

Interfacial tension affected by disjoining pressure at triple point. Disjoining pressure further 

expressed as sum of three components electrical forces (electrostatic interaction), molecular 

(van der waals interaction) and structural (nanofluid particles in wedge film) forces [176,177]. 

In the presence of various factor, contact angle mechanism become complex and therefore, an 

in-depth study is required to clearly identify the dominant forces responsible for the observed 

results. A more detailed study investigating the mechanisms behind the contact angle variation 

and effect on heat transfer properties shall be done as a part of the future work. 

 

4.4 Volumetric receiver design 

  The basic constructional details of various volumetrically absorbing receiver (VAR) 

designs is given in Fig. 4.5. Further, in order to get the 'big picture' the reported works are 

carefully categorized - flow/non-flow, indoor/outdoor, and concentrating/non-concentrating. 

In relation to volumetric receiver design; numerous receiver design configurations have been 

reported in the literature 

[3,37,107,111,123,127,131–135,139,74,140–142,144,178,75,79,83,85,95,96,105]. 
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Careful look into these designs reveal that the receiver walls housing the nanofluid either are 

made of glass or glass/black surface combination. The former configuration has the advantage 

of efficiently capturing the incident concentrated sunlight. There are operational issues, which 

need to be addressed to realize a practically robust 'total glass' receiver design. Moreover, at 

low nanoparticle volume fractions, some part of the incident concentrated sunlight may go 

unutilized. On the other hand, at high volume fractions of nanoparticles, the system emulates 

surface absorption. Therefore, it is imperative to make sure that all the incident energy is 

captured at low nanoparticles volume fractions to ensure volumetric absorption. 

 

 

Fig. 4.5 Selected works relevant to VAR designs under various operating conditions.  

 

4.5 Design and test circuit of the as-prepared nanofluid based volumetric absorption solar 

thermal platform 

A novel nanofluid based volumetric absorption solar thermal system with inner reflecting 

surfaces has been designed and fabricated. All the experiments on the receiver have been 
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performed under the on-sun condition with a solar thermal system having geometric 

concentration ratio (GCR) = 20.  

We have designed a volumetrically absorbing solar thermal system, wherein a linear Fresnel 

lens is used to concentrate the incident normal solar irradiance onto the receiver lying along 

the focal line of the concentrator. The receiver is essentially a closed rectangular conduit in 

which the fluid is made to flow. 

In volumetric absorption mode, the as-prepared nanofluids (of different concentrations) were 

made to flow through the receiver. Herein, the nanofluid directly absorbs the solar energy - 

nanoparticles owing to their broad wavelength absorption characteristics; convert the solar 

energy into thermal energy through non-radiative decay of the absorbed photons. Subsequently, 

the absorbed energy is transferred to the surrounding medium at staggeringly rapid rate (owing 

to the extremely small size of the particles). This results in efficient photo-thermal conversion 

of the incident solar energy. 

 

4.5.1 Receiver design and constructional details 

The most important part of any solar thermal system is its receiver design as it 

significantly influences the performance characteristics. In the present work, a volumetrically 

absorbing receiver with rectangular cross-section has been designed and fabricated [see Fig. 

4.6(a) and 4.6(b)].  

Topside of the receiver is transparent, whereas, the remaining three sides are reflecting. A 2mm 

layer of silicon and polyethylene foam sheet is employed to insulate the receiver. Spectral 

transmittance and specular reflectance values (measured using spectrophotometer) of materials 

used to fabricate the receiver are shown in Fig. 4.6(c). Reflecting 'side' and 'bottom' walls 

facilitate testing of large range of nanofluids (nanoparticles volume fractions). Moreover, 

'reflecting walls' effectively increase the optical depth without having the need to increase the 

physical depth and/or the nanoparticles volume fraction. Therefore, this configuration retains 

its volumetric absorption characteristics in a relatively large range of nanoparticles volume 

fractions.  

 



51 

 

 

Fig.4.6 (a) Schematic showing the (a) basic design, (b) side view and the geometrical details 

of the receiver design, and (c) spectral transmittance of glass and specular reflectance of the 

stainless steel sheet used to build the receiver.  

 

4.5.2 On-sun experimentation test circuit  

To assess the stability of the as-prepared nanofluid and the performance of the 

volumetric receiver design under the sun, an experimental test circuit is designed. Figure 4.7 

shows the schematic of the test circuit employed in the present work.  

The test circuit comprises of a dual-axis solar tracker, receiver, positive displacement gear 

pump, data acquisition system, pipes, valves, and storage tank. Receiver, pipes and storage tank 

are insulated to minimize thermal losses. A positive displacement gear pump (Liquiflo) is 

employed to maintain a constant flow rate of (0.5 l/pm (8.33×10-6 m3s-1) across the collector. 
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To measure the temperature of the circulating fluid, six K-type thermocouples are inserted 

across the depth (three each) at inlet and outlet sections. One thermocouple is up in the air in 

shadow to measure the ambient temperature. All the temperature readings are logged using a 

data acquisition system (NI, cDAQ-9721 using LabVIEW platform). Direct normal incidence 

(DNI) radiation is measured using a ring shaded pyranometer (Kipp and Zonen). Various 

geometrical dimensions of the solar concentrating system and the receiver used in the study are 

detailed in Table 4.1. 

 

 

Fig.4.7 The experimental test circuit employed for on-sun testing. 
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Table 4.1 Geometrical details of solar concentrating system and the receiver. 

Components of 

VASC 
Parameter Dimensions 

C
o
n
ce

n
tr

at
o
r 

(F
re

sn
el

 l
en

s)
 

Length 1000 mm 

Width 500 mm 

Focal length of the concentrator 500 mm 

Focal line width 25 mm 

Aperture area 0.5 m2 

Lens thickness 3 mm 

Lens material PMMA  

Optical efficiency 90% 

R
ec

ei
v
er

 

L 
1000 mm 

(concentrating) 

B 25 mm 

W 22 mm 

Glass thickness 2 mm 

 

4.6. On-sun performance of the receiver 

4.6.1 Time constant 

The Time constant is an important parameter for solar thermal systems when operating 

under transient outdoor conditions. Its value gives the response time of the system to stabilize 

to its steady state performance characteristics after a sudden fluctuation in operating conditions 

(such as sudden change in solar irradiation value due to clouds) has happened. Moreover, time 

constant is a very useful parameter to gauge the thermal mass (heat capacity) of the receiver - 

more the time constant value, larger the heat capacity [179–181]. In the present work, the time 

constant of the designed receiver has been measured as per the ASHRAE standards [179]. 

Initially, the receiver is deliberately shaded so that there is no solar flux incident on the receiver. 

The fluid inlet temperature is set close to atmospheric temperature. Subsequently, the solar 

tracker is started, and within few seconds, concentrated radiation incident on the receiver. 

Average DNI (direct normal irradiance) measured to equal 586 Wm-2 during the experiment 

(Ring shaded Pyranometer, Kipp & Zonen). The temperature at the outlet is noted until it 

reaches steady state i.e. rate of increase in outlet temperature of the nanofluid is not greater 

than 1° per minute. Receiver time constant is the time needed by receiver to vary the 
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temperature of nanofluid, 63.2% of its steady state value when a sudden change occurs in the 

incident solar radiation [179] (mathematically given by Eq. 4.4). The time constant of present 

volumetric absorption solar receiver is 60 seconds (that means the receiver stabilizes fast). 

Increment in receiver outlet temperature above ambient has been plotted against elapsed time 

in Fig 4.8. 

  

( ) 0.632 (( )out atm initial out atm finalT T T T                                                                         (4.3) 

 

 

Fig.4.8 Time constant of VAR for f
v 
= 0.5%. 

 

4.6.2 Steady state thermal efficiency of the receiver 

Steady-state thermal efficiency defined as the ratio of sensible heat gain by heat transfer 

fluid (nanofluid) to the incident solar irradiance on the receiver and is given by Eq. (4.5) as 

 

( )p out in

th

mc T T

CG



                                                                                                                   (4.4) 

Wherein, C is concentration ratio and G is direct solar radiation (Wm-2). For a given volume 

fraction of nanoparticles, at least three experiments are carried out to ensure repeatability. Each 

experiment is carried out for a period of 30 minutes at a constant flow rate of 0.5 l/pm. The 

temperatures at the inlet and outlet are recorded and then these values are employed to calculate 
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the receiver efficiency. This aforementioned exercise is repeated for various volume fractions 

of the nanoparticles. Steady state thermal efficiency as a function of nanoparticles volume 

fraction is plotted in Fig. 4.9. Interestingly, the efficiency increases with increase in volume 

fraction up to a point and then starts to decrease as the volume fraction is further increased. 

This may be attributed to the fact that up to a particular limit, increasing the nanoparticles 

volume fraction enhances the solar absorption capability. However, further increase in 

nanoparticles volume fraction results in absorption of the incident sunlight within few fluid 

layers at the surface. Thus, not allowing the sunlight to interact with the bulk of the fluid - 

rendering the average nanofluid temperature increase to be low. 

 

 

Fig. 4.9  Steady state thermal efficiency for the different volume fractions of nanoparticles. 

Error has been calculated by uncertainity analysis as (𝜎𝜂 = √(
Δ𝜂

Δ𝑇
∆𝑇)

2

+ (
Δ𝜂

Δ𝐺
∆𝐺)

2

). Here σ
η 

is error corresponding to thermal efficiency and ∆T, ∆G represents variation in temperature 

and direct solar irradiation for each experiment. 

 

In the present work, maximum steady-state thermal efficiency of ~60% could be achieved (η
th

 

= 59 ± 5.5% at f
v
 = 1%). In comparison with the volumetric absorption systems (operating in 

similar temperature range) reported in the literature, our system's thermal efficiency (59% 

collector efficiency at 72°C) is indeed of the same order as reported in the literature (54% 

collector efficiency at 80°C [142]).  
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Employing anti-reflective coated glass as well as by incorporating a glass envelope could 

further improve the system efficiency. 

 

4.7 Stability of the as-prepared nanofluid 

4.7.1 Effect of exposure to concentrated solar energy heating and pumping cycles on the 

stability of the as-prepared nanofluid 

In VARs the nanofluid has to interact directly with concentrated solar radiation and has 

to flow through pipes, valve and the pumping system.  

 

Fig. 4.10 (a) Spectral optical characteristics, and (b) hydrodynamic particle size distribution 

for the different volume fraction of nanoparticles, sample taken before and after the on-sun 

testing, and (c) photographs of different concentrations of nanofluid samples (as-prepared and 

after experiments). 
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Concentrated radiation can affect the dispersion stability of nanofluid, which ultimately affects 

the overall performance of the system. The agglomeration of nanoparticles will not only affect 

the overall system efficiency but also can lead to erosion and wear of parts of the solar thermal 

system. Therefore, it is imperative to assess the impact of concentrated solar irradiance and 

pumping cycles under on-sun conditions on the stability of the as-prepared nanofluid. The 

nanofluid stability has been examined through spectral transmittance and hydrodynamic 

particle size measurements of nanofluid samples taken before and after each experiment as 

shown in Fig. 4.10. There is negligible variation in nanofluid transmittance even after 1.5 hours 

of concentrated heating and pumping cycles under the on-sun conditions. Figure 4.10(c) shows 

pictures of nanofluid samples (different nanoparticles volume fractions) before and after the 

experiments. It can be concluded that as-prepared nanofluids retain their stability even after 

moving through the flow loops, pump, temperature variation and concentrated solar flux.  

 

4.8 Effect of nanofluid interaction on VAR constituent materials 

 When as-prepared nanofluid is used as the working fluid in VAR, it has to interact with 

glass, reflecting surfaces of the receiver. In realistic outdoor operation, as the time progresses, 

nanofluid interaction can alter the optical and surface properties of the receiver constituent 

surfaces, which shall further affect the overall system performance.  

 

 

Fig. 4.11 (a) Schematic diagram, and (b) IR-image of experimental set up developed for testing 

nanofluid interaction effect on solar receiver constituent materials (infrared camera, Keysight). 
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Researchers have reported adhesion of nanoparticles on the walls of receiver in hybrid CPV/T 

system [182]. The nanoparticles (metallic or non-metallic) erosive effect when comes in 

contact with common industry material has also been reported in the literature [183–188].  

Therefore, any nanofluid should be assessed for its interaction with the system components 

before accepting it for actual applications. A set-up is designed to assess the effect of as-

prepared nanofluid on solar receiver surface materials. Constituent materials samples (glass, 

SS sheet mirror, solar selective surface) have been suspended in the glass enclosure as shown 

in Fig. 4.11. The glass enclosure filled with nanofluid having   f
v =1% is placed on a hot plate 

(Metal top and ceramic based hot plates) with a magnetic stirrer. Magnetic bar rotation is fixed 

at 1800 rpm for maintaining continuous flow over the sample surfaces - simulating flow 

condition and the heater ensures that the nanofluid temperature remains at 100oC. The 

experiment is conducted for 10 days (12 hours/day). In lieu of the fact that some hybrid solar 

volumetric absorption receiver designs employ solar selective surfaces(SSS) [189], these 

surfaces have also been included for assessing the effect of nanofluid interaction. 

 

4.8.1 Effect of nanofluid interaction on the transmittance of glass 

          Interaction with nanofluid can affect the transmissivity of the glass [ sw , solar weighted 

transmittance, defined by Eq. (4.5)]. This in turn can affect the optical efficiency [
optical , 

defined by Eq. (4.6)] and hence the thermal efficiency of the system. Moreover, the optical 

efficiency of the system dictates the magnitude of the solar radiant energy flux that is able to 

reach the nanofluid. 
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lens

rec

A
C

A
           (4.8)                                                                                                                                   

 

Wherein, K
i
(θ) is incident angle modifier, C is concentration ratio, G is direct solar irradiation 

(Wm-2), and θ is the angle which concentrated radiation makes with normal to the receiver 

surface. In the present work, the maximum value of the aforementioned incident angle has been 

calculated (as per geometrical dimensions of the concentrator and the receiver) and equals 

25.40°. This value of θ is within the range (<30°) in which the value of K
i
(θ) is nearly unity 

[142,179]. Noting that lens = 0.90, sw = 86.81, and K
i
(θ) = 1, we get 

optical =78.12%. 

After 120 hours of interaction, the samples have been checked for their optical properties like 

transmittance, specular and diffuse reflectance through spectrophotometry. The effect on the 

transmittance of glass due to nanoparticle interaction is shown in Fig. 4.12. 

 

 

Fig. 4.12 Nanofluid interaction effect on the transmittance of glass. 

 

Transmittance data is used to calculate the solar weighted transmittance of glass before and 

after the interaction. Now, due to the interaction of the nanofluid with the glass, there is 

reduction in the solar weighted transmittance of glass from 86.81% to 84.32% (a decrease of 

~2.24%). Optical efficiency being a function of solar weighted transmittance also reduces by 

~2.24%; which in turn affects the useful energy gain and the thermal efficiency of the system. 

Hence, interaction of nanofluid with VAR constituent materials does affect the overall 

performance of the system. 
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4.8.2 Effect of nanofluid interaction on the reflectance of VAR constituent materials 

The effect of nanofluid interaction on diffuse and specular reflectance of solar receiver 

constituent materials is also examined. There is a small change in specular and diffuse 

reflectance for all three materials as shown in Fig. 4.13. Overall, the difference in optical 

characteristics due to nanofluid interaction can be attributed to the change in surface properties 

such as surface roughness and contact angle. Changes in surface roughness can not only change 

optical properties but also can alter flow behaviour within the conduit.  The surface roughness 

of specimens before and after the experiment has been measured with a portable surface 

roughness tester (Mitutoyo SJ-400). There is negligible change in the average roughness (Ra) 

of all the three samples [Glass (0.03 μm), SS sheet (0.03 μm), and solar selective surface (0.12 

μm)]. It may be noted that the change in roughness could be less than 5nm as least count of 

measuring instrument is 5 nm.   

 

 

Fig. 4.13 (a) Specular, and (b) diffuse reflectance of solar receiver constituent materials. 

 

As there is no measurable change in surface roughness, this reveals that surface roughness is 

not the reason for change in optical properties of surfaces. 

Finally, the nanofluid employed in the interaction experiments has itself also been assessed. 

Figure 4.14 clearly shows that even after days of operation there is negligible change in the 

particle size distribution as well as optical characteristics. 
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Fig. 4.14 (a) Hydrodynamic particle size distribution, and (b) spectral optical characteristics of 

the nanofluid employed in the interaction experiments with the solar receiver constituent 

materials. (Inset picture of sample f
v 
= 1% taken before and after interaction experiments). 

  



62 

 

Chapter 5 

Experimental and theoretical estimation of thermal loss 

from volumetric absorption solar collector 

 

5.1 Introduction 

 In relation to meeting heating and cooling energy demand (which accounts for nearly 

50% of the total energy demand), solar thermal technologies potentially promise much greater 

dividends. Paradoxically, the current worldwide deployment of solar-thermal platforms is 

meager; this may be ascribed to their relatively low thermal efficiencies and high capital 

investments. Therefore, there is an urgent need to significantly improve the existing solar 

thermal systems. To this end, nanofluid based volumetrically absorbing systems have emerged 

as one of the potent candidates that promise high energy conversion efficiencies and lower 

material requirements [18,97,99,124] . Opposed to conventional surface absorption based 

systems (SAS); in volumetric absorption based systems (VAS), solar radiation directly 

interacts with the working fluid without requiring any intervening solar selective surface. Thus 

resulting in negligible temperature overheat and hence better photo-thermal energy conversion 

[62]. 

On-sun testing of surface and volumetric absorption based systems, wherein, the final thermal 

loss to the surrounding happens via free liquid surface (or 'glass' in contact with the working 

liquid) reveals that indeed higher conversion efficiencies can be achieved in case of the 

Nanofluid based VAS through careful control of the nanoparticles volume fraction and receiver 

height in low temperature range, 50˚C - 80˚C [189,190]. 

However, if the SAS is configured such that the heat loss surface is not the free liquid surface 

(or glass), but the solar selective surface (characteristic of state of the art surface absorption 

based receiver design) outperforms its volumetric absorption based counterpart [142].  

This may be attributed to the higher thermal losses in case of VAS. At a given surface 

temperature, radiative losses (Q
radiation

 ≈ εT
4
) are greater in case of glass (or working liquid) as 

compared to the solar selective surface. To address this concern, many researchers have 

explored the idea of coating the glass surfaces with transparent heat mirror coatings to suppress 

the thermal losses. These transparent heat mirror coatings allow the sunlight to pass through 
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and directly interact with the nanofluid and at the same time reflect back the infrared radiations 

emitted by the nanofluid [128,191–195]. However, majority of the reported studies are limited 

to either theoretical modeling [128,195] and or laboratory scale experiments on confined 

stagnant fluid [194]. A very few have explored the candidature of transparent heat mirrors in 

curbing thermal losses in fluid flow situation but with limited success [142,196]. 

In the present work, comprehensive experimental and theoretical modeling frameworks have 

been developed to understand and quantify the role played by transparent heat mirror coatings 

in reducing the thermal losses. In particular, a critical investigation into the side of the substrate 

(low iron glass) which should be coated has been dealt with. Moreover, detailed comparison 

of various configurations [glass-glass, glass-heat mirror (SF side coated) and glass-heat mirror 

(RF side coated)] in terms of the cover surface temperatures and thermal losses has been 

presented. Finally, fundamental performance limits of ideal transparent heat mirrors (with 

sharply defined distinct cut-off wavelengths) have been quantified.   

 

5.2 EXPERIMENTAL MODELING OF THERMAL LOSSES 

5.2.1 Basic concept and receiver geometries 

 Figure 5.1 shows various receiver geometries pertinent to volumetric absorption based 

solar thermal systems studied in the present work. All these systems essentially have the 

working fluid flowing in a conduit/tube ('receiver') with at least one optically transparent 

window to allow direct interaction of the incident sunlight and the working fluid. Additionally, 

a cover is incorporated to curb convective and radiative (thermal) losses (see Figs. 5.1(b) – 

5.1(d)). Inherently, all liquids whether in pristine form or having nanoparticles dispersed in 

them have high absorptivity/emissivity in the infrared region due to intra-band molecular 

transitions. Moreover, the aforementioned optically transparent window is invariably low iron 

glass, and has high emissivity in IR region. Aforementioned facts point out that high radiative 

losses are inherent in volumetrically absorbing solar thermal systems. Therefore, to improve 

the performance of these systems it is imperative to curb radiative losses. 
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Fig. 5.1 Schematic diagrams of receiver configurations investigated in the present work. 

 

5.2.2 Cover materials and characterization 

In the present study, low iron glass has been coated with thin film of ZnO (via sputtering 

process at HHV- Vacuum Technology, Bangalore, India). Figures 5.2(a) and 5.2(b) show the 

FESEM and EDS mapping of the ZnO coated low iron glass substrate. Looking into Figs. 5.2(c) 

and 5.2(d), it is clear that thin ZnO film ensures high transmittance in visible-near infrared 

regions and at the same time high reflectance in the mid-infrared region. Hence, ZnO coated 

low iron glass is ideal for being employed as a cover material in volumetrically absorbing solar 

thermal systems. For pictorial comparison, images of low iron glass and ZnO coated low iron 

glass have also been provided in Fig. 5.2(e). 
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Fig. 5.2 (a) FESEM image of ZnO coating deposited on glass substrate, (b) EDS mapping of 

the coating, (c) spectral transmittance of the heat mirror in range (0.2 μm - 1.4 μm) (Shimadzu 

UV-2600), (d) specular reflectance of the coating (2 μm – 20 μm) (PerkinElmer Frontier FTIR 

- FIR spectrometer) and, (e) images of low-iron glass substrate (left side) and ZnO coated low-
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iron glass substrate (right side) on a piece of paper with TIET logo (Copyright 2022, Thapar 

Institute of Engineering and Technology, Patiala, India). 

 

5.3 Experimental setup for heat loss estimation  

Figure 5.3(a) details the experimental test circuit designed for carrying out thermal loss 

estimation experiments. The four receiver designs described in Fig. 5.1 have been designed 

and fabricated. The schematics and photographs of the receiver are shown in Figs. 5.3(b) – 

5.3(e). Each of the receivers is 1m in length with the optically transparent window being 

toughened low-iron glass (4mm). Three of the aforementioned four receiver designs have 

covers to curb thermal losses. The flow rate of the working fluid (paraffin oil) was maintained 

at 1 l/pm (1.66×10-5 m3s-1) using a positive displacement gear pump (Liquiflo), and it was 

ensured that the fluid is in direct thermal contact with the optically transparent window. Before 

entering the receiver, the working fluid was heated using a coil heater to the desired 

temperatures. As the heated fluid flows through the receiver, heat loss from the surface (facing 

the sky) will mimic the loss from the volumetric receiver. 

K-type thermocouples are fixed in pairs on the receiver and cover surfaces to measure the real-

time temperatures. Eight thermocouples were inserted in the fluid flow (four each) at the inlet 

and at the outlet to measure the average fluid temperature. One thermocouple is kept in shadow 

to measure ambient temperature. The temperature data was logged with the help of the data 

acquisition system (NI, cDAQ-9721, using LabVIEW platform). PID controller and variac 

transformer have been employed to control the heater temperature. The receiver has been 

housed in a box type enclosure to suppress the effect wind. Moreover, during the experiment, 

the box was covered to exclude the effect from external radiation. The fluid flow loop (pipes) 

of the experimental setup has been wrapped with high-temperature insulation silica tape having 

thermal conductivity (= 0.3385 Wm-1K-1, measured using guarded hot plate method).   
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Fig. 5.3 (a) Schematic of the test circuit, (b) three dimensional view of the receiver, (c) cross-

sectional view of the receiver, (d) photograph of the receiver (housed in the box type 

enclosure), and (e) zoomed in photograph of the receiver. 
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5.4 Theoretical modeling of thermal losses 

5.4.1 Mathematical modeling of thermal loss mechanisms in various receiver geometries 

Figures 5.4(a) and 5.4(b) detail the heat loss mechanisms and the corresponding thermal 

resistance networks pertinent to various receiver geometries. The receiver and the cover surface 

temperatures along with the emissivity values finally dictate the heat loss magnitudes in 

receivers without and with covers respectively. Under steady state condition (in case of 

receivers with cover), the heat loss from the receiver to the inner surface of the cover (Q
loss1

), 

subsequently the heat transfer through the cover (Q
loss2

) and finally the heat loss from the 

outside surface of the cover to the surrounding (Q
loss3

) - all have the same magnitudes. 

 

 

Fig. 5.4 Thermal losses (along with corresponding resistance diagrams) in volumetrically 

absorbing solar thermal systems: (a) without cover, (b) with cover; and (c) view factors among 

various surfaces. Here, “ab” (receiver surface) represents surface 1, “cd” (cover inside surface) 

represents surface 2 and combined “ac” and “bd” (sides of cover, stainless steel) represents 

surface 3. 

 

Heat loss from the receiver surface to the inner surface of the cover happens via conduction, 

convection and radiation and is mathematical represented by Eq. (5.1) as 
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𝑄𝑙𝑜𝑠𝑠1 =
𝑘𝐴(𝑇𝑔−𝑇𝑐𝑔𝑖/𝐻𝑀𝑖)

𝑙
+ ℎ𝑔𝑐𝐴(𝑇𝑔−𝑇𝑐𝑔𝑖/𝐻𝑀𝑖) +

𝜀𝑐𝑔𝑖/𝐻𝑀𝑖

1−𝜀𝑐𝑔𝑖/𝐻𝑀𝑖
(𝜎𝑇𝑐𝑔𝑖/𝐻𝑀𝑖

4 − 𝐽2)                   (5.1) 

 

Herein, convective heat transfer coefficient of the air (h
gc

) between receiver and cover inner 

surface has been calculated from the correlation describing relationship between Nusselt 

number (Nu) and Rayleigh number (Ra) for parallel plates and is given by Eq. (5.2) [197] as 

 

𝑁𝑢 = 1 + 1.44 [1 −
1708 (sin 1.8𝛽)1.6

𝑅𝑎 cos 𝛽
] [1 −

1708 

𝑅𝑎 cos 𝛽
]

+

+ [(
𝑅𝑎 cos 𝛽

5830
)

1
3⁄

− 1]

+

            (5.2) 

'+' sign in the above equation signify that the terms in the brackets are accounted for only if 

positive; β (= 16°) is the inclination angle of the receiver (measured using the angle finder 

protractor).  

The net radiative heat transfer rates between receiver surface, cover surface (glass/heat mirror), 

and side reflecting stainless steel surfaces (see Fig. 5.4(c)) have been computed using radiosity 

(J) and view factor relations, Eqs. (5.3) - (5.5). In order to calculate net radiative heat transfer, 

the surfaces have been assumed to be diffuse and grey (experiencing uniform and steady 

irradiation and radiosity). 

 

(1 − 𝐹11 +
𝜀𝑔

1−𝜀𝑔
) 𝐽1 − 𝐹12𝐽2 − 𝐹13𝐽3 =

𝜀𝑔

1−𝜀𝑔
𝜎𝑇𝑔

4                                                               (5.3) 

−𝐹21𝐽1 + (1 − 𝐹22 +
𝜀𝑐𝑔𝑖/𝐻𝑀𝑖

1−𝜀𝑐𝑔𝑖/𝐻𝑀𝑖
) 𝐽2 − 𝐹23𝐽3 =

𝜀𝑐𝑔𝑖/𝐻𝑀𝑖

1−𝜀𝑐𝑔𝑖/𝐻𝑀𝑖
𝜎𝑇𝑐𝑔𝑖

4              (5.4) 

−𝐹31𝐽1 − 𝐹32𝐽2 + (1 − 𝐹33 +
𝜀𝑠𝑠

1−𝜀𝑠𝑠
) 𝐽3 =

𝜀𝑠𝑠

1−𝜀𝑠𝑠
𝜎𝑇𝑔

4                                                           (5.5) 

 

View factors have been evaluated using view factor algebra described as 

 

∑ 𝐹𝑖𝑗 = 1                                                                                                                                (5.6) 

𝐴𝑖𝐹𝑖𝑗 = 𝐴𝑗𝐹𝑗𝑖                                                                                                                          (5.7) 

 

Furthermore, Q
loss2

 and Q
loss3

 have been computed using Eqs. (5.8) and (5.9) respectively. 

 

𝑄𝑙𝑜𝑠𝑠2 =
𝑘𝑔𝐴(𝑇𝑐𝑔𝑖/𝐻𝑀𝑖−𝑇𝑐𝑔𝑜/𝐻𝑀𝑜)

𝑡𝑔
                                                                                               (5.8) 
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𝑄𝑙𝑜𝑠𝑠3 = 𝜀𝑔𝐴𝜎(𝑇𝑐𝑔𝑜/𝐻𝑀𝑜
4 − 𝑇𝑎𝑡𝑚

4) + ℎ𝑔𝑎𝐴(𝑇𝑐𝑔𝑜/𝐻𝑀𝑜 − 𝑇𝑎𝑡𝑚)              (5.9) 

 

where convective heat transfer coefficient (h
ga

) from the outside cover surface to the ambient 

has been calculated using natural convection correlation for air and is mathematically given by 

Eq. (5.10) as 

 

𝑁𝑢 = 0.68 +
0.670𝑅𝑎1/6

[1+(0.492/𝑃𝑟)9/16]
4/9             𝑅𝑎 <̃ 109                (5.10) 

 

Properties of air in the aforementioned equations have been computed using the following 

equations [198]: 

 

𝑘 = 0.0047 + 8 × 10−5𝑇𝑎𝑣𝑔 − 10−8𝑇𝑎𝑣𝑔
2              (5.11) 

𝜈 = 10−5 + 10−7𝑇𝑎𝑣𝑔 + 5 × 10−11𝑇𝑎𝑣𝑔
2              (5.12) 

𝑃𝑟 = 0.885 − 0.0008𝑇𝑎𝑣𝑔 + 10−6𝑇𝑎𝑣𝑔
2 − 5 × 10−10𝑇𝑎𝑣𝑔

3                      (5.13) 

Figure 5.5 details the algorithm implemented in MATLAB and the values of various 

parameter/properties employed to compute the outside cover temperature values for given 

receiver surface temperature. 

 

 



71 

 

 

Fig. 5.5 Details the algorithm implemented in MATLAB and the values of various 

parameter/properties employed. 

 

5.4.2 Mathematical modeling of optical and radiative properties of heat mirror covers  

As presented in Fig 5.2(d), spectral reflectance values have been experimentally 

measured in the NIR - MIR wavelength region (2 μm – 20 μm) using FT - IR spectrometer. 

However, spectral reflectivity (and hence emissivity) being a key factor in dictating the 

radiative losses necessitates its determination in the entire wavelength band ranging from ultra 

violet (UV) to far infrared (FIR) i.e., from 0.2 μm – 100 μm. To this end, Drude free carrier 

model and Fresnel relations have been invoked.  

Optical constants, i.e., indices of refraction (n
h,λ

) and absorption (k
h,λ

)  are prerequisites, to find 

out spectral reflectance values. As shown in Eqs. (5.14) and (5.15) (Drude free carrier model), 

optical constants are function of E
p
 (plasma energy), Ec (relaxation energy), and E

λ 
(spectral 

photon energies); ε
∞
 being the adjustment parameter for the ZnO film [193,199] 

 

𝑛ℎ,𝜆
2 − 𝑘ℎ,𝜆

2 = 𝜀∞ −
𝐸𝑝

2

𝐸𝜆
2+𝐸𝑐

2                (5.14)

   

2𝑛ℎ,𝜆𝑘ℎ,𝜆 =
𝐸𝑐𝐸𝑝

2

𝐸𝜆(𝐸𝜆
2+𝐸𝑐

2)
                (5.15) 
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Spectral optical constants are input parameters to Fresnel relations in evaluation of effective 

spectral reflectivity (Eq. (5.16) - (5.20)). 

  

𝜌⊥,𝜆 =
(𝑛𝑎 𝑐𝑜𝑠 𝜓−𝑢)2+𝑣2

(𝑛𝑎 𝑐𝑜𝑠 𝜓+𝑢)2+𝑣2
                (5.16) 

𝜌∥,𝜆 =
[(𝑛ℎ,𝜆

2−𝑘ℎ,𝜆
2) cos 𝜓−𝑛𝑎𝑢]

2
+[2𝑛ℎ,𝜆𝑘ℎ,𝜆cos 𝜓−𝑛𝑎𝑢]

2

[(𝑛ℎ,𝜆
2−𝑘ℎ,𝜆

2) cos 𝜓+𝑛𝑎𝑢]
2

+[2𝑛ℎ,𝜆𝑘ℎ,𝜆cos 𝜓+𝑛𝑎𝑢]
2                        (5.17) 

𝜌eff,𝜆 =
𝜌⊥,𝜆+𝜌∥,𝜆

2
                 (5.18) 

2𝑢2 = (𝑛ℎ,𝜆
2 − 𝑘ℎ,𝜆

2) − 𝑛𝑎
2 𝑠𝑖𝑛2 𝜓) + √(𝑛ℎ,𝜆

2 − 𝑘ℎ,𝜆
2) − 𝑛𝑎

2𝑠𝑖𝑛2𝜓)2 + 4𝑛ℎ,𝜆
2𝑘ℎ,𝜆

2
  

        (5.19) 

2𝑣2 = −(𝑛ℎ,𝜆
2 − 𝑘ℎ,𝜆

2) − 𝑛𝑎
2 sin2 𝜓)√(𝑛ℎ,𝜆

2 − 𝑘ℎ,𝜆
2) − 𝑛𝑎

2sin2𝜓)2 + 4𝑛ℎ,𝜆
2𝑘ℎ,𝜆

2
 (5.20) 

 

Where, u and v are the real and imaginary parts of the complex variable u + iv, and ψ is the 

angle of incidence (assumed to be zero, i.e., ψ = 0 in the present work); ρ⊥, λ, ρ∥, λ
, and ρ

eff,λ
, are 

spectral perpendicular, parallel and effective reflectivity values. The entire procedure to 

calculate the spectral reflectivity and hence spectral emissivity values is presented in the form 

of flowchart shown in Fig. 5.6. 
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Fig. 5.6 Theoretical calculation of spectral reflectance and hence emissivity values using Drude 

model and Fresnel relations. 

 

In present work, plasma energy (E
p
) and relaxation energy (E

c
) values have been varied and 

checked for best fit with respect to the experimentally measured spectral reflectance values of 

ZnO coating in the 2 μm to 20 μm wavelength range. 

Plasma energy (E
p
) value is varied between 1eV to 1.5eV, whereas relaxation energy (E

c
) is 

varied between 0.2eV to 0.3eV [200]. As shown in Figs.5.7 (a) and 5.7(b); experimentally 

measured reflectance data closely follow the theoretically calculated values corresponding to 

E
p
 = 1.2eV and, E

c
 = 0.241eV; therefore, these have been employed to calculate the spectral 

values from 0.1μm to 100μm (see Fig. 5.7(c)). Figure 5.7(d) shows wavelength and emissive 

power weighted average effective emittance (ε
eff

, defined in Eq. (5.21)) as a function of cover 

temperature. The theoretical values of E
p
 =1.2eV and, E

c
 =0.241eV have been found through 

iteration mechanism see Fig. 5.6. The minimum, average and maximum errors are 0.22%, 

1.48% and 6% respectively. The possible reasons for the difference between the experimentally 

measured and theoretically calculated reflectance values may be attributed to the mismatch in 
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the optical constants data (index of refraction and index of absorption) for actual ZnO coating 

and that obtained from the literature. 

 

 

Fig. 5.7 (a) Comparison of the experimental measured spectral reflectance values with the 

theoretically calculated values for different value of (a) Plasmon energies (at fixed value of 

relaxation energy), (b) relaxation energies (at fixed value of plasmon energy), (c) theoretically 

calculated spectral reflectance in the 0.2 μm-100 μm wavelength band, and (d) weighted 

average effective emittance as a function of cover temperature. 

 

𝜀𝑒𝑓𝑓 =
∫ (1−𝜌eff,𝜆)𝑒𝑏,𝑇,𝜆𝑑𝜆

100μm
0.1μm

∫ 𝑒𝑏,𝑇,𝜆𝑑𝜆
100μm

0.1μm

                           (5.21) 

 

Where, ρ
eff,λ is the spectral effective spectral reflectivity, e

b,T,λ is the spectral blackbody 

emissive power at a given temperature. 
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5.5 Experimental results 

Figure 5.8(a) shows the receiver surface temperature as a function of inlet fluid 

temperature for various receiver configurations. Inlet fluid temperature has been varied from 

100˚C to 175˚C using the heater (the maximum temperature limited by the working temperature 

limitation of the gear pump). Clearly, all the configurations (with or without cover) have nearly 

same receiver surface temperatures for relative low values of inlet fluid temperatures. The 

receiver surface (optically transparent window) is invariably made of low iron glass and has 

high absorptivity in the IR region. At low inlet fluid temperature, radiative losses from the 

working fluid have low values and are moreover absorbed by the receiver surface (glass 

surface); therefore, the type of cover employed does not alter the surface temperature 

appreciably, However, with the further increase in inlet fluid temperature, receiver surface 

temperature tends to decrease, owing to higher convective and radiative losses [See Fig. 5.8(a)]. 

Thus, we see more pronounced differences among the various configurations at higher 

temperatures. 

 

Fig. 5.8 (a) Receiver surface temperature and (b) cover surface temperature as a function of 

inlet fluid temperature for various receiver configurations. 

However, as the inlet fluid temperature increases further, the receiver surface temperature (in 

case of configuration without cover) tends to have relative less surface temperature as 

compared to the configurations with cover. This may be ascribed to the larger thermal losses 

in the case of configuration without cover. 

In order to better understand and compare the configurations with cover; cover surface 

temperature as a function of inlet fluid temperature has been plotted in Fig. 5.8 (b). In addition 
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to the cover temperature, the effective emissivity values dictate the magnitude of the thermal 

loss mechanism. 

 

5.6 Comparing experimental and theoretical modeling results 

The theoretical modeling results for various receiver design configurations have been 

compared with the corresponding experimentally measured values (see Fig. 5.9).  

 

 

Fig. 5.9 Comparison of the experimental and theoretical modeling results for receiver 

configurations involving cover as (a) glass, (b) heat miror (RF side coated), (c) heat mirror (SF 

side coated), and (d) table represents the percentage error between experimental and theoretical 

modeling results.  Error bar represents the standard deviation. 
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In the given temperature range (100˚C - 175˚C), the two sets closely match - hence validating 

the developed theoretical modeling framework. The differences in theoretically calculated and 

experimentally measured values have been presented in Fig. 5.9(d). The possible reasons may 

be the following assumptions taken in the model: 

(1) Firstly, we have assumed the surface to be perfectly diffuse and grey (which may not be the 

case in practice.) 

(2) Secondly, we have neglected the effect of coating on the thermal conductivity of the cover 

substrate material. 

 

5.6.1 Assessing the efficacy of various cover configurations in reducing thermal losses in 

high temperature regime  

As noted in Section 5.5, experimentation of various receiver configurations has been 

done only up to 175°C due to the working temperature limitation of the gear pump. However, 

to assess the performance at higher temperatures, the developed model has been invoked. In 

particular, effective emittance (εeff) (calculated from the Drude model) along with other design 

and operational parameters forms the input to the developed theoretical modeling framework. 

In terms of cover surface temperatures, it is clearly apparent from Fig. 5.10(a) that highest 

values are observed in case of HM (SF side coated) configuration. This may be understood 

from the fact that SF side coating of ZnO ensures low emissivity in the IR region, but at the 

same time, the substrate being 'low iron glass' is highly absorbing in the IR region. 

Therefore, the emitted IR radiations from the receiver surface are absorbed by the substrate of 

the cover (HM (SF side coated)), but owing to the ZnO coating at the SF side, there is low 

reemission to the surrounding - hence resulting in rise of temperature of the cover. On the other 

hand, lowest values of cover temperatures are observed in case of HM (RF side coated) 

configuration. Herein, the ZnO coating at the RF side coated predominantly reflects back the 

emitted IR radiation from the receiver surface - hence resulting in low cover surface 

temperatures. Finally, in case of 'glass' as the cover, the IR radiations emitted by the receiver 

surface are absorbed by the cover and at the same time in the absence of any type of ZnO 

coating, reemission from the top surface of the cover is high.  
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Fig. 5.10 (a) Cover surface temperature, (b) convective losses, (c) radiative losses and, (d) 

thermal losses as a function of receiver surface temperature for various receiver configurations. 

 

Convective losses being directly proportional to the cover surface temperature follow similar 

trends to that for cover temperatures. However, in relation to radiative losses, quite different 

trends are observed. Radiative losses have been found to be highest in case of 'glass' as the 

cover and lowest in case of HM (SF side coated). Radiative losses being directly proportional 

to the cover surface emissivity and to the fourth power of cover surface temperatures; 'glass' 

cover has the highest magnitude of radiative losses. However, in case of HM (SF side coated), 

although temperatures are relatively high but owing to low emissivity values the overall 

radiative losses are the least among all the studied receiver configurations. 
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In order to quantify the benefits of employing ZnO based heat mirrors (relative to uncoated 

glass cover) as 'covers', percentage loss reduction with respect to glass cover has been 

computed. Figure 5.11 details the percentage reduction in thermal losses in HM covers relative 

to the 'glass' cover. In case of HM cover (RF side coated), the % reduction in thermal losses 

increases with increase in receiver surface temperature and attains a maxima (25.12% 

reduction) at 250˚C (glass surface temperature). Thereafter, a further increase in receiver 

surface temperature results in lower gains in terms of % thermal loss reduction (with respect to 

'glass' cover) owing to increase in effective emissivity of the ZnO coating with increase in 

temperature.   

In case of HM cover (SF side coated) the % thermal loss reduction first decreases (reaches 

minima @100˚C receiver surface temperature) and the starts increasing with further increase 

in receiver surface temperature. Herein, the cover temperatures being always higher than the 

corresponding 'glass' cover temperature - renders higher convective losses in the former case. 

Therefore, it is exclusively due to lower radiative losses (owing to lower values of effective 

emissivity) in case of HM (SF side coated) covers that results in overall thermal loss reduction 

with respect to 'glass' cover.  

 

 

Fig. 5.11 Percentage reduction in thermal losses in (a) HM (RF side coated), and (b) HM (SF 

side coated) covers relative to the 'glass' cover. 

 

 

 



80 

 

5.7 Fundamental performance limits of transparent heat mirrors as cover materials 

The foregoing discussion pertains to a particular type of transparent heat mirror coating 

(i.e. ZnO in the present case); however, to assess the performance bounds of transparent heat 

mirror coatings in general, ideal heat mirror coatings with sharp and distinct cut-off 

wavelengths have been investigated. Here, 'cut-off wavelength' refers to the wavelength which 

marks the boundary between two distinct regions - '100% transmittance' and '100% reflectance' 

before and after the cut-off wavelength respectively (see Fig. 5.12(a)).  

 

 

Fig. 5.12 (a) Spectral transmissivity (and reflectivity), (b) solar weighted transmissivity, and 

(c) effective emissivity of ideal heat mirror for various cut-off wavelength values  

 

Ideal heat mirror has high transmittance in the solar irradiation wavelength band (quantified by 

solar weighted transmissivity, see Fig. 5.12(b)) and high reflectivity (i.e. low average effective 

emissivity, ε
eff

, see Fig. 5.12(c)) in the infrared region. However, both the characteristics cannot 
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be independently engineered; therefore, a tradeoff is required to be made to tailor the heat 

mirror characteristics for a particular application. 

Furthermore, investigation has been carried out into thermal characteristics of the ideal heat 

mirrors for both SF and as well RF side coating configurations. Clearly, for a given 

configuration, the thermal loss reduction characteristics (relative to the uncoated glass cover) 

are nearly independent of the cutoff wavelength (see Fig. 5.13). However, the side of the 

coating (whether SF side coated or RF side coated) has marked effect on the thermal losses 

(both convective and radiative).  

 

 

 

Fig. 5.13 (a) Convective losses reduction (%), (b) radiative losses reduction (%), and (c) 

thermal losses reduction (%)as a function of receiver surface temperature for various ideal HM 

covers (both RF side and SF side coated with cut-off wavelengths 1.5μm, 2.0μm, and 2.5μm) 

relative to glass cover. 
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Convective losses reduction percentage in case of HM cover (SF side coated) are higher owing 

to higher cover surface temperatures. On the other hand, radiative losses reduction percentage 

is higher in case of HM cover (RF side coated). Magnitude of convective losses being higher 

than the corresponding radiative losses renders HM (RF side coated) cover to have lower 

thermal losses. 
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Chapter 6 

Conclusions and future work 

 

6.1 Conclusions 

Nanofluid stability and heat transfer analysis of volumetric absorption solar collector 

shows their potential in solar thermal systems. In this section, the conclusions of the present 

work are summarised. 

6.1.1 Nanofluid synthesis and stability quantification 

 We report a low-cost and scalable method to synthesize solar selective nanofluids 

from ‘used engine oil.’ 

 The as-prepared nanofluids exhibit excellent long-term stability and photo-thermal 

conversion efficiency. 

 Nanofluid retain their stability and functional characteristics even after extended 

periods of high temperature (300°C) heating, ultraviolet light exposure, and thermal 

cyclic loading. 

6.1.2 Experimental investigation of volumetric absorption solar collector 

 A nanofluid-based volumetrically absorbing solar receiver having reflecting inner 

surfaces has been tested under outdoor conditions. 

 Steady-state thermal efficiency peaks at an optimum nanoparticles volume fraction 

(ηth = 59 ± 5.5% at fv = 1%).  

 As-prepared nanofluid does not affect the optical and surface properties of the receiver 

constitute materials. 

 The as-prepared nanofluid shows excellent stability i.e., it retains its optical 

characteristics and particle size distribution even after undergoing pumping and 

thermal cycles and moving in flow loops (circulation through pipes/valves) during on-

sun testing. 
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6.1.3 Experimental and theoretical estimation of thermal loss from volumetric absorption 

solar collector 

 Various volumetric absorption based receiver configurations (glass-glass, glass-HM 

RF side coated and glass-HM SF side coated) have been investigated for their 

usefulness in thermal loss mitigation. 

 Experimental results show that the use of ZnO coated cover is beneficial (relative to 

uncoated glass cover) in the entire temperature range studied (receiver surface 

temperatures: 50˚C to 400˚C). 

 In low temperature range (< 100˚C), HM (SF side coated cover is better; on the other 

hand, in intermediate to high temperature regime (> 100˚C and up to 400˚C), HM (RF 

side coated) configuration proves to be more beneficial in thermal loss mitigation. 

 In terms of radiation loss mitigation, HM (SF side coated) and HM (RF side coated) 

covers have 54.91% and 30.73% (@ 400˚C receiver surface temperature) lower 

values relative to uncoated glass cover. 

 Coating on the RF side enables cover to have low tempertures and hence low 

convective losses (16.27% lower 400˚C receiver surface temperature) relative to the 

the uncoated glass cover. 

6.2 Recommendation 

Nanofluid synthesis and their stability up to 300°C shows potential for actual operating solar 

thermal systems. Furthermore, experimental investigation of nanofluid in a volumetric system 

promises a uniform temperature distribution along with the depth of the fluid. In particular, in 

low temperature range (< 100˚C), HM (SF side coated cover is better; on the other hand in 

intermediate to high temperature regime (> 100˚C and up to 400˚C), HM (RF side coated) 

configuration proves to be more beneficial in thermal loss mitigation.  The present work 

provides the fundamental performance limits of transparent heat mirrors as 'covers' in 

volumetrically absorption based solar thermal systems. Summarised results indicate the use of 

volumetric absorbers for practical applications in solar thermal technologies, and more research 

should be done to furthers improvise the efficiency. 

6.3 Suggestions for future work 

 Standardization of used engine oil for more reproducible nanofluid precursor. 

 Nanofluid synthesis by using different dispersants (PIBSI, PIBSA) 
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 More designs of the volumetric receiver to be tested on test-circuit. 

 Synthesize/engineer high temperature nanofluids (300°C-700°C). 

 Engineer methods to reduce the heat losses from receiver (aerogel, heat mirror etc.). 

6.4 Challenges 

 High-temperature testing under the leak-proof condition 

 Economics of the total system as compared to a conventional system. 
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NOVEL CONTRIBUTIONS MADE TO THE SCIENTIFIC RESEARCH 

In the backdrop of the ever-increasing demand for intermediate temperature applications (viz. 

industrial and domestic heating/cooling); efforts to improve the existing solar thermal 

technologies have gained a lot of momentum. In recent times, particularly the "volumetrically 

absorbing solar thermal platforms" have seen renewed interests owing to their higher 

performance characteristics. 

Stability of nanoparticle dispersions under practical operating conditions and optimizing 

receiver design to achieve higher thermal efficiencies are the two fundamental challenges faced 

in the development of volumetrically absorbing solar thermal platforms. In relation to stability 

of nanoparticle dispersions, the incumbent synthesis routes are not robust enough to be scaled 

up to cater real world solar thermal platforms (such as solar energy driven electricity generation 

systems). 

In relation to optimum receiver design, high thermal losses (particularly radiative losses at high 

temperatures) are still a major road block in the development of efficient volumetric absorption 

based solar thermal platforms. To circumvent this issue, researchers have employed transparent 

heat mirrors as covers; however, the design aspects explored in the reported studies are still in 

nascent stage and more detailed understanding of the thermal loss mechanisms is warranted to 

come up with optimum receiver- cover configurations. 

Present work is essentially a significant step in addressing the aforementioned challenges. 'used 

engine oil' has been employed to engineer nanofluids that retain their stability and functional 

characteristics even after being subjected to extreme conditions. Furthermore, the as-prepared 

nanofluid shows excellent stability i.e. it retains its optical characteristics and particle size 

distribution even after undergoing pumping and thermal cycles and moving in flow loops 

(circulation through pipes/valves) during on-sun testing. Moreover, the as-prepared nanofluid 

has negligible impact on the surface and optical properties of solar receiver constituent 

materials. Additionally, this has been done without the aid of sophisticated and energy intensive 

nanoparticle functionalization techniques.  

Furthermore, we have designed and developed comprehensive experimental and theoretical 

modeling frameworks to understand and estimate the thermal losses for a host of receiver 

design configurations. For the first time the effect of heat mirror coating side (i.e. whether 

'receiver facing' (RF) or 'sky facing' (SF) side has been coated) has been experimentally as well 

as theoretically investigated. In particular, the performance characteristics of ZnO based 
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transparent heat mirrors have been investigated. Further, we have been able to clearly delineate 

the fundamental performance limits of ideal heat mirrors both in RF and SF configurations. 

Capitalizing on these, we have been able device an efficient volumetric absorption solar 

thermal platform that could attain higher efficiency compared to its surface absorption 

counterpart. 

 


