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ABSTRACT: 12 

The efficiency of a parabolic trough solar collector (PTSC) was enhanced by using TiO2/DI-H2O 13 

(De-Ionized water) nanofluid. Test samples consisting of nanofluids with concentrations of 14 

0.05%, 0.1%, 0.2%, and 0.5% were compared with deionized water (the base fluid) at different 15 

flow rates under turbulent flow regimes (2950<Re<8142). All the experiments were conducted to 16 

meet ASHRAE 93(2010) standards. Heat transfer and the flow characteristics of nanofluids 17 

through the collector were studied, and empirical correlations were developed in terms of the 18 

Nusselt number, friction factor, and performance index. The convective heat transfer coefficient 19 

was improved up to 22.76% by using TiO2 nanofluids instead of the base fluid. It was found that 20 

TiO2 nanofluid with a volume concentration of 0.2% (at a mass flow rate of 0.0667 kg/s) can 21 

provide the maximum efficiency enhancement in the PTSC (8.66% higher than the water-based 22 

collector). Consequently, the absorbed energy parameter was found to be 9.5% greater than that 23 

of the base fluid. 24 

• Keywords: Parabolic trough collector, nanofluid, titanium oxide, collector efficiency. 25 
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1. Introduction 26 

Nowadays, researchers are seeking clean energy sources as alternatives to fossil fuels. One of 27 

these sources is solar energy. Solar energy is abundant and could be used as a potential resource 28 

to meet global energy demands. According to the International Energy Agency (IEA) roadmap, 29 

the demand for concentrated solar energy will be about 1000 GW by the end of 2050 [1]. Using 30 

solar trough collectors is one of the methods to produce power from solar energy. Many studies 31 

have been done on the performance of solar trough collectors. For example, Bakos and 32 

Tsechelidou [2] have conducted an analysis of solar trough collectors using TRNSYS simulation 33 

software. They calculated plant efficiency, variations in power production, fuel usage, and 34 

emissions. Similarly, Borunda et al. [3] coupled a parabolic trough collector with a Rankine 35 

cycle and a co-generator for textile industries at medium temperatures. This analysis was 36 

performed by using TRNSYS. They observed an enhancement in thermal and electrical 37 

efficiency and showed the overall enhancement of global efficiency of the plant as a result of 38 

waste heat recovery. Furthermore, Karathanassis et al. [4] experimentally evaluated the 39 

performance of a concentrating parabolic thermal/photovoltaic (CPVT) system equipped with 40 

heat sinks to enhance cooling of the PV panels. The extent of improvement in electrical 41 

efficiency and thermal efficiency were 6% and 44%, respectively. 42 

To optimize the collector performance, studies were conducted on the design aspects of parabolic 43 

trough solar collectors (PTSCs) and their geometrical parameters, such as the aperture area, rim 44 

angle, focal length, absorber diameter, concentration ratio, and other important optical 45 

parameters (such as reflectivity, receiver tube intercept factor, and incident angle) [5-8]. 46 

Realizing the importance of these variables, improvement in heat transfer capacity of working 47 

fluid was primarily developed by Xuan and Li [9], by implementing nanoparticles in the working 48 
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fluid for effective convective heat transfer. Subsequently, many investigators have used metal 49 

oxide-based nanoparticles (TiO2,,Al2O3,CuO) blended with water for various heat transfer 50 

enhancement applications using the constant heat flux method. Table 1 provides a summary of 51 

some of these studies [10-15]. 52 

Nanofluid applications have been explored in various types of solar collectors. For instance, 53 

Tyagi et al. [16] observed that the addition of Al2O3 nanoparticles enhances the solar absorption 54 

rate by nine times that of pure water. This result suggests that the use of Al2O3 nanofluid 55 

enhances the efficiency of the system by 10%. Saidur et al.[17] experimentally investigated the 56 

thermal performance of Al2O3/H2O as the working fluid on the direct solar absorption system. 57 

The result showed that the increase in volume fraction of Al2O3 up to 1% in the fluid enhanced 58 

the collector performance and absorption rate. Taylor et al. [18] studied the effect of graphite 59 

nanoparticles on the performance of high-flux concentrators. The result shows, a 10% 60 

enhancement of the thermal performance of the solar reflective dish collector caused by graphite 61 

nanoparticles. Otanicer et al. [19] investigated the effect of various nanofluids (graphite, CNT, 62 

silver nanoparticles) on the performance of the direct absorption solar collector (DASC). The 63 

results indicated that the use of nanofluids improved the efficiency of the (DASC) by 5%. He et 64 

al.[20] examined the light-to-heat swap performance of CNT/water and TiO2/water in a vacuum 65 

tube solar collector and observed a higher efficiency for CNT/H2O as compared to TiO2 66 

nanofluids. Yousefi et al. [21] studied the effect of Al2O3/H2O nanofluids on the performance of 67 

a flat plate solar collector. The result revealed that nanofluids with 0.2% volume concentration 68 

increased the collector efficiency by 28%. Mahian et al. [22] studied the effects of Nusselt 69 

number and the thermal effects of four different nanofluids (CuO/H2O, Al2O3/H2O, TiO2/H2O, 70 

and SiO2/H2O) on the mini-channel based solar collector. Nanofluid based solar collectors have 71 
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been coupled to enhance the performance of other solar energy devices such as solar stills. For 72 

example, Mahian et al.[23] coupled two flat plate solar collectors for enhancing the productivity 73 

of a solar still equipped with a heat exchanger.  A few classical reviews (Mahian et al. [24], 74 

Nagarajan et al.[25], and Bozorgan et al.[26]) have extensively explored the effects of nanofluids 75 

on the thermal performance of solar collectors.  76 

The use of nanofluids in a solar PTC makes a significant improvement in thermal performance. 77 

For instance, a 5% volume concentration of Al2O3 nanoparticles in synthetic oil enhanced the 78 

average heat transfer coefficient of a solar PTC by 6% at a temperature of 500K [27]. For a 79 

0.05% volume fraction, the deformation of the receiver tube caused a decrease from 2.1 mm to 80 

0.59 mm, and the nanofluids reduced the temperature gradient and absorber surface temperature, 81 

which increased heat transfer by 1.2% at a velocity of 1m/s [28]. Khullar et al. [29] studied the 82 

performance of concentrated solar parabolic trough collector quantitatively and theoretically. 83 

The result showed that the efficiency of the solar collector could be enhanced using nanofluids in 84 

low concentrations by 5–10%. An investigation of solar PTCs using Syltherm800 and Al2O3 85 

nanoparticles was done, and it was found that the efficiency of the PTC increases by 7.6% [30]. 86 

With concentrations of 0.2% and 0.3% multi-walled CNTs in mineral oil in a solar PTC, the 87 

thermal efficiency rise was about 4–7% [31]. Kaloudis et al. [32] studied the thermal 88 

performance of a solar trough collector using ANSYS-CFX software where the nanofluid 89 

contained Al2O3 nanoparticles with volume concentrations up to 4% where the base fluid was 90 

Syltherm800 oil. These results showed an improvement of about 10% in the collector efficiency 91 

with 4% volume concentration of Al2O3 nanoparticles. Bellos et al. [33] investigated the trough 92 

collector utilizing a converging-diverging receiver tube with a dimple sinusoidal wave profile for 93 

Thermal-oil/Al2O3 nanofluids. It was concluded that changes in the nanofluid concentrations 94 
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raised the efficiency by 4.25%. Similarly, changes in geometry as a parameter enhanced the 95 

efficiency of the collector by 4.55%. Elima-Ard et al.[34] investigated the heat transfer 96 

characteristics of a plain tube double twisted-tape with variations in the concentration of TiO2 97 

nanofluid. It was noticed that the increased concentration of TiO2 nanoparticles, increases the 98 

heat transfer capacity by 9.9% to 11.2%. Furthermore, the overall thermal performance improved 99 

by 1.7–2.4%. Abdolbaqi et al. [35] studied the effects of heat transfer characteristics using bio 100 

glycol/water-based TiO2 nanofluids in a 2% volume concentration in a flat-tube flow geometry. 101 

The thermal conductivity, viscosity, Nusselt number, and friction factor were enhanced by 102 

12.6%, 20.5%, 28.2%, and 14.3%, respectively.  103 

Menbari et al. [36] investigated the working of a direct absorption solar collector using the 104 

natural convective heat transfer method (transient heat flux method), and CuO/H2O nanofluid. 105 

Uddin and Harmand [37] studied the transient operating condition of various nanofluids and 106 

concluded that TiO2/H2O provides a better natural convective heat transfer than CuO and Al2O3 107 

nanofluids. Considering the characteristics of TiO2 nanofluid, there is need for a study on the 108 

performance and heat transfer effects of PTSC using transient heat flux method. The study by 109 

Arani et al. [13] revealed that a TiO2/H2O nanofluid with a 20-nm particle size diameter yielding 110 

optimal results with particle size varied from 10–50 nm range. 111 

Hence, the present work focuses on the PTSC thermal performance and heat transfer 112 

characteristics with a transient heat flux method using TiO2 nanofluids. Another key goal of this 113 

investigation is to determine the maximum possible amount of heat energy from a stationary 114 

concentrating collector using low-volume concentration of TiO2 nanofluid, as well as to estimate 115 

the efficiency and heat transfer characteristics of the PTSC. Based on the experimental 116 
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outcomes, empirical correlations for the Nusselt number, friction factor, and performance index 117 

are developed using multiple linear regression models. 118 

2. Experimental methods and instrumentation 119 

 120 

The design parameters for a solar PTC are the aperture, rim angle, acceptance angle, focus, 121 

depth, arc length, and receiver tube diameter, which were determined using the equations 122 

proposed by Kalogirou [38]. The mathematical model was simulated using the TracePro 123 

software package for reflectivity, absorptivity, and transmissivity above 0.9. The solar PTC 124 

design was mathematically verified by Duffie [39]. The experimental setup was located in 125 

Chennai, India (latitude 13o 02’ 33” N and longitude 80o 06’ 03” E) as shown in Fig.1–2. 126 

The collector was made of an anodized aluminum reflector sheet with a mean measured 127 

reflectance value of 0.94. The receiver tube was a 2m copper tube with inner/outer diameters of 128 

13 and 16 mm, respectively. The receiver tube was surrounded by a transparent borosilicate glass 129 

tube with a 30mm internal diameter and 34mm external diameter. The arrangement was sealed 130 

by a high temperature resistant cork for maintaining a partial vacuum for reducing convective 131 

heat losses and harnessing the incident solar energy by the greenhouse effect.  132 

Carbon black powder up to 1 µm in thickness was coated over the external surface area of the 133 

absorber tube. The outer surface temperature was measured with WIKA TC50, and the thermo 134 

couples were placed at lengths of 20, 50, 90, 120, and 160 cm apart. The gradient pressure across 135 

the test rig was measured using an M5100 piezoelectric pressure transducer with an accuracy of 136 

±1% and a range of 0-3.5bar. The TiO2 nanofluid was stored in a reservoir and circulated to the 137 

entrance of the absorber tube by a centrifugal pump, which was operated by a rotameter with a 138 

range of 0–10 lpm and accuracy of ±1%. The absorber tube outlet was connected to a heat 139 
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exchanger for diminishing the temperature of the nanofluids. While the heat exchanger reduced 140 

the temperature by up to 3°C, a constant temperature bath was employed to balance the nanofluid 141 

temperature in accordance with the specifications of the ASHRAE 93(2010) [40] standards. The 142 

trough collector was always situated perpendicular to the solar noon, and the thermal 143 

performance of the non-tracking method (stationary) was studied according to the ASHRAE 144 

standards. The test parameters were also recorded based on these standards, including the 145 

ambient temperature, flow rate, wind velocity, solar radiation, temperatures at the entry and 146 

outlet of the test section, and gradient pressure. A pyranometer (SP Lite2 silicon) was used for 147 

the determination of direct solar radiation, while the wind velocity and ambient temperatures 148 

were measured using a vane-type anemometer with a range of 0–25 m/s and accuracy of ±3%. 149 

The solar collector test facility was designed and mounted for the outside ambient conditions 150 

with a mean wind speed of 5 m/s with an operating humidity range of 60–80%. The support 151 

structure was designed to resist a maximum wind speed of about 40 m/s. Detailed specifications 152 

of the PTSC are shown in Table 2. 153 

3. Nanofluid preparation and characterization 154 

The nanofluid was prepared from TiO2 powder with 99.7% purity, an average size of 20 nm, a 155 

pH of 7, and a density of 4170 kg/m3. The TiO2 nanoparticles were obtained from Alfa Aesar, 156 

UK. The nanofluids were prepared with nanoparticle volume percentages of 0.05%, 0.1%, 0.2%, 157 

and 0.5%. The nanoparticles were dispersed in DI water by ultra-sonication to prevent 158 

agglomeration and ensure a pH value of 7. The zeta potential stability test was carried out for 159 

each concentration as shown in Table 3. 160 

The TiO2 nanoparticles were filtered using a mesh size of 0.5 µm and then dried in ambient air. 161 

The nanoparticles were characterized by SEM and EDAX as shown in Fig.3–4. The SEM 162 
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analysis was carried out on a CARL ZEISS SUPRA 55 scanning electron microscope. The 163 

theoretical and experimental thermo-physical properties of the nanofluids are compared in Table 164 

4. The peaks for Ti and O for the EDAX results confirmed that the particles wereTiO2. The 165 

theoretical thermo-physical properties of the TiO2 nanofluids are shown in Table 5. 166 

4. ASHRAE standards, testing methods, and data collection 167 

In order to avoid the influence of weather ambiguity, ASHRAE [40] has established specific test 168 

methods for outdoor conditions using a stationary concentrating collector model. The 169 

investigations were carried out based on the ASHRAE test procedure. The irradiance of the 170 

direct beam should have been greater than 800 W/m2, and the maximum radiation with a clear 171 

sky should have been 32 W/m2 at a time interval of 10 minutes each. The wind velocity should 172 

have been between 2 and 4 m/s with a natural wind flow, and the heat transfer fluid flow rate 173 

should have been 0.02 kg/sm2.  174 

 175 

The performance analysis was conducted using two different methods, and the readings 176 

considered for the calculation were based on the time period around solar noon (9:00AM to 177 

16:00PM). Testing was done with different fluid concentrations and flow rates in the receiver 178 

tube. The experiments were conducted by dividing the test cycles into six parts consisting of 60 179 

minutes each. Every 60-minute cycle was further divided into 15minute sub-cycles to achieve 180 

steady-state conditions and to obtain a collector time constant of 63.2% to conform to the 181 

ASHRAE [40] standards. To implement the steady-state model, a minimum of 16 data points 182 

were obtained at various inlet fluid temperatures, and were used to identify the collector 183 

efficiency of the PTSC by linear regression. Data were collected daily for several months. 184 
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4.1 Time constant and incidence angle modifier (IAM) 185 

The time constant reflects the heating capacity of a solar collector and is used for predicting its 186 

transient characteristics. The time constant is the time required for the fluid to achieve 63.2% of 187 

the steady-state value intransient operation conditions after a sudden change in the incident solar 188 

radiation. The collector time constant is determined using Eq. (5): 189 

�T� − T�� = 0.632�T�,�� − T��    (5) 190 

where Tfo,ssis steady-state working fluid outlet temperature (°C). The time constant (τo) obtained 191 

in the present study was 600sec for water and 273 sec for the 0.2% TiO2 nanofluid at a mass flow 192 

rate of 0.0667kg/s (Fig.5a). These values show that the attainment of the steady-state was nearly 193 

58% faster when using the nanofluids, because of the high absorptivity of the TiO2 nanoparticles. 194 

Generally, the base fluid absorptivity is higher at a longer wavelength and that of the 195 

nanoparticles higher at a shorter wavelength. This allows the nanofluids to absorb radiation 196 

easily and attain steady-state conditions faster than water [45]. Fig.5b shows a plot of the 197 

incidence angle and IAM. IAM was determined by dividing the collector efficiency at a 198 

particular incidence angle (θ) and this is given in the ASHRAE standards. A third-order 199 

polynomial curve was obtained by linear fitting using Eq.(6): 200 

K�� 		= 	0.000000758	θ�	– 	0.000150	θ�	– 	0.00289	θ	 + 	0.984		  (6) 201 

 202 

4.2 Evaluation of collector efficiency 203 

The collector efficiency depicts the useful heat gain in relation to the whole incident radiation 204 

received by the collector aperture area, which is given by Eq.(7–9).The useful heat gain of a 205 

TiO2 nanofluid was calculated by [38]: 206 

 207 

Q = mC#$%�T� − T��     (7) 208 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 

 

The collector efficiency of the solar PTC can be obtained by equations [38][39]: 209 

   η' = ()*+, = -./01�234	25�*+	,      (8) 210 

 211 

The resultant curve of the collector efficiency was a series of 16 data points. The slope and 212 

intercept were found using a linear regression fit method. The efficiency of the collector was 213 

determined by equations [46]: 214 

η' = F78τα; − <=>?. @8234	2+;, A                         (9) 215 

Where  F78η�; = 	F78τα; is the absorbed energy parameter (intercept), 216 

<=>?.  is the removal energy parameter (slope),C is the concentration ratio, and 217 

@82342+;	, A is the heat loss parameter or characteristic curve of the collector. 218 

 219 

Fig.6 shows the relationship between the collector efficiency and the heat loss parameter. The 220 

values were computed using the current model and compared with previous models. The 221 

intercept factor FR(UL) and slope factor FR(τα) were obtained using a linear regression fit 222 

method. The maximum collector efficiency for TiO2 with 0.2% volume concentration was 57%, 223 

which was 8.66% more than that of the base fluid (DI) water for a similar flow rate. The 224 

regression equation for the collector efficiency with DI water and the TiO2 nanofluids are shown 225 

in Table 6. 226 

The significant values for the PTC parameters are shown in Table 7.The experimental results 227 

reveal that at a lower mass flow rate (m=0.0083 kg/s), the maximum outlet 228 

temperature(T=93.15°C) was a result of the higher contact time between the receiver surface and 229 
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the working fluid. Furthermore, at the maximum flow rate (m=0.0667 kg/s), the temperature 230 

gradient ∆T= (Tw-Tb) was lower, which resulted in a higher convective heat transfer coefficient.  231 

 232 

4.3. Data reduction 233 

The Reynolds number, Nusselt number, friction factor, convective heat transfer coefficient, and 234 

solar collector efficiency were the five important factors in the solar PTC parametric values that 235 

could be calculated using the test results. The equations used are shown in Table 8. 236 

4.4. Uncertainty analysis 237 

An approach described by Coleman and Steele [50] was applied to estimate the uncertainties in 238 

the results. All the experimental values were averaged for the calculations and regression 239 

methods. The uncertainties were found in the experimental measurement of the independent 240 

variables (T,Qg, and I) as a result of variable outcomes that were determined from the derived 241 

variables (Nu, Re, f, and ηc). The standard deviation was manipulated from the derived 242 

uncertainty, which was calculated by repeating each variable for at least three intervals. 243 

 244 

 ⋳R= B@⋳1∂R

∂X1
A2

+@⋳2∂R

∂X2
A2

+ @⋳3∂R

∂X3
A2

+⋯⋯+@⋳n∂R

∂Xn
A2C0.5

          (19) 245 

 246 

The relative error can be calculated as follows: 247 

ЀR = R/R %      (20)     248 

The efficiency of the solar PTC directly depends on the mass flow rate, fluid inlet temperature, 249 

outlet temperature, and direct normal irradiance (Ti
, To

, Qg, and I). The uncertainty of the 250 

efficiency of solar collector is given by the subsequent equation: 251 
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η' = ƒ	�Q , T�, T�, I�     (21)     252 

 253 

⋳F' = GHIJF'J()K� @⋳()A� + @JF'J25A� 8⋳T�;� + @JF'J23A� 8⋳T�;� + @JF'J, A� 8⋳,;�L (22)     254 

 255 

 256 

Velocity is a function of flow rate (m): �⋳MN� = √B@PMNJ- A� ⋳Q�C   -     Eq.(23) 

Reynolds number (Re) is a function of 

velocity (um): 
8⋳RS; = √B@PRSJMNA� ⋳MN�C   -    Eq.(24) 

The Nusselt number (Nu) is a function of 

the Re: 
8⋳TU; = √B@JTUJ7VA� ⋳7V�C   -     Eq.(25) 

The friction factor (f) is a function of the 

pressure drop (∆P): 
�⋳%� = √B@ J%JWXA� ⋳WX�C      -     Eq.(26) 

 257 

The uncertainty error percentage values are shown in Table 9. The maximum deviations in the 258 

uncertainty were3.65%, 3.21%, 4.58%, and 2.96% for the Reynolds number, Nusselt number, 259 

friction factor, and collector efficiency, respectively.  260 

 261 

5. Results and discussion 262 

Fig.7a shows the absorbed energy factor FR(τα) for varied concentrations of nanoparticles at 263 

different flow rates. A peak value of 0.5761 was obtained, which was 9.5% greater than that of 264 

the base fluid. The enhancement in the absorbed energy factor was achieved by an addition of 265 

nanoparticles, because it is a function of the nanofluids velocity, thermal conductivity, and 266 

specific heat capacity of the working fluid. Although the nanoparticles caused an increase in the 267 
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heat absorption rate, this yielded only an optimal result at a 0.2% volume concentration because 268 

of the fact that “as the viscosity increased, the flow rate decreased.” This, in turn, reduced the 269 

Reynolds number. As a result, the heat transfer coefficient declined and subsequently lowered 270 

the Nusselt number. Thus, a lower concentration was used for avoiding a reduction in the 271 

absorbed energy factor. As shown in Fig.7b, the removal energy factor, FR(UL), for 272 

concentrations and flow rates was considered to pass in the range of 6.4–8.5. The overall 273 

collector heat loss coefficient (UL) was 8.845–9.042 W/m2K, and the average removal energy 274 

factor of the collector FR(UL) was 7.48. Hence, the flow rate changed the internal heat transfer 275 

coefficient, but the (UL) was almost constant around 8.86 W/m2K. Therefore, the overall 276 

collector heat loss coefficient (UL) was roughly constant upon variations in the flow rates 277 

regardless of the nanoparticle concentration. The removal energy factor, FR(UL),deviated 278 

moderately as a result of the pH value of nanofluids [51]. 279 

Fig.8(a–c) shows the characteristic curves of the PTSC for three different flow rates: 0.0083, 280 

0.0333, and 0.0667 kg/s. The efficiency is plotted against the heat loss parameter, (Ti-Ta)/I, for 281 

each of the flow rates. Among the various flow rates and concentrations, a maximum collector 282 

efficiency of 56.86% was obtained at 0.0667kg/s at 0.2% volume concentration as shown in 283 

Fig.8c. This result shows that there was an 8.66% increase in collector efficiency and 22.76% 284 

rise in convective heat transfer compared to that of water. Such an increase in collector 285 

efficiency and convective heat transfer was due to an increase in the absorptivity and absorption 286 

coefficient of the nanoparticles. Consequently, this increased the convective heat transfer 287 

coefficient of the nanofluid as a result of the reduction in the gradient temperature, ∆T=(Tw-Tb). 288 

It was also observed that an average overall collector heat loss coefficient (UL) of 8.86 W/m2K 289 

was achieved for each of the varying flow rates and concentrations. Further increases in the 290 
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volume concentration from 0.2% to 0.5% resulted in an enhancement in solar PTC efficiency of 291 

only 9.36% compared to that of water. This result clearly showed an incremental addition in the 292 

collector efficiency as only 0.6% for the increased volume concentration of 0.5% for the varying 293 

flow rates as shown in Fig.8d. Since the average improvement in solar PTC efficiency was <1% 294 

at a 0.5% volume concentration, the optimal volume concentration could be limited to 0.2%. In 295 

addition, the flow rate was seen as inversely proportional to the gradient temperature. As a result, 296 

a rise in flow rate caused improvement in heat transfer coefficient and a decrease in the gradient 297 

temperature (∆T), leading to increased collector efficiency. 298 

Fig.9 (a–b) shows plots of the temperature gradient for different flow rates and nanoparticle 299 

concentrations, as well as the convective heat transfer coefficients for different flow rates. From 300 

these two graphs, we can clearly correlate the flow rate, temperature gradient, and convective 301 

heat transfer coefficient. For higher flow rates, the temperature gradient was low and the heat 302 

transfer coefficient was higher. At lower flow rates, the temperature gradient was higher and the 303 

heat transfer coefficient was lower because the surface contact time (flow through time) was 304 

more in comparison to the higher flow rates. When using nanofluids, it was possible to achieve a 305 

temperature gradient of 16.24°C at lower mass flow rates and 3.877°C at higher mass flow rates, 306 

which resulted in a reduction of 35.88% when compared to water.  307 

Plots for the experimental and predicated Nusselt numbers at dissimilar flow rates and 308 

concentrations are shown in Fig.10(a–b). The error between the predicted value and experimental 309 

value was around ±5.8%. The empirical correlation equation for different Nusselt numbers and 310 

Reynolds numbers were based on dissimilar flow rates and volume concentrations, which was 311 

given in Eq. (27). The correlation was compared to data from previous studies in Fig. 10. The 312 

present model was developed for the Reynolds number range of (2950<Re<8142) and the 313 
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Prandtl number range of (5.78 to 4.65) with a collector efficiency of around 57%. The results 314 

were compared to those of the Mweswigye model [30], which predicted the Nusselt number with 315 

10% accuracy for the Reynolds number range of (3560>Re>1.15x105) and particle 316 

concentrations of 0<ϕ<8%. Despite variations as a result of design parameters, testing methods, 317 

and fluid properties, the results agree well with those of the previous models.    318 

Plots of the experimental and predicted friction factors are given in Fig.11(a–b) for different flow 319 

rates and concentrations. The friction factor was estimated as a function of the pressure drop and 320 

roughness fraction of the absorber tube, which was negligible. Consequently, the average 321 

pressure drop in the solar PTC system was measured as 1.46 kPa. The present model showed a 322 

deviation of about ±3.4% from the measured friction factor. It was evaluated using the results of 323 

the Mweswigye model [30], and the predicted friction factor showed ±8% accuracy for a higher 324 

Reynolds number. Fig.12a depicts the experimental and predicted performance indices for 325 

different flow rates and nanoparticle concentrations with a deviation of around ±6.9%. Fig.12b 326 

shows the variations in the performance index for different Reynolds numbers and nanoparticle 327 

concentrations. The highest performance index of 1.39 occurred at a 0.2% volume concentration 328 

and a mass flow rate of 0.0667 kg/s. The performance index of the TiO2 nanofluid was greater 329 

than 1, implying that it would enhance the heat transfer in a solar PTC application.   330 

Variations in the performance index are based on variations in the pH and thermo-physical 331 

properties of the nanofluids. The particle size also influences the performance of the solar PTC. 332 

Nanoparticles with larger sizes that tend to scatter radiation rather than absorb it. Hence, it is 333 

recommended that the dimension of the nanoparticles be <50 nm to have an effective heat 334 

transfer. In the present study, the TiO2 nanoparticles had an average size of 20 nm. Hence, the 335 

heat transfer was enhanced and the nanoparticles were found suitable for solar PTC applications.  336 
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The following are the empirical correlations for the Nusselt number, friction factor, and 337 

performance index for TiO2water nanofluids in the flow range of (2950<Re<8142) in a solar 338 

PTC receiver tube: 339 

Nu' = 	0.02169	[\].^�_`a].]bc81 + 	d;].�]   (27) 340 ef = 	0.46673	[\4].�gh`a].�g_81 + 	d;].�]g   (28) 341 

ì$jSkf = 	0.69628	[\].]�hh81 + 	d;c.�^b      (29) 342 

 343 

6. Conclusions 344 

This study investigated the performance of the TiO2 nanofluid to document its heat transfer 345 

capability for solar PTC applications. Tests were conducted using different nanoparticle 346 

concentrations and mass flow rates, and the following outcomes were obtained: 347 

1. Nanofluids have a 9.5% higher absorbed energy factor FR(τα) compared to water. 348 

2. At ϕ=0.2% and a mass flow rate of 0.0667 kg/s, the absorbed energy factor FR(τα)has a 349 

higher value, while the removal energy factor FR(UL) value fluctuates marginally. 350 

3. A higher convective heat transfer coefficient is achieved at a maximum flow rate of 351 

0.0667kg/s because of the lower temperature gradient (∆T=3.89°C). The overall collector 352 

heat loss coefficient (UL) does not deviate significantly from 8.86 W/m2K despite 353 

variations in flow rates and concentrations. 354 

4. Correlations show that the Nusselt number, friction factor, and performance index are in 355 

the Reynolds number range of (2950<Re<8142).  356 

5. The performance index has a peak value of 1.39 for the nanofluid with a volume 357 

concentration of 0.2% and a mass flow rate of 0.0667 kg/s.  358 

6. The maximum overall efficiency of the PTSC using TiO2 nanofluid is 57%, which is 9% 359 

greater than that of the base fluid. 360 
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7. The empirical correlations for the heat transfer characteristics are as follows:  361 

Nu' = 	0.02169	[\].^�_`a].]bc81 + 	d;].�] ef = 	0.46673	[\4].�gh`a].�g_81 + 	d;].�]g 
ì$jSkf = 	0.69628	[\].]�hh81 + 	d;c.�^b 

 362 

The above correlations are valid for volume concentrations up to 0.2% and Reynolds numbers 363 

between 2950 and 8142 in which the working fluid is a TiO2/water nanofluid. 364 
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 368 

Nomenclature  369 

Aa –Ccollector aperture area (m2) 370 

            Cp – Specific heat capacity (kJ/kg K) 371 

di – Receiver tube inner diameter, m 372 

 do – Receiver tube outer diameter, m 373 

             f – Friction factor 374 

             h – Convective heat transfer coefficient (W/m2 K) 375 

    I– Direct normal irradiance, W/m2  376 

    k – Thermal conductivity, W/m K 377 
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    Kατ– Incidence angle modifier 378 

    L - Length of the receiver tube, m 379 

              m – Mass flow rate (kg/s) 380 

             Nu – Nusselt number 381 

              Pr – Prandtl number 382 

   Pindex – Performance index  383 

    ∆P- Pressure drop of the fluid in (kPa) 384 

     Qg – Useful heat gain (W) 385 

               Re – Reynolds number  386 

   Ta – Ambient temperature (oC) 387 

               Ti – Inlet temperature of the working fluid (oC) 388 

    To – Outlet temperature of the working fluid (oC) 389 

   Tfo,ss - Steady state working fluid outlet temperature (oC) 390 

    Tw – Mean wall temperature (oC) 391 

    Tb – Bulk mean temperature (oC) 392 

     ∆T=(Tw-Tb) - Gradient temperature of nanofluid, (oC) 393 

    u –working fluid velocity, (m/s) 394 
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F7�η�� = 	F78τα;  - Absorbed energy parameter (intercept)  395 

<=>?.   - Removal energy parameter (slope) and C - Concentration ratio 396 

@82342+;	, A : Heat loss parameter or characteristic curve of the collector 397 

ASHRAE–American Society of Heating, Refrigeration and Air-conditioning Engineers  398 

PTC – Parabolic Trough Collector 399 

PTSC – Parabolic Trough Solar Collector 400 

SFPC – Solar Flat Plate Collector 401 

SSA – Specific Surface Area  402 

IAM – Incident Angle Modifier  403 

DI – De-ionized water 404 

Greek Symbols 405 

 α – fluid thermal diffusivity (m2/s) 406 

µ – Dynamic viscosity, Ns/m2 407 

ρ – Density, Kg/m2  408 

ϕr– Rim angle (degrees) 409 

ϕ – Nanoparticles volume concentration, % 410 

θ- Angle of incidence, degrees 411 

ηc – Collector efficiency  412 

τo – Time constant, sec 413 
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Subscripts  414 

bf – base fluid 415 

nf – nanofluid 416 

 p – nanoparticle 417 

c – empirical equation 418 

 419 
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 576 

Table 1. Various oxide nanoparticles with water as a base fluid in a circular pipe flow  577 

Investigators 

I.  

Methods / 
Conditions 

Nano particle / 
Base fluid/ 

particle size 

Operating 
conditions 

II.  

Remarks 

Sahin et al.[10] 
 

Experimental / 
Turbulent 

Al2O3/H2O 
(ϕ= 0.5% to 4%) 

Constant heat 
flux 
condition 

Superior heat transfer was 
achieved for 0.5% volume 
concentration at Reynolds 
number of 8000. 

Azmi et al.[11] 
 

Experimental / 
Turbulent 

TiO2, SiO2 /H2O 
(ϕ= 0.5% to 3%) 

Constant heat 
flux 
condition 

Maximum heat transfer 
obtained was 26% for 1.0% 
of a TiO2 nanofluid 
compared to a SiO2 
nanofluid, which exhibited 
7% improvement in the 
same parametric 
conditions. 

Duangthongsuk 
and Wongwises 
[12] 
 

Experimental / 
Turbulent 

TiO2/H2O 
(ϕ= 0.5% to 3%) 

Constant heat 
flux 
condition 

More than 0.1% volume 
concentration produced the 
highest heat transfer 
coefficient. (Numerically, 
26% at 1.0% volume 
concentration). 

Arani et al.[13] 
 

Experimental / 
Turbulent 

TiO2/H2O 
(ϕ= 0.01% to 
0.02%)size of 
10,20,30,50nm 

Constant heat 
flux 
condition 

20nm nanoparticle gives a 
maximum performance 
index when compared to 
other sizes of 
nanoparticles. 

Sajadi and 
Kazemi [14] 
 

Experimental / 
Turbulent 

TiO2/H2O 
(ϕ= 0.05% to 
0.25%) 

Constant heat 
flux 
condition 

The maximum convective 
heat transfer achieved was 
about 22% at ϕ= 0.25%. 

 
Kayhani et 
al.[15] 

Experimental / 
Turbulent 
 

TiO2/H2O 
(ϕ= 0.1% to 
2.0%) 

Constant heat 
flux 
condition 

The Nusselt number 
increased to8% at a vol. 
concentration of 2% with 
Re=11780  

     
 578 

 579 
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 587 

 588 

Table 2 Specifications of the parabolic trough solar collector 589 

Specification Dimensions 

Parabolic trough collector length (L) 2.0 m 
Parabola aperture length (W) 0.80 m 
Focal distance (f) 0.24 m 
Aperture Area (Aa) 1.6 m2 
Rim angle (ϕr) 80o 
Acceptance angle (θ) 0.4o 
Reflector thickness (approximately) 3mm 
Concentration ratio (C) 15.6 
Receiver tube inner tube diameter (di) 0.013 m 
Receiver tube outer diameter (do) 0.016 m 
Borosilicate glass inner diameter (dgi) 0.030 m 
Borosilicate glass outer diameter (dgo) 0.034 m 

 590 
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 606 

 607 

Fig.1. Photograph of the parabolic trough solar collector 608 
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 618 

 619 

 620 

Fig.2. Graphical layout of the experimental setup 621 
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 635 

Table 3 Stability of TiO2 nanoparticles in water 636 

 637 

S.No Nanopowder 
Particle 

concentration C 
(%) 

Zeta potential 

 ζ /mV 
Stability activities 

Stability time 

(days) 

1 

TiO2 

0.05 -23 Moderate stability 11 

2 0.1 -28 Good stability 13 

3 0.2 -45 Good stability 13 
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 658 

Table 4 Thermal conductivity and viscosity measurements 659 

S.No Nanopowder 
Particle 

concentration 
C (%) 

Thermal 

conductivity 

(W/mK) 

% Enhancement in 

thermal 

conductivity$ 

Dynamic 

viscosity (cP) 

1 

TiO2 

0.05 0.61 1.66 0.92 

2 0.1 0.66 9.24 1.02 

3 0.2 0.68 13.21 1.26 

$Base fluid thermal conductivity, kbf=0.6 W/mK 660 
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 677 

 678 

Fig.3. Scanning electron microscopy image of titanium nanoparticles  679 
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 696 

Fig.4. EDAX analysis of TiO2 nanoparticles 697 
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 710 

 711 

 712 

Table 5 Theoretical equation for finding thermo-physical properties of TiO2 nanofluids 713 

 714 

Model name Equations  for models 

Wasp model [41] 

 

Eq. (1): Thermal conductivity (Knf) 

l$% = le lm + 2ne − 2o8le − lm;lm + 2ne + o8le − lm;  

Brinkman model [42 ] Eq. (2): Viscosity (µnf) pnfpe = 181 − sm;�.t =	 181 − d�.t; 
Pak & Xuan model [43] 

 

Eq. (3): Density (ρnf) unf = 81 − d;ubf+ dup 
 

Pak & Cho model [44] 

 

Eq. (4): Specific heat (Cpnf ) 

xmnf = 81 − d;	ubf		xmb	f+ 	dup		xmpubf  

 715 
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 722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

Fig.5. Variation in time, outlet temperature (a), and incidence angle with IAM (b) 730 
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 738 
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 740 

 741 

 742 

 743 

 744 

Fig. 6.Variation in the solar collector efficiency as a function of heat loss parameters  745 
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 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

Table 6. Previous models and the present model equation for collector efficiency 761 

 762 

Researchers Efficiency equation 

Present model – water (2017) ηc= 0.523 - 0.383*(Ti-Ta)/I 

Present model – TiO2 (2017) ηc= 0.616 - 0.456*(Ti-Ta)/I 

Kalogirou model [7] (1996) ηc= 0.638- 0.387*(Ti-Ta)/I 

Valan Arasu model [47] (2006) ηc= 0.690 - 0.387*(Ti-Ta)/I 

Jaramillo et al. model [46] ( 2016) ηc= 0.622 - 0.177*(Ti-Ta)/I 

 763 
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 777 

 778 

 779 

Table 7. Various significant parameters for the present study 780 

Study 
cases 

Direct 
normalirradiance 

I (W/m2) 

Wind 
velocity 

(m/s) 

Mass 
flow 
rate 

(kg/s) 

Ti
 

oK 

To
 

oK 

Qg 

(W) 

Convective 
heat 

transfer (h) 
(W/m2K) 

Collector 
efficiency 

(ηc) 

Case 1 872 2.31 0.017 304.64 315.76 707.22 616.12 50.65 

Case 2 865 2.53 0.067 305.62 309.21 718.06 2087.65 51.95 

Case 3 876 2.42 0.033 304.45 310.46 752.37 1310.75 53.68 

Case 4 855 2.14 0.050 305.12 309.24 759.52 1928.16 55.49 

Case 5 895 2.89 0.067 304.53 308.42 814.27 2702.69 56.86 

Note: Cases 1 & 2- DI water, Cases 3-5-TiO2 nanofluids ϕ=0.05%,0.1%,0.2% vol. concentration 781 
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 791 

 792 

Table 8 Equations for solar PTC heat transfer models and previous correlations   793 

Specification General equation Input parameters 
 

 
Reynolds number (Re)[48] as 
Eq.(10) 
 

 

[\ = yρ$%	u	d�μ$% } 

 

u  - velocity of fluid 

ρnf-Density of nanofluid 
µnf- Viscosity of nanofluid. 

 
Convective heat transfer (h)[48] 
as Eq.(11) 
 

 

ℎ$% = I Q 		A�	8T� − T�;K 
 

Q = mC#$%�T� − T�� 
Tw= Σ(Tw1+Tw2+Tw3+Tw4+Tw5)/5 
Tb=(Ti +To)/2    
Tb -Bulk mean temperature of the 
nanofluids 
Tw - Mean wall temperature of 
absorber tube 

 
Nusselt number (Nu)[49] 
as Eq.(12) 

 

�� = yℎ$%	�5l$% } 

 

di- inner diameter of receiver tube n$% is the thermal conductivity of 
the nanofluid 
hnf - convective heat transfer 
coefficient for nanofluid 

 
Friction factor (f)[49] as Eq.(13) 
 

e = � 2	�`u$%	��8 �ji;� 

 

∆P - pressure drop of the solar 
PTC receiver tube. 

ρnf-Density of nanofluid 
L- length of the receiver tube 

 
Performance Index 
(Pindex)[34]as Eq. (14) 
 

P���V� = yℎ$%ℎ�%} 
hnf  - convective heat transfer 
coefficient for nanofluid 
hbf  - convective heat transfer 
coefficient for base fluid 

Previous investigators Previous correlations  
 

Mwesigyeet al. [30]Eq. (15) �� = 0.0104	[\].^^t`a].�bg 

Pak and Cho [44]Eq. (16) �� = 0.021	[\].^`a].t 

Mwesigye et al. [30] as Eq.(17) 
 

e = 0.173	[\4].chbg 

Petukhov’s model [43]Eq.(18) 
 

e = 80.790	��	[\ − 1.64;	4� 

Twis the mean wall temperature of theabsorber tube, Tbis the bulk mean temperature of the 794 

nanofluids, and thetemperature gradientis ∆T= (Tw-Tb) 795 
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 797 

 798 

 799 

 800 

 801 

 802 

 803 

 804 

Table 9 Uncertainty values for instruments 805 

Instruments  Range of instruments  Least count in 
measuring instrument 

Uncertainty (%) 

Thermocouple 0-200oC ±1oC 1.53% 

Thermocouple 
(surface temperature) 

0-300 oC ±1oC  1.84% 

Flow meter 0-10 lpm ±0.01lpm 1.63% 

Pressure transducer  0-3.5bar  ±0.01 bar 2.16% 
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 816 

 817 

 818 

 819 

 820 

 821 

 822 

 823 

Fig. 7. Variation in the absorbed energy parameter (a) and removal energy parameter (b) with 824 

variations in volume concentrations at different flow rates 825 
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 832 

 833 

 834 

Fig.8. Effect of the heat loss parameter on collector efficiency for low (a), medium (b), and high 835 

(c) flow rates with variations in the volume concentrations, in addition to (d) collector efficiency 836 

comparison with various mass flow rates. 837 
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 843 

 844 

 845 

Fig.9. Comparison between temperature gradient (a) and the convective heat transfer coefficient 846 

(b) for various mass flow rates with different volume concentrations. 847 
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 859 

 860 

 861 

Fig.10 (a) Parity chart for the Nusselt number and (b)a validation of the present model with 862 

existing models. 863 
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 875 

 876 

 877 

Fig.11(a) Parity chart for the friction factor and (b) validation of the solar PTC model with 878 

previous models. 879 
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 886 

 887 

 888 

 889 

 890 

 891 

 892 

 893 

Fig.12(a) Parity chart for performance index and (b)effects of the Reynolds number on the 894 

performance index of a solar PTC at various volume concentrations. 895 
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HIGHLIGHTS: 

 

• Experiments were carried out on a parabolic trough collector using TiO2 nanofluids. 

• Tests were performed for volume concentrations up to 0.2% under turbulent flow.  

• Collector efficiency can be enhanced using nanofluids up to 8.66% compared to water. 

• Heat transfer coefficient raised about 23% by replacing nanofluid instead of water. 

 


