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ABSTRACT 9 

Augmenting thermal and optical properties of working fluids used in solar thermal 10 

conversion systems using hybrid nanomaterials is gaining prominence. In the present study 11 

photo-thermal analysis and thermal conductivity investigations were performed on SiO2/Ag-12 

CuO binary water based nanofluid. The influence of particle concentration and surfactant 13 

concentration on thermo-optical properties were investigated using the design of experiment 14 

concept. Analysis of variance (ANOVA) was employed to study the significance of the process 15 

parameters on thermal conductivity and solar weighted absorption fraction of nanofluid.  The 16 

statistical optimisation of the process parameters was done using the desirability function. The 17 

optimum combination of nanoparticles and surfactant that yield good thermal conductivity and 18 

solar absorption was found to be SiO2/Ag: 206.3 mg/litre, CuO: 864.7 mg/litre, and SDS 19 

(surfactant): 1996.2 mg/litre. The optimum mass fraction of constituents yielded a relative 20 

thermal conductivity of 1.234 and solar weighted absorption fraction of 82.82 %. 21 

Keywords: Binary nanofluid, SiO2/Ag particles, CuO nanoparticles, Thermal conductivity, 22 

solar weighted absorption fraction, solar thermal conversion. 23 

 24 

Nomenclature 25 

Am Solar weighted absorption fraction Q Photo thermal conversion rate (J) 

A(λ) Solar absorption coefficient CCD Central composite design 

Cp Specific heat (kJ/Kg.K)  DoE Design of experiments 

I(λ) Spectral solar irradiance (w/m2nm) RSM Response surface methodology 
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m  Mass (kg) RTC Relative thermal conductivity 

Tr Transmittance SDS Sodium dodecyl sulphate 

Ti Initial Temperature (oC) SWAF Solar weighted absorption fraction 

Ts Final Temperature (oC)   

 26 

1. INTRODUCTION 27 

 Renewable energy have gained wide attention due to the growing demand of clean and 28 

economical energy resources. Among various renewable energy sources like wind, solar, tide 29 

etc., solar energy is found to be one of the most promising candidate due to its abundant 30 

availability. Current trend in utilising solar energy is mainly through photo-voltaic conversion, 31 

photo thermal conversion, and photochemical conversion. Among these techniques photo 32 

thermal conversion is the most efficient method. When coupled with a thermal storage system, 33 

it ensure round the clock thermal energy supply [1]. Solar thermal conversion can be achieved 34 

by concentrating and non-concentrating modes, among which concentrating solar thermal 35 

systems are found to more effective [2, 3]. Concentrating solar thermal conversion mainly 36 

involves four major steps: i) tracking and concentrating solar rays onto a solar receiver, ii) 37 

conversion into useful heat energy by means of absorber unit, iii) transferring heat from 38 

absorber to heat transfer fluid, and iv) adiabatic storage of fluid. Among these four steps the 39 

efficiency of a solar thermal system depends on the performance of stage two and three, i.e. 40 

absorption and transfer of the absorbed energy. Hence the primary focus of current researches 41 

is to enhance the thermo-optical properties of the absorbing and transferring units in the system. 42 

A conventional solar absorber converts solar energy to heat energy which then is transferred to 43 

heat transfer fluid (working fluid) by conduction, followed by convection, resulting in a 44 

temperature drop across the absorber surface [4]. Absorption of solar radiation directly by the 45 

working fluid could reduce the intermediate thermal losses associated with the conventional 46 

solar absorber [5]. However, the conventional working fluids like water, thermal oils, glycol 47 

etc. are not suitable for direct solar absorption due to their poor optical and thermal properties. 48 

It is reported that dispersion of nanoparticles in working fluid improves its optical and thermal 49 

properties which makes it suitable for direct solar absorption [6, 7].   50 

 Since 1990s nanofluids were extensively employed for thermal transport due to its 51 

enhanced thermal properties. A systematic review done by Mahian et al. [38, 39] explores the 52 

potential, theory and mechanism of nanofluids responsible for the enhancement in the 53 
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properties. Sarfraz and Safaei [43] investigated the effect of graphene-menthanol based 54 

nanofluid on evacuated tube solar collector. The authors achieved a maximum efficiency of 55 

95% due to the enhancement on the thermal conductivity of the nanofluid. They also concluded 56 

that since Brownian motion is the phenomenon responsible for higher thermal conductivity of 57 

the nanofluids, they are suitable for various heat transfer applications. The progress in 58 

technologies made it feasible to enhance the performance of solar thermal devices like 59 

parabolic collector, solar stills, flat plate collector, hybrid PV/ Thermal collectors, direct solar 60 

steam generators, etc. with the aid of nanofluids [33, 34]. However, most of the initial 61 

investigations were focused on nanofluids containing single nanoparticle that includes metal 62 

(Cu, Al, Ag, Au etc.), metal oxides (CuO, Al2O3, TiO2, etc.), etc. [8, 9, 10]. Furthermore carbon 63 

based nanofluids, multi walled CNT, single walled CNT, graphene oxide, and graphene Nano 64 

platelets are found to be potential candidates for solar thermal application due to their 65 

favourable optical properties [32]. Later investigations reported that hybrid nanofluids could 66 

exhibit better properties due to the interacted effect of more than one nanoparticle [11, 12].  67 

Recently Yu and Xuan [13] studied the influence of CuO/Ag hybrid nanofluid on the 68 

absorption of solar irradiance. The authors concluded that the CuO/Ag nanoparticles exhibits 69 

a notable enhancement in thermal conductivity and photo thermal performance of the base 70 

fluid. The enhancement in solar absorptivity is attributed to the localised surface plasmon 71 

resonance (LSPR) effect of Ag nanoparticles when exposed to solar irradiance. Later reports 72 

of J Zeng and Y Xuan [14] arrived at similar conclusions while using SiO2/Ag-MWCNT hybrid 73 

nanofluid as the medium of solar absorption, with SiO2/Ag giving wide absorbance spectrum 74 

in visible region and MWCNT in infrared. The authors also claim that MWCNT when 75 

dispersed in base fluid improved the thermal conductivity of the hybrid nanofluid. The effect 76 

of particle shape on solar absorptivity was investigated by Qin et al. [37]. The authors 77 

concluded that the particle with sharper edges exhibits better absorption due to the combined 78 

effect of surface plasmon resonance and lightning rod effect.  Bhalla et al. [35] conducted an 79 

interesting study to enhance the absorption in the mod infrared region. The authors introduced 80 

silicon oil layer above the nanofluid having high absorptivity in the visible region. The unique 81 

property, high transmittance of visible rays and absorptivity in infrared region was utilised for 82 

the full spectrum absorption of solar energy in the system. The effect of crystallite size of 83 

nanoparticle on its properties was investigated by J Shah et al. [44]. The authors synthesised 84 

CuO nano particles with various shape and crystallite shape and concluded that better 85 

absorption was noted for nanorod in the visible region. Enhanced photo thermal conversion 86 

was noted for FeNi/C based nanofluid under a magnetic rotation for direct absorption of solar 87 
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irradiance [45]. Photo thermal conversion efficiency of rotating nanofluid enhanced by 22.7% 88 

compared to the non-rotational field of solar irradiation. The reason behind this was attributed 89 

to the enhanced convection heat transfer during the rotation of nanofluid. The effect of carbon 90 

on solar thermal conversion was studied by S. K. Hazra et al. [46]. A maximum optical 91 

absorptivity of 87.33% with a penetration depth of 20mm was noted at 15 ppm of carbon black.  92 

K. Wang et al. [47] proposed that a direct absorption system integrated with Rayleigh-Benard 93 

convection could exhibit a significant enhancement in the photo thermal conversion of the 94 

system. This is due to the increased heat transfer by convention within the nanofluid. 95 

 From the literature it is noticed that localised plasmonic resonance effect of noble 96 

metals is a desired phenomenon that could be adopted for enhanced optical properties of 97 

nanofluids. Nevertheless it was found that the hybrid nanoparticles are large in size that 98 

adversely affect the stability and thus the properties of the nanofluid [14]. O.Z Sharaf et al. [48] 99 

developed a highly stable polyethylene glycol coated gold nanoparticle based nanofluid. The 100 

synthesised nanofluid exhibited an extra ordinary stability of 16 months that could guarantee 101 

the repeatability of its properties. K. Pawel et al [15] reports that size of the particle have very 102 

high significance in improving thermal properties like thermal conductivity of nanofluid. 103 

According to his investigation better thermal conductivity was observed for nanofluid with 104 

smaller materials. Due to these reason it could be speculated that large sized (>100 nm) hybrid 105 

nanoparticles could not provide consistent and notable enhancement in thermal properties of 106 

nanofluid. Since CuO nanoparticles of size less than 50 nm are a good candidate to improve 107 

thermal conductivity, it has been widely used for thermal transport [16]. In addition, 108 

investigations on CuO nanofluid shows positive results for enhanced thermal and optical 109 

properties [17]. 110 

 To explore the complex interaction of various process parameters on output response, 111 

varying one parameter at a time is not a suitable approach. In such multivariate situations, 112 

design of experiments (DoE), artificial neural network and fuzzy logic are the widely 113 

acknowledged technique employed for the same. Among these techniques, design of 114 

experiments is the most adaptable technique that could provide a clear picture about interaction 115 

of process variables involved in the study and its response with least number of experimental 116 

runs [18].  117 

 Present investigation aims to synthesise, optimise and characterise SiO2/Ag-CuO 118 

hybrid nanofluid where SiO2/Ag nanoparticles are a good candidate to absorb the solar 119 
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radiation and CuO as an agent to improve the thermal conductivity. Design Expert software 120 

was employed to generate design matrix based on the design of experiments concept. In the 121 

present study, response surface methodology was adopted to analyse the complex interaction 122 

of various process variable (or process parameters) on output response (solar weighted 123 

absorption fraction and thermal conductivity are the output response in the present study). 124 

Further, the thermal conductivity and solar weighted absorption fraction of the synthesised 125 

hybrid nanofluid was measured experimentally based on the design matrix. Finally a 126 

mathematical model was developed for the prediction of thermal conductivity and solar 127 

weighted absorptivity as a function of mass fraction of SiO2/Ag, CuO and surfactant. 128 

Nevertheless no available reports describing the use of SiO2/Ag-CuO binary nanofluid for 129 

photo thermal conversion studies by employing DoE. 130 

2. Materials and methods 131 

2.1 Materials 132 

The precursor used for the synthesis of SiO2 was Tetraethyl orthosilicate (TEOS) (Alfa 133 

Aeser). Ammonia solution, ethanol, Stannous chloride (SnCl2) (reducing agent) and CuO nano 134 

particles (size<50nm) purchased from Sigma Aldrich were used directly with no further 135 

purification. Silver nitrate (AgNO3) (Sigma Aldrich) was used as precursor for silver 136 

nanoparticle. 137 

2.2 Preparation of SiO2/Ag nanoparticle 138 

Stober method [19] was adopted for synthesising SiO2 nanoparticles. 3 ml TEOS, 100 139 

ml ethanol, 6 ml ammonium hydroxide and 6 ml DI water were taken and stirred for five hours 140 

continuously. From the resulting mixture, SiO2 nanospheres was separated by centrifugation, 141 

and washed five times with DI water. Silver particles were introduced onto the silica 142 

nanosphere by following reaction: SnCl2 (0.053 M) and hydrochloric acid (0.01 M) were mixed 143 

in 40 ml of DI water into which 0.15 g of synthesised SiO2 was added.  This mixture is then 144 

stirred for 20 minutes followed by rinsing with DI water for 5 times. The resulting solution is 145 

then added to 40 ml silver nitrate solution (0.18 M) and sonicated for 30 minutes to induce Ag 146 

particles on the silica sphere. Finally SiO2/Ag nanoparticles were separated by filtering through 147 

centrifugation, which was then cleaned and rinsed with DI water for 5 times.   148 

2.3 Preparation of SiO2/Ag-CuO nanofluid 149 
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 Literature reveals that the properties of nanofluid depends on the various process 150 

parameters involved in the synthesis of nanofluid [20]. In the present investigation, three 151 

process parameters, viz. mass fractions of SiO2/Ag, CuO and SDS (surfactant), were identified 152 

as the process parameters which influence the output responses. The output responses are 153 

thermal conductivity and the solar weighted absorption fraction. Since there are more than one 154 

process parameter involved, varying one parameter-at-a-time and analysing its effect on the 155 

thermal conductivity and solar weighted absorption fraction of nanofluid is time consuming 156 

and expensive [18]. Hence, in order to analyse the complex interaction of these process 157 

parameters on the output response, design of experiments (DoE) concept was adopted. Design 158 

of experiments is a collection of tools used mainly to interpret the influence of process 159 

parameters on output response [41]. Among the various tools in DoE, response surface 160 

methodology was employed [21] in the present study to analyse the influence of variation in 161 

process variables on thermo-optical properties (thermal conductivity and solar weighted 162 

absorption fraction) of the nanofluid. The workable range of the process parameters (mass 163 

fractions of SiO2/Ag, CuO and surfactant) were fixed based on the literature survey and 164 

preliminary experimental trials. The workable range is the upper and lower value of process 165 

parameters on which a feasible nanofluid was synthesised. In the present study the surfactant 166 

used was sodium dodecyl sulphate (SDS), for which the critical micelle concentration (CMC) 167 

was found to be 8.2 mM at 25oC. Since the recommended usage of surfactant is below the 168 

CMC, the upper limit of mass fraction of surfactant was taken as 2000 mg/l. The mass fraction 169 

limit of SiO2/Ag, CuO and SDS were fixed as 100 -1500 mg/l, 100 -1500 mg/l, and 100-170 

2000mg/l, respectively. Based on these limits a design matrix with 20 set of experimental runs 171 

were generated using the Design Expert software, as shown in Table 1. 172 

 Based on the combination of process parameters arrived using DOE, the nanoparticles 173 

and surfactant were dispersed in 40 ml of DI water followed by mechanical agitation for 30 174 

minutes and 15 minutes of sonication. In the present study probe sonication was adopted as it 175 

is reported in literature [36] to be best suited for preparation of nanofluids. Once the nanofluid 176 

samples based on the design matrix is prepared, its thermal conductivity and solar weighted 177 

absorption fraction were measured. Based on these results, models were developed for thermal 178 

conductivity and solar weighted absorption fraction as function of the process parameters. The 179 

suitability of the developed models and the significance of the process parameters were 180 

analysed using the analysis of variance (ANOVA) of response surface methodology (RSM). 181 

Table 1: Design matrix for the experiments to be conducted. 182 
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Run No SiO2/Ag (mg/l) CuO (mg/l) Surfactant (mg/l) 

1 800.0 800.0 1050.0 

2 383.8 1216.2 1614.9 

3 100.0 800.0 1050.0 

4 1216.2 1216.2 1614.9 

5 800.0 800.0 1050.0 

6 1216.2 1216.2 485.1 

7 800.0 800.0 1050.0 

8 800.0 1500.0 1050.0 

9 383.8 383.8 1614.9 

10 383.8 383.8 485.1 

11 1216.2 383.8 485.1 

12 383.8 1216.2 485.1 

13 1216.2 383.8 1614.9 

14 800.0 800.0 1050.0 

15 1500.0 800.0 1050.0 

16 800.0 100.0 1050.0 

17 800.0 800.0 1050.0 

18 800.0 800.0 2000.0 

19 800.0 800.0 1050.0 

20 800.0 800.0 100.0 

 183 

3. Results and Discussion 184 

3.1 Characterisation 185 

Morphological analysis of the nanoparticles were carried out using field emission 186 

scanning electron microscope (FESEM) (Hitachi SU 6600). UV-VIS Spectroscopic (Avantes) 187 

analysis from 280-1200 nm was carried out at atmospheric condition to analyse the absorptivity 188 

of the nanofluid at various wavelength. Air was considered as the reference for measuring the 189 

absorptivity of the nanofluid. KD2 Pro analyser (Decagon Devices lnc) was employed to 190 

estimate the thermal conductivity of nanofluid. Each measurement was repeated thrice to 191 

ensure repeatability. Uncertainty of the KD2 Pro analyser is ±2.5% [22]. It is obvious that the 192 

properties of nanofluid which is measured soon after preparation could not be expected during 193 

the applied experimentation due to the variation of stability with samples. Due to this reason 194 

all the properties were measured after 50 hours of preparation. The optical properties were 195 

quantified in terms of the solar weighted absorption fraction (SWAF). The SWAF was arrived 196 

at from the transmittance spectrum obtained using UV-vis spectroscope (Avantes). 197 

3.1.1 Morphology of the particles 198 
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The morphological analysis of the SiO2 and SiO2/Ag was performed using a Scanning 199 

electron microscope and is shown in Fig 1. Figure 1a and 1b shows the pure SiO2 particles and 200 

SiO2/Ag particles respectively. The deposition of Ag particles on the surface of the SiO2 201 

particles is clear from the figure 1b. In addition, from these figures it is clear that the SiO2 202 

nanoparticles exhibit homogenous shape and size, and hence are favourable for the deposition 203 

of smaller particles [14]. The average particle size was found to be 300 nm.  The Ag 204 

nanoparticles were deposited on SiO2 using the reducing agent SnCl2. Figure 2 shows the 205 

mechanism involved in the deposition of Ag on SiO2 nanoparticles using the reducibility of 206 

Sn2+ ions. Sn2+ ions were introduced on to the SiO2 which is then replaced by Ag particles on 207 

reacting with AgNO3. 208 

 209 

a 
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 210 

Fig. 1: a) SEM image of SiO2 nanoparticles, b) SEM images of SiO2/Ag nanoparticles  211 

 212 

 213 

Fig. 2: Schematic representation of the synthesis of SiO2/Ag nanoparticles. 214 

 215 

3.1.2 Thermal conductivity analysis 216 

 KD2 Pro Thermal property analyser was employed to analyse the thermal conductivity 217 

of the synthesised samples. Table 2 shows the relative thermal conductivity (RTC) experienced 218 

by the nanofluids at 28oC. As can be seen in Table 2, the addition of nanoparticles improved 219 

the thermal conductivity of the base fluid. However, variation in the concentration of SiO2/Ag 220 

and CuO have an influence on the thermal conductivity of nanofluid. Run no 2 shows the 221 

maximum enhancement of 23.35 % (RTC = 1.2335) for thermal conductivity while run no 20 222 

gives the least. It is also noted from run 9 and 13 that as the concentration of SiO2/Ag decreases 223 

the thermal conductivity increases. In addition, thermal conductivity exhibited by the nanofluid 224 

was found to be increased with the concentration of CuO (run 2 and 9). Therefore it could be 225 

b 
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surmised that the enhanced thermal conductivity is obtained at lower concentration of SiO2/Ag 226 

and higher concentration of CuO. 227 

Table 2: Design matrix with output response 228 

Run  Mass Fraction Solar Weighted 

absorption 

fraction (%) 

Relative Thermal 

Conductivity A:SiO2/Ag  

(mg/l) 

B:CuO 

(mg/l) 

C:SDS 

(mg/l) 

1 800.0 800.0 1050.0 73.2 1.1261 

2 383.8 1216.2 1614.9 79.75 1.2335 

3 100.0 800.0 1050.0 70.33 1.2051 

4 1216.2 1216.2 1614.9 71.18 1.1789 

5 800.0 800.0 1050.0 71.2 1.1416 

6 1216.2 1216.2 485.1 62.7 1.0981 

7 800.0 800.0 1050.0 74.2 1.1574 

8 800.0 1500.0 1050.0 69.17 1.1598 

9 383.8 383.8 1614.9 82.82 1.1448 

10 383.8 383.8 485.1 61.96 1.1159 

11 1216.2 383.8 485.1 61.99 1.0948 

12 383.8 1216.2 485.1 65.05 1.1463 

13 1216.2 383.8 1614.9 76.51 1.1021 

14 800.0 800.0 1050.0 75.2 1.1358 

15 1500.0 800.0 1050.0 62.82 1.1041 

16 800.0 100.0 1050.0 72.74 1.1126 

17 800.0 800.0 1050.0 74.2 1.1328 

18 800.0 800.0 2000.0 79.77 1.1789 

19 800.0 800.0 1050.0 72.2 1.1486 

20 800.0 800.0 100.0 50.87 1.0659 

 229 

For a fixed concentration of surfactant and CuO, sedimentation of SiO2/Ag 230 

nanoparticles was found to be increasing with concentration. Figure 3 shows the distribution 231 

of surfactant molecules on the surface of SiO2/Ag particles at different concentration. The 232 

concentration of SiO2/Ag particles decreases from Fig. 3(a) to 3(c). For a given mass fraction 233 

of surfactant, as concentration of SiO2/Ag particles increases the number of surfactant 234 

molecules per particle will be less, as shown in Fig. 3(a). As the concentration of SiO2/Ag 235 
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particles decreases the number of surfactant molecules per particle increases, yielding a more 236 

stable nanofluid as shown in Fig. 3(b) and Fig. 3(c). The reduction in the number of surfactant 237 

molecules per unit nanoparticle may lead to agglomeration and sedimentation, thus decreasing 238 

stability of the nanofluid. SDS being an anionic surfactant, the strength of surface charges on 239 

particle decides the stability of the nanofluid. As the charges on the particle increases, the 240 

repulsion between the particles increases leading to the increased stability. 241 

 242 

Fig. 3: Schematic representation of interaction of surfactant molecules and nanoparticles 243 

3.1.3 ANOVA analysis of thermal conductivity  244 

Analysis of variance (ANOVA) is employed to study level of significance of each 245 

process parameters on output response and to evaluate the model developed. F –value in the 246 

ANOVA table is mainly used to identify the suitability of the model developed and significance 247 

of each process parameters. In the present ANOVA (Table 3) a significant mathematical model 248 

was developed with F-Value 20.47, P-value > 0.0001 and with ‘lack of fit’ of P-value equal to 249 

0.3481. F-Value 20.47 implies that the chance of variation in F-value due to noise is 0.01%, 250 

which implies that the developed model could predict the thermal conductivity of the nanofluid 251 
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effectively [31]. Furthermore Pred R2 represents the prediction of thermal conductivity based 252 

on the arrived model. For an acceptable model the difference between the adjR2 and pred R2 253 

should be a value between 0 and 2.0 [23], which also confirm that the developed model is 254 

suitable for the prediction of thermal conductivity. The final reduced model that predicts the 255 

thermal conductivity as a function of mass fraction of nanoparticles and surfactant is given in 256 

Eq. 1. In addition, the ANOVA also quantifies the significance of each parameters on the output 257 

and is evaluated based on the F-value. The parameter with highest F-value is the most 258 

significant parameter. Therefore, as can be seen in Table 3, the most significant parameter that 259 

affects thermal conductivity was found to be the concentration of surfactant (F= 72.62), 260 

followed by the concentrations of SiO2/Ag and CuO (F-value 52.89 and 36.26) respectively. 261 

From a careful observation of runs 20, 19 and 18 in Table 2, the significance of surfactant in 262 

improving the thermal conductivity of nanofluid is evident. The thermal conductivity is found 263 

to be low at low surfactant concentrations and high nanoparticle concentrations. Nevertheless 264 

it doesn’t mean that the increased surfactant concentration gives better thermal conductivity. 265 

The surfactant keep the nanoparticles suspended in the fluid which enhances thermophysical 266 

properties of the fluid. Furthermore, surfactant-CuO combination shows the most significant 267 

interaction (F-value = 13.85) whereas surfactant-SiO2/Ag gives the least interaction (F-value = 268 

0.63). The reasons for this will be discussed in the section 3.1.4. Figure 4 shows the comparison 269 

of predicted (based on Eq. 1) and experimental values of relative thermal conductivity, 270 

coloured point represents the experimental data and line shows the predicted values. A 271 

significant model exhibits minimum deviation of experimental data points from the prediction 272 

line, as is evident in Fig. 4. Hence, the developed model is good enough to predict the thermal 273 

conductivity of the prepared nanofluid.  274 

Table 3: ANOVA of thermal conductivity 275 

Source Sum of 

squares 

Df Mean 

square 

F-value p-value  

Model 0.029 9 3.208E-003 20.47 < 0.0001 Significant 

A-SiO2/Ag 8.289E-003 1 8.289E-003 52.89 < 0.0001 

B-CuO 5.683E-003 1 5.683E-003 36.26 0.0001 

C-SDS 0.011 1 0.011 72.62 < 0.0001 

AB 1.901E-004 1 1.901E-004 1.21 0.2965 

AC 9.800E-005 1 9.800E-005 0.63 0.4474 

BC 2.171E-003 1 2.171E-003 13.85 0.0040 

A
2
 4.188E-004 1 4.188E-004 2.67 0.1332 

B
2
 1.790E-005 1 1.790E-005 0.11 0.7424 
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C
2
 5.177E-004 1 5.177E-004 3.30 0.0992 

Residual 1.567E-003 10 1.567E-004   

Lack of Fit 9.262E-004 5 1.852E-004 1.44 0.3481 not significant 

Pure Error 6.411E-004 5 1.282E-004 
   

Cor Total 0.030 19  

Std. Dev. 0.013 R-Squared 0.9485 

Mean 1.14 Adj R-Squared 0.9022 

C.V. % 1.10 Pred R-Squared 0.7370 

PRESS 8.004E-003 Adeq Precision 18.361 

 276 

Relative thermal conductivity = 1.11825 – (7.08371E-005 X SiO2/Ag) + (8.23773E-006 X 277 

CuO) + (4.64016E-005 X SDS) - (2.81400E-008 X SiO2/Ag X CuO) - (1.48865E-008 X 278 

SiO2/Ag X SDS) + (7.00727E-008 X CuO X SDS) + (3.11178E-008 X SiO2/Ag2) - (6.43326E-279 

009 X CuO2) – (1.87837E-008 X SDS2)                                                              (1) 280 

 281 

 282 

Fig. 4: Correlation between experimental and predicted values of relative thermal conductivity 283 
of nanofluid. 284 

 285 
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3.1.4 Interaction effect of various concentrations of SiO2/Ag and CuO 286 

Figures 5, 6 and 7 gives the interactive effect of two process parameters simultaneously 287 

on the response. The interactions are represented as response surfaces (3D interpretation) and 288 

contours (2D images).  Figure 5a shows the interaction effect of SiO2/Ag and CuO 289 

concentrations on the thermal conductivity of SiO2/Ag-CuO nanofluid, fig 5b represents its 290 

counter plot.  It was noticed from figure 5 that at lower concentration of CuO nanoparticles, 291 

the thermal conductivity remains almost constant at all SiO2/Ag concentrations. As evident 292 

from Fig. 5, the RTC (relative thermal conductivity) increases significantly with concentration 293 

of CuO and the maximum enhancement in relative thermal conductivity was observed at high 294 

CuO concentration and low SiO2/Ag concentration. It is also noticed that at the maximum 295 

concentration of CuO, increasing SiO2/Ag concentration reduces the thermal conductivity. The 296 

reason behind this might be the insignificant impact of SiO2/Ag in improving the thermal 297 

conductivity due to the larger size of these particles resulting in lower brownian motion in the 298 

nanofluid [15]. The Brownian motion of nanoparticles is considered as one of the prominent 299 

mechanisms that enhances the thermal conductivity of nanofluids.  300 

 Fig 6(a) represents the interaction effects of SDS (surfactant) and SiO2/Ag using 3D 301 

graph, and its contours plot is shown in Fig. 6(b).  It is clear from the graphs that the maximum 302 

enhancement in the thermal conductivity is at low concentration of the SiO2/Ag for all 303 

concentrations of SDS. This is because, at lower concentrations of SDS the nanoparticles 304 

agglomerates, thus lowering the stability and hence the thermal conductivity. At higher 305 

concentrations of surfactant the nanofluid was found to be stable. However, at higher 306 

concentration of SDS, increasing concentration of SiO2/Ag reduces number of surfactant 307 

molecules per nanoparticles, as shown in Fig.3, which may leads to the agglomeration of 308 

nanoparticles and reduction in thermal conductivity. The size of SiO2/Ag nanoparticles (250 – 309 

350 nm) may also have contributed to reduction in thermal conductivity, as literature [15] 310 

recommend particle size lower than 100 nm. This may lead to the conclusion that minimum 311 

quantity of SiO2/Ag helps to achieve higher thermal conductivity. However in the present 312 

study, in addition to the thermal conductivity, solar absorptivity is also of prime concern. A 313 

reduction in the concentration of SiO2/Ag reduces the optical absorptivity as shown in section 314 

3.1.5. 315 

Figure 7 shows the interaction effect of concentration of SDS and CuO, Fig 7(a) the 316 

response surface plot and Fig 7(b) shows its 2D or contour plot. As can be seen from the figure, 317 
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the thermal conductivity increases with the concentration of CuO and SDS. Maximum RTC 318 

was noted at higher concentration of SDS and CuO results in higher thermal conductivity 319 

values. This confirms the significance of CuO to achieve higher thermal conductivity and 320 

influence of SDS in offering stability at higher concentration of CuO to achieve improved 321 

thermal conductivity. 322 

 323 

a 
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 324 

 325 

Fig. 5: Interaction effect of concentration of SiO2/Ag and CuO nanoparticles on relative 326 
thermal conductivity: a) 3-D graph, b) contour plot. 327 

 328 

b 
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 329 

 330 

Fig. 6: Interaction effect of SiO2/Ag and SDS on relative thermal conductivity: a) 3-D graph, 331 

b) contour plot. 332 

 333 

a 

b 
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 334 

 335 

 336 

Fig. 7: Interaction effect of concentration of SDS and CuO nanoparticles on relative thermal 337 
conductivity: a) 3-D graph, b) contour plot. 338 

 339 
3.1.5 Optical properties 340 

a 

b 
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 Transmittance spectrum of the synthesised nanofluid obtained from the UV-vis 341 

spectroscopy is shown in Fig 8. Transmittance spectrum gives the information on amount of 342 

radiation absorbed by the nanofluid at each wavelength. For a highly absorbing nanofluid the 343 

transmittance will be minimum. Fig 8(a) presents the transmittance spectrum of all the 344 

experimental runs. It could be noticed that run 9 gives the highest absorption of solar irradiance 345 

while run 20 gives the least. A medium solar weighted absorption fraction was observed for 346 

run 12. These runs were selected as the critical runs and are shown in fig 8(b) for better 347 

understanding. To estimate the overall optical absorption rate of the synthesised nanofluid, 348 

solar weighted absorption fraction was calculated using the Eq. (2) given by Drotning [24] and 349 

are presented in table 2.  350 

Am = 
∫ 𝐼(𝜆).(1−𝑒−𝐴(𝜆).𝑙)𝑑𝜆

𝜆𝑚𝑎𝑥
𝜆 𝑚𝑖𝑛

∫ 𝐼 (𝜆)𝑑𝜆
𝜆𝑚𝑎𝑥

𝜆 𝑚𝑖𝑛

                                                                            (2) 351 

Where, Am is the solar weighted absorption fraction and I(λ) is the spectral solar irradiance. 352 

The absorption coefficient (A(λ)) of the nanofluid was found using the Beer-Lambert Law [25, 353 

26] given by Eq.(3). 354 

A(λ) = -
1 

𝑙
 ln Tr(λ)                                                                               (3) 355 

where, Tr is the transmittance of nanofluid. The spectrum after the absorption of solar rays was 356 

calculated using the Eq. (4) [27].  357 

IA(λ) = A(λ).IAM 1.5                                                                                                                        (4) 358 



20 
 

 359 

 360 

Fig. 8: Transmittance spectrum of SiO2/Ag-CuO nanofluids: a) All runs, b) critical runs 361 

a 

b 
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From the estimated solar weighted absorption fraction (table 2) it was found that run 9 362 

gives the maximum enhancement in the absorption of the nanofluid, whereas run 20 gave the 363 

least. These results indicates that the dispersion of SiO2/Ag-CuO nanoparticles significantly 364 

improves the absorption of solar irradiance. Figure 8 shows that the maximum absorption is 365 

observed in the range of 280 -750 nm. In addition, a significant amount of absorption is 366 

occurring in the spectral range of 900-1050 nm (near inferred region) which is attributed to DI 367 

water, a good absorber of infrared rays. Therefore the effect of nanoparticle is significant in the 368 

range of 280-750nm.  369 

 As can be seen from fig 8 run 9 gives the highest solar weighted absorptivity of 370 

82.82%, whereas the least value of 50.87 % was observed for run 20.  It could be inferred that 371 

the surfactant ratio have significance on the solar absorptivity of the nanofluid. At lower 372 

concentration of surfactant transmission of the light increased. This could be due to the reduced 373 

stability of the nanofluid at lower surfactant concentration leading to sedimentation of particles 374 

during the measurement. Nevertheless, this significance of surfactant is of less concern once a 375 

stable nanofluid is achieved. 376 

3.1.6 ANOVA analysis of solar weighted absorptivity of SiO2/Ag-CuO nanofluid. 377 

The process parameters influencing solar weighted absorption fraction (SWAF) were 378 

examined using the ANOVA by response surface methodology (RSM). The process parameters 379 

analysed are the concentrations of SiO2/Ag, CuO, and SDS, which are identified as A, B and 380 

C respectively in Table 4. The RSM derived a regression equation (Eq. 5), employing which 381 

the solar weighted absorption fraction of the prepared nanofluid could be predicted. The 382 

significance of each process parameters on solar absorption were examined using ANOVA. 383 

Table 4 shows the analysis of variance of process parameters on solar weighted absorptivity of 384 

the SiO2/Ag-CuO nanofluid. As can be seen from Table 4 the proposed model is found to be 385 

significant with a probability (p-value) less than 0.0001 and an insignificant lack of fit (p-value 386 

= 0.0545), which implies that the model could predict the SWAF of prepared nanofluid 387 

effectively. As mentioned in section 3.1.3, the predicted R2 and adjusted R2 value are in good 388 

agreement so as to adopt the model for prediction of SWAF. A comparison on experimental 389 

and predicted value of SWAF is shown in Fig 9. The minimum deviation of experimental 390 

values (coloured square point) from the prediction line shows good agreement in the values of 391 

SWAF calculated based on theoretical model and using experimental data. The minimum 392 

deviation of experimental data points from the prediction line implies that the model is 393 
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significant. The significance of the process parameters are proportional to the F-value obtained 394 

from the ANOVA. The decreasing order of significance is C (mass fraction of surfactant) > A 395 

(mass fraction of SiO2/Ag) > B (mass fraction of CuO). From Table 2 we can infer that the 396 

only difference between run 18 and 20 is in the concentration of SDS which amounts to 2000 397 

and 100 mg/l respectively for run 18 and 20. Table 2 confirms that run 18 having higher SDS 398 

concentration has better solar absorption than run 20. However, it is the plasmonic effect of 399 

SiO2/Ag particles that will contribute more towards enhancing SWAF as compared to CuO. 400 

The theoretical model which predicts the SWAF is given by Eq. [5]. Figure 9 shows good 401 

agreement in the values of SWAF calculated based on theoretical model and using 402 

experimental data As mentioned in section 3.1.3, minimum deviation of experimental data 403 

points from the prediction line implies that the model is significant. 404 

Solar weighted absorption fraction = + 35.23790 + (0.021866 X SiO2/Ag) + (0.010745 X CuO)  405 

+ (0.039759 X SDS) - (3.34793E-006 X SiO2/Ag X CuO) - (6.67764E-006 X SiO2/Ag X SDS) – 406 

(6.48624E-006 X CuO X SDS) - (1.08898E-005 X SiO2/Ag2) - (1.95099E-006 X CuO2) – 407 

(7.30303E-006 X SDS2)                                                                                                          (5)              408 

Table 4: ANOVA of solar weighted absorption fraction. 409 

Source Sum of 

squares 

Df Mean 

square 

F-value p-value  

Model 1073.47 9 119.27 22.78 < 0.0001 Significant 

A-SiO2/Ag 65.16 1 65.16 12.44 0.0055 

B-CuO 8.23 1 8.23 1.57 0.2384 

C-SDS 840.90 1 840.90 160.59 < 0.0001 

AB 2.69 1 2.69 0.51 0.4898 

AC 19.72 1 19.72 3.77 0.0810 

BC 18.61 1 18.61 3.55 0.0888 

A
2
 51.29 1 51.29 9.80 0.0107 

B
2
 1.65 1 1.65 0.31 0.5873 

C
2
 78.26 1 78.26 14.94 0.0031 

Residual 52.36 10 5.24    

Lack of Fit 34.86 5 6.97 1.99 0.2338 not significant 

Pure Error 17.50 5 3.50 
   

Cor Total 1125.83 19  

Std. Dev. 2.29 R-Squared 0.9535 

Mean 70.49 Adj R-Squared 0.9116 

C.V. % 3.25 Pred R-Squared 0.7437 

PRESS 288.59 Adeq Precision 17.648 

  410 
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 411 

Fig. 9: Correlation between experimental and predicted values of solar weighted absorption 412 
fraction of nanofluid. 413 

 414 

3.1.7 Interaction effect of particle concentration 415 

 Figure 10(a) and 10(b) presents the interaction of SiO2/Ag and CuO nanoparticle 416 

concentration on SWAF of the nanofluid for a given surfactant concentration as a response 417 

surface curve and its contour respectively. From the graphs it could be noticed that increase in 418 

the concentration of SiO2/Ag nanoparticles enhanced the solar weighted absorptivity of the 419 

nanofluid, reaches a maximum and then drops. The observed range of SiO2/Ag for maximum 420 

solar absorption is 300-800 mg/ litre. The CuO nanoparticles shows maximum solar absorption 421 

for the range 100-1000 mg/l. Once the particle concertation exceeds these limits the stability of 422 

nanofluids were physically observed to be dropping, resulting in decreased solar absorption. However, 423 

the significance of SiO2/Ag is more compared to CuO. This could be attributed to the surface 424 

plasmon resonance effect of Ag nanoparticles on the dielectric SiO2 particles. Noble metals 425 

have the better prospects in absorbing and scattering the light due to its surface plasmon 426 

resonance effect [13].Core shell nanoparticle with dielectric core and noble metal as the shell 427 
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exhibits better optical absorption compared to pure noble metals [28]. Recently it was proposed 428 

that fractal textured surfaces are good candidates for solar absorption due to its increased 429 

surface area and scattering of light. In the present work morphology was found to be in a fractal 430 

textured manner, which could contribute to enhance light trapping [2]. 431 

 The interaction of surfactant and SiO2/Ag nanoparticles is presented as a response 432 

surface curve and its contour plot in Figure 11(a) and 11(b) respectively. As can be seen from 433 

these figure better performance of nanofluid was observed at the highest concentration of 434 

surfactant and at a concentration of 750 mg/litre for SiO2/Ag. For SiO2/Ag concentration 435 

greater than 750 mg/l the stability was observed to be reducing due to the agglomeration of the 436 

large SiO2/Ag particles. A similar trend was noticed in Fig. 12(a) and 12(b) which shows the 437 

interaction of CuO and surfactant. That is, the maximum solar weighted absorptivity of 438 

nanofluid was observed at higher concentration of surfactant which keeps the particles 439 

suspended thus enhances the SWAF. These results also surmise the role of surfactant in 440 

improving the properties of the nanofluid by the enhanced stability.  441 

 442 

a 
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 443 

Fig. 10: Interaction effect of mass fraction of SiO2/Ag and mass fraction of CuO of 444 

nanoparticles on solar weighted absorptivity: a) 3-D graph, b) contour plot. 445 

 446 

 447 

b 

a 
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 448 

Fig. 11: Interaction effect of mass fraction of SiO2/Ag and mass fraction of Surfactant of 449 
nanoparticles on solar weighted absorptivity: a) 3-D graph, b) contour plot. 450 

 451 

 452 

b 

a 
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 453 

Fig. 12: Interaction effect of mass fraction of CuO and mass fraction of Surfactant of 454 
nanoparticles on solar weighted absorptivity: a) 3-D graph, b) contour plot. 455 

3.2 Optimisation 456 

 In the present study the thermal conductivity and the SWAF are the two properties that 457 

determines the performance of the nanofluid. It is noticed that the constituents in the nanofluid 458 

have greatly affected the thermal and optical properties of the nanofluid. The concentration of 459 

SiO2/Ag influences SWAF whereas the concentration of CuO improves the thermal 460 

conductivity. Even though solar weighted absorptivity of nanofluid increases with SiO2/Ag, its 461 

influence on thermal conductivity is inverse. Hence there arises a need to arrive at an optimum 462 

concentration of constituents in the nanofluid so as to achieve better solar absorptivity and 463 

thermal conductivity.  One of the main strategy used for optimising these kind multi response 464 

problem is by employing the desirability function. Desirability function employs dimension 465 

reduction strategy in which the multi response model is reduced to a single aggregated measure 466 

and then solves it as a single optimisation problem [30]. Moreover this statistical optimisat ion 467 

recommends an optimum operating condition of process parameters that maximises the 468 

desirability that range from zero (out of scope) to one (goal) [23]. The condition to obtain an 469 

optimised constitute concentration includes the particle concentration to be in range. The final 470 

optimised parameter is shown in the Table 5. The maximum solar absorptivity of 82.84 % and 471 

b 
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relative thermal conductivity of 1.234 was found for the concentrations SiO2/Ag: 206.3 472 

mg/litre, CuO: 864.7 mg/litre and SDS 1996.2 mg/litre. The desirability value 1.000 indicates 473 

that estimated function may represent the experimental model. To verify this experimentally, 474 

relative thermal conductivity (RTC) and SWAF of aforementioned combination of constituents 475 

were measured and was found to be 1.231 and 81.79 respectively. The UV-vis-NIR 476 

transmittance spectrum of optimised nanofluid is presented in Fig 13 form which the SWAF 477 

was estimated and is 81.79%. 478 

Table 5: Experimental and predicted response at optimised process parameters 479 

Sl  

No 

Mass fraction (mg/l) Predicted Experimental 

SiO2/Ag CuO SDS RTC SWAF RTC SWAF 

1 206.3 864.7 1996.2 1.234 82.84 1.231 81.79 

 480 

 481 

Fig. 13. Transmittance spectrum of optimised SiO2/Ag-CuO nanofluids 482 

3.3 Photo-thermal conversion of nanofluid 483 

Even though optical properties propose high solar energy absorption by nanoparticles, 484 

their suitability in solar thermal systems can be quantified only by photo-thermal conversion 485 

studies. The particle concentration in the nanofluid have its own significant effect on the solar 486 
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absorption. Hence the photo-thermal experiment was conducted using the optimised nanofluid 487 

which is then compared to the base fluid.  488 

Photo thermal conversion performance of the prepared nanofluid was analysed using an in-489 

house fabricated experimental setup. The experimental setup was equipped with test tubes 490 

(27ml) tilted at an angle of 11.3o and mounted on a solid sheet. Figure 14 shows the detailed 491 

schematic representation of the arrangement for the same. Figure 14(a) is the schematic 492 

representation, Figure 14(b) is the photograph of actual experimental setup, and Figure 14(c) 493 

represents tilt angle and dimension of the test tubes. The experimental setup exposed to solar 494 

irradiation was fixed in the north-south direction, with the test tubes facing the south.  The 495 

thermocouples (T Type) were inserted at the centre of the test tubes with the help of a cork 496 

fixed at the opening of the test tubes. These were connected to a data logging unit (Agilent), 497 

which records the temperature every 5 minutes. The measurements were taken from 10:00 to 498 

16:00. 499 

 500 

 501 

 502 

a 
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 503 

 504 

 505 

Fig. 14: Experimental setup for evaluation of photo thermal conversion effect. a) Schematic 506 

representation and b) Actual experimental setup, c) tilt angle and dimension of the test tubes. 507 

 508 

The total energy absorbed by the nanofluid during the photo thermal conversion was 509 

calculated using Eq. 6. The stored energy ratio (SER) quantifies the effect of nanoparticles in 510 

photo thermal conversion and was estimated using Eq. 7 [29]. 511 

Q = m.Cp.[Tmax -Tmin]                                                                      (6) 512 

SER =  
Tnf(t)−Tnf(0)

Tbf(t)−Tbf(0)
                                                                                                 (7)                                                513 

b 

C 
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Where m and cp are the mass and specific heat of the prepared nanofluid, T is the temperature, 514 

and t is the time. Since the concentration of nanoparticles in fluid is comparatively less, the 515 

specific heat was equated to be that of water [14]. 516 

Table 6 shows the maximum temperature and the amount of photo thermal energy 517 

absorbed by the nanofluid. The solar radiation on the test day given in Fig.15 was obtained 518 

from weather station (Davis-Vantage Pro2). As the figure says the solar radiation was 550 w/m2 519 

at 10:00 and 250 w/m2 during 16:00. A highest irradiance of 850 W/m2 was noted during the 520 

noon time. Figure 16 presents the temperature profile of optimised run compared to base fluid 521 

when exposed to the solar radiation. The maximum temperature of optimised nanofluid was 522 

45.7oC whereas for water it was 38.8oC. Furthermore the maximum energy was absorbed by 523 

naofluid was 1942.6 J, whereas for water it is 1239 J. Stored energy ratio (SER) enable to 524 

identify the supplementary energy absorbed by the fluid que to the presence of nanoparticles 525 

which is presented in fig 17. From Fig 17 we can infer that SER increases with the absorption 526 

of the nanofluid. Therefore it could be claimed evidently that, the addition of nanoparticles 527 

improved the photo-thermal conversion efficiency of the fluid. Heat transfer mechanism in 528 

surface based absorption and direct absorption was found to be different. In surface based 529 

absorption systems the solar energy is absorbed by the absorber glass and then converted to 530 

thermal energy. The thermal energy is then transferred from absorber to the working fluid by 531 

conduction and convection [42, 35]. However, in direct absorption systems the solar radiation 532 

is absorbed by the nanomaterials dispersed in the base fluid. The penetration of solar radiation 533 

lasts to a certain distance or depth termed as penetration depth. The extent of direct absorption 534 

of solar energy by base fluid is dependent upon the penetration depth. Variation of SWAF with 535 

depth of penetration of the optimised sample is plotted and are presented as fig 18. As can be 536 

seen from the figure, nearly 100% of absorption is achieved at a penetration distance of 7cm. 537 

The SWAF of water at 7 cm was found to be nearly 30% [27], the penetration depth of the 538 

same is nearly 100 cm. From which the complete solar absorption of nanofluid at lower 539 

penetration depth is evident. In addition, it is also evident that the working fluids are uniformly 540 

heated in direct absorption systems resulting in minimal amount of natural convection heat 541 

transfer. Even though natural convection currents at a bulk level are minimal in the working 542 

fluid, the energy absorption by the nanomaterials increases their Brownian motion. The 543 

enhanced Brownian motion of the particles induces local convection currents and micro-mixing 544 

in the fluid for temperature equilibration [39, 40]. In the present case it could also be concluded 545 
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that the surface plasmon resonance of SiO2/Ag nanofluid introduced self-heating that enhanced 546 

the photo thermal conversion of nanofluid.  547 

 548 

Fig. 15: Solar radiation intensity corresponding to the test day.  549 
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 550 

Fig. 16: Temperature profile of critical runs and water. 551 

 552 
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Fig. 17: Stored energy ratio (SER) for the optimised nanofluid 553 

Table 6: Maximum and minimum fluid temperature and maximum energy absorbed. 554 

Sl. No. Fluid Tmax (
oC) Tmin (

oC) Energy absorbed (J) 

1 Water 38.8 27 1239 

2 
Optimised 

nanifluid 
45.7 27.1 1942.6 

 555 

 556 

Fig.18: Variation of SWAF with depth of penetration. 557 

3.4 Stability analysis of SiO2/Ag-CuO nanofluid 558 

 Stability is one of the major parameter that affects the performance and reliability of 559 

the investigations performed on nanofluids. As mentioned in the previous section the thermal 560 

conductivity and SWAF reduced for many samples due to the agglomeration of the particles.  561 

The surface charges on particles are responsible for the stability of nanofluid owing to the 562 

electrostatic repulsive forces between like charged particles. The zeta potential is generally 563 

considered as a metric to quantify the stability of electrostatically stabilised nanofluids. The 564 

Zeta potential is measured for all the experimental runs in the design matrix and shown in Table 565 

7. The Zeta potential of optimised sample was measured and was found to be -38.7 mV. Figure 566 

19 shows the zeta potential curve of the same which was obtained from the zeta potential 567 

analyser. The result indicates good colloidal stability of the optimised nanofluid, since a stable 568 
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nanofluid exhibits the zeta potential is below -30 mV or above +30mV. Moreover even though 569 

run 9 exhibits nearly similar zeta potential as the optimised sample, better thermo-optical 570 

properties are shown by the optimised sample. However it is reported that, in a flow situation 571 

of nanofluids the stability could be achieved by means of flow stirring [13] as is present in 572 

various direct absorption solar thermal devices like parabolic collector, flat plate collector, etc.  573 

 574 

 575 

Fig 19. Zeta potential of optimised SiO2/Ag-CuO nanofluid. 576 

Table. 7 Zeta potential of experimental runs in the design matrix 577 

Run  Zeta 

potential 

(mV) 

Run  Zeta 

potential 

(mV) 

1 21.2 11 18.4 

2 29.1 12 20.3 

3 30.6 13 27.2 

4 26.3 14 20.3 

5 20.1 15 21.7 
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6 16.3 16 28.7 

7 21.9 17 22.9 

8 22.1 18 28.7 

9 33.7 19 21.6 

10 22.9 20 14.5 

 578 

 579 

4. Conclusion 580 

The nanofluid containing SiO2/Ag and CuO was prepared to enhance the thermal 581 

conductivity and solar absorption for direct absorption solar thermal solar collectors. Thermal 582 

and optical properties of SiO2/Ag –CuO nanofluid were measured and the process parameters 583 

were optimised using the design of experiment concept. The results reveal that the presence of 584 

CuO improves the thermal conductivity where are the plasmonic SiO2/Ag particles are good in 585 

absorbing solar irradiance. The stability of nanofluids strongly influence the thermal and 586 

optical properties of the nanofluid. The concentration of surfactant have a great significance in 587 

both thermal and optical properties. Maximum solar weighted absorption of 82.84 % was noted 588 

for run 9 (SiO2/Ag: CuO: SDS = 383.3: 383.3: 1614.9) and highest measured thermal 589 

conductivity of 1.234 was noted for run 2 (SiO2/Ag: CuO: SDS = 383.3: 1216.2: 1614.9). The 590 

photo thermal conversion effect increased with the absorptivity of nanofluid. To optimise the 591 

process parameters like particle concentration and surfactant ratio, desirability function was 592 

used. An optimum condition of 206.3 mg/l of SiO2/Ag, 864.7 mg/l CuO, and 1996.2 mg/l of 593 

SDS was found with desirability of 1.000. A significant regression model has been developed 594 

to predict the RTC and SWAF of prepared nanofluid. The significance of the model and process 595 

parameters on thermal conductivity and solar weighted absorption fraction was ensured using 596 

analysis of variance (ANOVA). 597 
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