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Abstract: 11 

Thermodynamic performance analysis is carried out on a flat plate solar thermal collector 12 

utilizing single and hybrid nanofluids. As heat transfer fluids, Fe2O4/water, Zn-Fe2O4/water hybrid 13 

nanofluids, and water are used, and its performance are compared based on the energy and exergy 14 

transfer rate. The thermo-physical properties are evaluated by regression polynomial model for all 15 

the working fluids. Developed codes in MATLAB solve the collector's thermal model iteratively, 16 

energy and exergetic performance are evaluated. The system was then subjected to parametric 17 

investigation and optimization for variations in fluid flow rate, temperatures, and concentrations 18 

of nanoparticles. The findings show that utilizing Zn-Fe2O4/water hybrid nanofluids with a particle 19 

concentration of 0.5 percent enhanced the solar collector's thermal performance by 6.6% while 20 

using Fe2O4/water nanofluids raised the collector's thermal performance by 7.83% when compared 21 

to water as the working fluid. While hybrid nanofluids give a better thermal alternative than water 22 

and single nanofluids, they have also produced a 5.36% increase in exergetic efficiency and an 23 

enhancement of 8.24 percent when used with Fe2O4/water nanofluids. 24 

Keywords: Solar collector, Hybrid Nanofluid, Zinc-ferrite/Water, Thermal performance, Exergy. 25 

1. Introduction 26 

Solar energy is a free, widely available, and non-polluting fastest developing renewable 27 

energy source that may be utilized for power generation as well as heating applications like space 28 

heating, drying, and water heating. Domestic water heating consumes around 6% of total global 29 

energy consumption. Solar energy converting devices are capable of reliably converting the 30 



absorbed solar radiation into heat energy for the working fluids. Flat plate collectors are 31 

economically feasible and extensively used solar thermal collectors. FPCs, on the other hand, have 32 

several design flaws, including low efficiencies, significant heat losses, and insufficient solar 33 

absorption efficiency. Enhancing the engineering and scientific restrictions of flat plate collectors 34 

may decrease the conventional energy generations and environmental issues associated with 35 

energy consumption.  36 

"Nanofluid" has now become an eminent technique used enhancing the rate of energy 37 

transfer in the equipment for process heating applications. The experimental studies have been 38 

done to evaluate the thermo-physical properties of several nanofluids as a function of temperature 39 

(Esfe Mohammad Hemmat and Seyfolah Saedodin 2015; Abbasi et al.2016; Stalin et al.2017) 40 

because the engineering precision of energy converting devices is strongly reliant on the features 41 

of fluids used for heat transfer. Latest trends in manufacturing processes have enabled the 42 

production of nanoparticles. The magnetic, thermal, optical, mechanical, and electrical 43 

characteristics of nanoparticles ≤100 nm is superior. This gain is because of raise in surface area 44 

to volume ratio at grain boundaries, generated by a larger atom group (Chakraborty and 45 

Panigrahi 2020). The nanofluids created minimize the agglomeration and improve heat 46 

conductivity by dispersing nanoparticles in a base fluid (Hamilton and Crosser 1962).Surfactants 47 

added to nanofluids can dramatically decrease agglomeration. The study has been created the 48 

distributing micro-sized solid particles in working fluids to improve heat conductivity (Choi and 49 

Eastman 1995). Its use in practical applications has been restricted by the coagulation problem 50 

related to micro-sized elements. 51 

 The thermal conductivity enhances with the rise in temperature of the nanofluid, according 52 

to a large amount of research work on modeling, characterization, synthesis, convective and phase 53 

change heat transfer during the previous decade (Das et al.2003). Nanofluids outperform 54 

conventional fluids in terms of thermo-physical properties, heat transfer coefficient, thermal 55 

efficiency, and optical absorptivity, according to several studies (Bobbo et al.2012; Fedele et 56 

al.2012; Murshed et al.2005; Pak and Cho 1998; Said et al.2014; Sajid et al.2014; Vajjha et 57 

al.2009). Tyagi et al. [15] assessed the thermal performance of Al2O3/water-based nanofluids 58 

flowing through the tubes of direct absorption solar collector (DAC) known as a typical solar flat-59 

plate collector, finding that the DAC is up to 10% more efficient. The author studied the influence 60 



of CuO/water-based nanofluid on heat transfer characteristics of the FPSC in laminar flow 61 

conditions (Khin et al. 2016). Their research was based on calculating the thermal efficiency of 62 

nanoparticles as a role of their size and volume concentration size. It is revealed that as the 63 

concentration rises to 2.0%, the energy efficiency improves, but that the volume of the 64 

nanoparticles has little consequence on the performance. They found that at an optimum flow rate 65 

of 1.2 kg/min, two wt% CuO/water nanofluid improves FPSC efficiency by up to 5%. It has been 66 

reported that the 5% improvement in solar thermal collector performance with nanofluids as an 67 

absorbing medium (Otanicar et al.2010 ).  68 

According to experimental and theoretical findings, nanofluids are very gifted and set to 69 

be substituted by usual fluids to improve solar collectors' efficiency. The improved thermal 70 

performance achieved by utilizing nano fluid has aided research in these sectors to find another 71 

way to reduce costs while increasing thermal performance. Hybrid nanofluids are a type of 72 

advanced fluid that has been produced to have a certain thermos physical characteristic. Because 73 

of the enhancement in thermal characteristics, the mixture of several nano powders with numerous 74 

base fluids, known as "hybrid nano fluid" (HNF), has been demonstrated apparently in many uses 75 

(Minea 2017). The author studied the numerous real-world applications that need dynamic 76 

compatibility between many factors, bringing hybrid nano fluid into the picture (Sarkar et al. 77 

2015). This research aims to investigate whether a hybrid nano fluid could provide better thermal 78 

conductivity than separate nanofluids produced from Al2O3 and CuO powders using a hydrogen 79 

reduction method in a 90:10 ratio. According to measurements, the enhancement in thermal 80 

conductivity is comparatively lower with the rise in viscosity values (Suresh et al. 2011). 81 

The study was focused the forced convective heat transfer for water, ethylene glycol, CNTs 82 

and Al2O3 based hybrid nanofluids by adopting the two-phase mixture model. The results reveal 83 

that utilizing ethylene glycol instead of water as a base fluid increases energy transmission (Labib 84 

et al.2013). This research work quantitatively investigated the Al2O3/water nanofluid at turbulent 85 

flow operating conditions with constant heat flux on the wall (Bianco et al.2011). They evaluated 86 

the findings in different concentrations using multi-phase models. This paper showed numerical 87 

simulations to analyze an Al2O3/water nanofluid using a novel method called the two-phase 88 

Eulerian model. It results that there is a greater agreement with experimental results when 89 

compared to a single-phase model (R. Lotfi et al. 2010). These studies investigated the laminar 90 



convection of nanofluids using an Eulerian-Lagrangian approach (He et al. 2009; Bianco et 91 

al.2009). Their observations were compared to the available experimental data. The zinc/ferrite 92 

nanoparticles have improved value of stability which is advantageous for using longer periods. 93 

Temperature-sensitive ferro fluids are also used in the hybrid nanofluids under research, resulting 94 

in enhanced value of thermo-physical properties (Sundar et al.2017). Further, several reports have 95 

been published that adding ZnO and Fe2O4 particles on nanofluid shows a significant improvement 96 

in the value of thermal conductivity. According to the authors' knowledge, no research on Zn-97 

Fe2O4/water hybrid nanofluids for evaluating solar collectors has been reported. 98 

           This research presents first and second law-based analysis of an FPSC using single and Zn-99 

Fe2O4/water hybrid nanofluids. The user-developed code in MATLAB was used to analyze and 100 

enhance a proposed thermal model. The thermal model is developed based on the energy balance 101 

equations, updated to account for the effects of new single and hybrid nanofluids (Gupta et 102 

al.2020). Moreover, the thermal performance, exergy analysis, entropy generation, exergy 103 

destruction, and Bejan number of the nanofluids in the FPSC are evaluated with a functional 104 

evaluation of different operating temperatures, nanoparticle concentration, and flow rates. Finally, 105 

these parameters are subjected to impact analysis and optimization to get the collector's highest 106 

possible performance enhancement yield when used with each nanofluid. 107 

2. Theoretical analysis 108 

The FPSC is a solar collector consist an absorber plate and it was covered by transparent 109 

glass cover at top and thermal insulation at bottom for minimizing the heat losses. The riser tubes 110 

integrated with the absorber plate to collect and transfer the heat to the working fluid. The solar 111 

radiation penetrates over the transparent cover made up of glass and strike over the surface of the 112 

absorber plate, which has an extremely higher rate of absorptivity. The absorber plate is designed 113 

to collect the maximum amount of solar energy possible. By minimizing the stationary air 114 

formulation between the glass cover and the heated absorber plate, decreases absorber plate heat 115 

loss caused by the wind. It also aids in decreasing the collector's radiative heat losses by making 116 

wave length of in the range of 3-100 μ released by the heated plate. The nano fluid running within 117 

the risers absorbs a large amount of heat energy received by the hot absorber plate. Figure 1 118 

represents astructure of the FPSC. The size and characteristics of the FPSC are listed in Table 2. 119 



This section includes the equations that were utilized to describe the flat plate collector 120 

(FPC). The system, nanofluids and fluid flow area are all detailed and modelled in the following 121 

sections. The analytical work is carried out with an assumption that the system properties are not 122 

varies with time and the heat flows are homogeneous. In theoretical analysis, all of the risers have 123 

equal flow rate, whereas the central axis connecting the risers and absorber plate are both in the 124 

same path (refer Fig. 1) 125 

 126 

Fig.1.Schematic layout of flat plate solar collector 127 

Table 1 128 

Design parameters for the solar collector under investigations 129 

Sl.No Parts Specifications 

1 Collector area (Ac) 2 m2 

2 Riser tubes length (L) 2000 mm 

3 Collector tilt angle (β) 15° 

4  Back insulation thickness (tb) 50 mm 

5 Side insulation thickness (ts) 25 mm 

6 Absorber plate thickness (tp) 0.454mm 

7 Absorber plate thermal conductivity (kp) 384 W/m K  



8 Absorbance(α) 0.962 

9 Transmittance(τ ) 0.87 

10 Number of glass cover (N) 1 

11 glass covers emissivity of (ɛc) 0.88 

12 Ambient temperature 25°C 

13 Emissivity of absorber plate (ɛp) 0.92 

14 Distance between risers (9 Nos) (W) 95mm 

15 Riser pipeinner diameter (Di) 9.5mm 

16 Riser pipeouter diameter (Do) 10mm 

17 Diameterof the header pipe(D) 25mm 

18 Speed of the wind (Vw) 1 m/s 

19 Incident solar radiation (It) 800 Wm-2 

 130 

2.1 Energy Analysis. 131 

The useful gain that transfer to the working fluid of flat plate collector is evaluated by using 132 

the Eq. (1) ( Ozil and Yaşar 1987): 133 

 . .u t c LQ I A U                                                                                                         (1) 134 

In the equation 1 It represents solar energy input to the FPSC per area, Ac indicates area of absorber 135 

plate that receives the input energy, (𝜏𝛼)is the combined influence of transmittance of glass cover 136 

and the absorptance of absorber plate surface and ULshows the overall loss coefficient of the 137 

collector. 138 

 A flat plate collector's efficiency (η) is defined as the proportion of usable energy (Qu) to 139 

total incident solar energy on the solar collector area: 140 

Efficiency = 100
tc

u

IA

Q

                                                                                                                                         

(2)

 

141 



The energy loss from the collector is shown in Ql. Eq. (3) (Duffie and Beckman 2013), it includes 142 

all the losses happens by the three modes of heat transfer. 143 

 
opCll TTAUQ  .

                                                                                                         
(3) 144 

Tp andTo indicate absorber plate and the surrounding environment temperature, 145 

respectively. Further, Ut, Us and Ub represents top loss, bottom loss and side loss from the 146 

systemThe summation of all three losses yields the total heat loss from the system. 147 

sbctl UUUU 
                                                                                                        

(4) 148 

Eq.(5) gives the top loss coefficient (Ut); 149 
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where   151 

ɛpl =     Absorber plate Emissivity 152 

ɛg = Glass cover emissivity  153 

σ  = Stefan–Boltzmann constant 154 

hc =     Wind heat transfer coefficient 155 

N = quantity of glass cover   156 

The convective heat loss coefficient between FPSC and ambient air are evaluated by the 157 

Eqs. (6)-(8) (Ozil and Yaşar 1987). Further, the constants f and C is given by 158 

4.0

6.0
6.8

L

V
h W

c              (6) 159 

                          
  21 0.056 1 0.04 0.0005

c c
f N h h   

                                         
(7) 160 

 21 0.00883 0.0001298 365.9C                                                             (8) 161 



Where,Vw and L are the wind speed and collector length, respectively. The heat loss happens at 162 

the bottom of the collector is directly proportional to the thermal conductivity (kb) of the insulation, 163 

bottom heat loss coefficient (hb) and indirectly proportional to the thickness of insulation (tb). 164 

It is evaluated using the relation as follows (Mahian et al.2014): 165 

bb

b
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t
U

1

1


                                                                          (9) 166 

The energy loss from the edges of FPSC is given by Eq. (10).  167 
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           (10) 168 

Where, tb denotes the thickness of the insulation in the bottom region, ts denotes the thickness of 169 

the insulation edge, and kb denotes the thermal conductivity of the insulation in the bottom surface. 170 

ks is the insulation's thermal conductivity at the margins and As is the area of the edges' surface. 171 

Ut and Ul are depending on the temperature of the absorber plate Tp, as shown in Eq.(11). As a 172 

result, Eq.(11) (Kalogirou 2009) is provided as an equation to determine the plate temperature: 173 

 R

LRc

u
inp F

UFA

Q
TT  1            (11) 174 

Where FR stands for heat removal coefficient and may be computed using the following 175 

Eq.(12) (Kalogirou 2009) 176 
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In the Eq.(13) (Kalogirou 2009), F' represents the collector efficiency factor. The following 178 

formula can be used to compute the factor: 179 
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In the above equation W indicates the tube spacing, D represents riser tube diameter at outer side, 181 

hf indicates coefficient of heat transfer and Di denote, riser tube diameter at inner side respectively. 182 

The fin efficiency of the collector is evaluated using the relation as follows (Kalogirou 2009): 183 

 
 

tanh / 2

/ 2

W D m
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W D m

  


           (14) 184 

Where, m=
pp

L

tk

U
in which thermal conductivity and absorber plate thickness are represented by 185 

kp and tp, correspondingly. 186 

For laminar flow conditions, the internal heat transfer coefficient (hf) is calculated using 187 

Eq.(15). 188 
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The Eq.(16) and Eq.(17) give the Reynolds and Prandtl numbers, expressed in the following 190 

way. 191 

nfi
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Where, (
.

rm ) seem to be the flow rate (kg/s) of nano fluid riser tube. The Eq.(18) can be used 195 

to determine the temperature of working fluids at their outlet. 196 

p

u
inout

Cm

Q
TT

.
                                                                                  (18) 197 

2.2 Exergy Analysis 198 

Exergy refers to the transformation of available energy into productive work or energy and so 199 

specifies the compactness of the thermal system. Exergy efficiency is the maximum amount of 200 

useful work that a system may generate, and it is defined as follows: 201 



sun

u
ex

E

E
                                                                                             (19) 202 

Where, Eu and Esun are the collector's and sun's exergy outputs, respectively. Eq.(20) 203 

(Okonkwo et al.2019; Ratlamwala et.al.2019) can be used to determine solar exergy: 204 
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Eq. (21) compensates for the irreversibility caused by pressure losses and heat transfer in the 206 

system (Ratlamwala et.al.2019) , which may be used to calculate the collectors' exergetic output:207 

ff

o

in

out
opu

T

P
mT

T

T
TCmQE














.
.

..

ln.                                         (21) 208 

Where, P is the pressure decrease in the system 209 

2.3 Entropy generation for FPSC 210 

The work lost (Wlost) to the environment is required to calculate the collector's entropy 211 

generation rate and its relationship is represented by Eq.(22) (Okonkwo et al.2019). 212 

o
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                            (22) 213 

The exergy loss to the environment is calculated as follows (Mahian et al.2014). 214 
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                                        (23) 215 

It gives the quantity of energy lost (Ed) in the collector like a function of device irreversibility 216 

(Padilla et al.2014). 217 

fs TdPdTdd EEEE   ,

.

,

.

,

..

                                                         (24) 218 

The exergy lost due to friction that happens between flowing fluid and collector wall surfaces, 219 

enhances the drop in pressure and pumping power. It is calculated as follows: 220 
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                                         (25) 221 

The loss of exergy occurs due to temperature difference between the Sun (Ts) and the heated 222 

absorber plate (Tp) is sE Td ,
.

which is given by (Padilla et al.2014). 223 
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The exergy lost due to movement of the hot fluid inside the collecting tubes
1

.

, fd TE  can be 225 

evaluated using the following formula: 226 
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The entropy generation is evaluated by using the Eqs.(21)–(25) and  Eq.(28). 228 
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 (28) 229 

The Bejan number indicates the fraction of entropy generation that happens in the system only due 230 

to the heat transfer process. it is evaluated by 231 
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                                                                                                                 (29) 232 

3. Determination of Hybrid Nanofluids Properties   233 

The correlations used to predict and characterize the thermal characteristics of Zn-Fe2O4 234 

Hybrid Nanofluids were obtained from the literature. The base fluid (bf) was used to define 235 

nanofluid, which consisted of a hybrid nanoparticle of Zn (np1), Fe2O4 nanoparticle (np2), and the 236 

hybrid nanofluids (hnf). The effect of using conventional single nanofluid at medium and high inlet 237 

temperatures was investigated for any nanoparticle with a particle volume fraction (φ) of 0.5 238 



percent, while the calculated results for hybrid nanofluids occurred under different conditions for 239 

two distinct methods with a volume concentration (φtot) of 0.5 percent. This overall particle volume 240 

fraction was split into 50:50 mixing fractions, resulting in a volume fraction of 0.25% for each 241 

nanoparticle. The total volume fraction is defined by the following equation, which may be used 242 

to characterize nanofluid in single or hybrid nanofluids. 243 

The total volume fraction of hybrid nanofluids with conventional fluids obtained, as 244 

illustrated in Eq. (30) (Takabi et al.2014). 245 

  
21 npnptotal  

                                                                                            
(30) 246 

The density of hybrid nanofluids is described in Eq. (31) and it has been discussed in several 247 

research papers (Bellos and Tzivanidis 2018; Rasih et al. 2019).  248 

   bftotalnpnpnpnphnf  .1.. 2211 
                                                                              

(31) 249 

To address single and hybrid Nanofluids, the specific heat capacity formula in Eq. (32) is utilized. 250 

Therefore, its capacity to cover a wide variety of particle volume concentrations as well as its 251 

application in various nanofluid types, this formula has been frequently utilized in the literature 252 

(Rasih et al. 2019). 253 
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    (32) 254 

The thermal properties of nanofluids had been calculated using Maxwell correlation, as indicated 255 

in Eq. (33) (Rasih et al. 2019; Maxwell 1873), which was expanded to include hybrid and single 256 

nanofluids. 257 
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      (33) 258 

The dynamic viscosity of the nanofluid was estimated using the Brinkman model correlation, as 259 

stated in Eq. (34) (Brinkman 1952), 260 

 









5.21
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 bfhnf

                                                                                                                           

(34) 261 

The correlations that were utilized to describe the thermal characteristics of hybrid nanofluids were 262 

often taken from the earlier work, by (Mwesigye and Huan 2015) investigation pointed out. The 263 



following equations are applied for evaluating the properties of heating fluid is described below 264 

(Mwesigye and Huan 2015). 265 

TCpbf

310.70736.110787.1 
                                                                                   (35) 266 

3 2 2 30.1291 10 1.52115 0.179133.10 1.671545bf T T T
      

                                       
(36) 267 

40.9013 1.88053 10bfk T
  

                                                                                          
(37) 268 

Eq. (38) for 343 ≥T ≥ 233.15 K and Eq. (39) for 673.15 ≥T ≥343 K illustrate characteristics of 269 

dynamic viscosity as function of inlet temperature of the fluid. 270 

4 2 2 3 3 6 4 9 5

10 6

5.14 10 (9.6165.10 ) (7.502 ) (0.31246.10 ) (0.7322.10 ) (0.01463.10 )

(0.47562.10 )

bf T T T T T

T

  



           

 
(38) 271 

1 2 2 5 3 8 49.8856.10 (7.309 10 ) (0.221917 10 ) (0.342377 10 ) (0.26683 10 )bf T T T T
                 (39) 272 

With respect to the findings, prior fundamental correlations described in this part is used to 273 

describe the thermal characteristics of these revised heat transfer fluids in terms of their capacity 274 

to forecast an acceptable outcome, as well as the lack of unique relationships to include oil in a 275 

high temperature range. In this work, the Nusselt number was utilized to address the hybrid 276 

nanofluids, whether it was for the conventional fluids, a single nanofluids, or to estimate the fluid's 277 

heat transfer coefficient. Because of its capability to cover diverse kinds of nanofluids, including 278 

alkali metals, Gupta’s relation, as indicated by Eq.(40), was used to evaluate the Nusselt number 279 

for the hybrid nanofluids. The correlation was valid up to the volume concentration ratio of 0.1-280 

0.5.%. This equation is applied to the Nusselt number for the hybrid energy system as a 281 

consequence of this investigation (Gupta et al.2015). 282 

0.4896 0.2847 0.10170.2437Re PrNu                                                                              (40) 283 

To include the resulting value of distinct monotypes, the Nusselt number for single nanofluid was 284 

calculated using Maiga’s correlation. As a result, the validity of this equation has been 285 

demonstrated for a variety of nanoparticle kinds in a laminar environment. Equation 41 is utilized 286 

to calculate the Nusselt number is describing below (Maiga et al.2005).  287 

     
0.55 0.50.086Re PrNu                                                                                            

(41) 288 



Table 2. Properties of the base fluid, Zn and Fe2O4 nanoparticles 289 

Sl.No Properties Water ZnO Fe2O4 

1 Thermal conductivity (W/mK) 0.52 29 80.4 

2 Specific heat (J/kg K) 4.187 514 670 

3 Density (kg/m3) 1000 5600 5180 

 290 

4. Results and discussion 291 

 The performance assessment of Zn-Fe2O4/water nanofluids was theoretically studied and 292 

the results obtained in this research work are presented in this section. Moreover, the second law 293 

analysis of the Zn-Fe2O4/water with various concentrations with respect to different mass flow 294 

rates has been discussed. 295 

Fig. 2 elucidates the variation of collector thermal efficiency with respect to the mass flow 296 

rate for different concentrations of hybrid nanofluids. The studies were accompanied by a constant 297 

solar thermal intensity and an atmospheric temperature of 1000 W/m2 and 25°C. The inlet collector 298 

temperature was assumed to be 27°C. The most influencing parameter which effects the solar 299 

thermal collector performance are mass flow rate, charactertics and concentration of nano 300 

particles. For all types of working fluids, the collector's thermal efficiency improves as the mass 301 

flow rate increases. The mass flow rate is exactly proportional to the Reynolds number as a result 302 

of this. This is significant because the heat capacity of the flowing fluid increases with Reynolds 303 

number and lower the mean wall temperature of the solar collector, lowering system thermal 304 

losses. 305 

 It can be observed that the system efficiency of FPSC with Fe2O4/water nanofluid have 306 

significant performance improvement as it compared with water flows at a mass flow rate of 0.01 307 

to 0.1kg/s. However, the system with a hybrid nanofluid composed of zinc and ferrite appears to 308 

be superior to the ferrite nanofluid, indicating that the zinc addition with ferrite nano-particles 309 

synergistically enhances the system's performance. The collector efficiency has increased 310 

significantly with the increase of Zn-Fe2O4/water hybrid nanoparticles in water. It is obvious that 311 

the efficiency surged steeply up to a value of 0.03 kg/s and then slowly till 0.1 kg/s. The increment 312 

in performance was insignificant beyond value of 0.06 kg/s. Furthermore, the highest collector 313 



efficiency for the FPSC system with a 0.5 percent concentration of Zn-Fe2O4/water hybrid 314 

nanofluids was increased by 6.6% when compared to Fe2O4/water nanofluids. Because nanofluids 315 

have a greater thermal conductivity, reduces the overall thermal resistance throughout the FPSC, 316 

the reduces the local thermal barriers will decreases considerably at higher flow conditions. 317 

 318 

Fig. 2. Collector efficiency v/s mass rate. 319 

The improvement in heat transfer coefficient of the system with the increment in rate of 320 

flow rate is depicted in Fig.3. The heat transfer coefficient was weak for the water based FPSC 321 

system. The FPSC system with Fe2O4/water nanofluid shows that the better heat transfer 322 

coefficient was raised by 25.8% compared to conventional fluid. But, the system with hybrid 323 

nanofluid is significantly high related to the conventional fluid and Fe2O4/water nanofluid systems 324 

for the corresponding mass flow rates. Improved heat transfer properties were evaluated by the 325 

viscosity of nanofluids and effective thermal conductivity. The heat transfer coefficient enhances 326 

with the raise in the concentration of hybrid nanofluids. The higher heat transfer coefficient can 327 

be characterized for the FPSC system with a 0.5% hybrid concentration at a flow rate of 0.1 kg/s. 328 

When compared to Fe2O4/water nanofluid for the identical operating conditions, the convective 329 



heat transfer coefficient of Zn-Fe2O4/water hybrid nanofluid was increased by 10.3% to 42.05% 330 

for the ϕ values varying from 0.02 to 0.5 percent. This improvement is shown to be enhanced at 331 

higher temperatures, implying that more effective energy is generated at these temperatures due to 332 

a lower heat loss coefficient, resulting in increased efficiency. As a result, it's easy to see how the 333 

greater concentration and fluid flow rate would improve the system's heat transfer coefficient. 334 

 335 

Fig. 3. Deviation heat transfer coefficient as a result of mass flow rate and volume 336 

concentration 337 

The variations in first law and exergy efficiency pertaining to the Reduced Temperature 338 

Parameter (RTP) are plotted in Fig.4. The system with three types of fluids, namely, water, 0.5% 339 

Fe2O4/water nanofluid, and 0.5% Zn-Fe2O4/water hybrid nanofluid, is taken for consideration for 340 

a constant solar heat flux of 1000 W/m2 and a mass flow rate of 0.01 kg/s. The performance of the 341 

collector decreases with an increase in the reduced temperature parameter. This occurs because as 342 

RTPs increase, the temperature of the absorber plate rises, increasing heat losses to the atmosphere. 343 

Further, when the operating temperature of the FPSC increases, the density and viscosity of fluids 344 

seem to be reduced, which reduces the performance of the collector. Hybrid nanofluid with a 0.5% 345 

concentration is considered for this plot owing to its contribution to an 8.4%improvement in 346 

collector efficiency as compared with water due to the enhancement in convective heat transfer 347 

coefficient. Energy efficiency, on the other hand, showed a steadily rising trend in relation to the 348 



increase in the reduced temperature parameter. This rise occurred due to that presence of more 349 

thermal energy to be converted into useful heat gain in the collector. While the black absorber 350 

plate attains thermal equilibrium with the sun, the exergetic performance of the system increases 351 

and reduces the energy destruction rate.  The comparison study   between the three working fluids 352 

results that, the hybrid nanofluid has the highest exergetic performance due to its superior thermal 353 

conductivity qualities. The maximum exergetic performance of 5.36 % was obtained for the 354 

reduced temperature parameter of 0.03 Km2/W. Further, a rise in mass flow rate decreases the 355 

performance due to a rise in pumping power. 356 

T 357 

Fig. 4. Exergy and thermal performance of FPSCas a function of RTP 358 

Figure 5 portrays the variation in exergy efficiency with regard to mass flow rate and 359 

volume concentration of Zn-Fe2O4/water hybrid nanofluids. A value of 3.73 % exergy efficiency 360 

was recorded for a mass flow rate of 0.025 kg/s and a volume concentration () of 0.5. The 361 

maximum exergy performance was obtained with the minimum value of flow rate and maximum 362 

volume concentration. The exergy efficiency shows a declining trend with the mass flow rate and 363 

improving fashion with the volume concentration of hybrid nanofluids. This occurs because the 364 

exergy destruction rate improves with increase in fluid flow rate owing to the limited temperature 365 



differential between the FPSC components such as the sun, absorber plate, absorber tube, and 366 

working fluid. Increased pressure drop at greater flow rates, on the other hand, lowers average 367 

fluid temperature and increases exergy destruction owing to friction. 368 

 369 

Fig. 5. Influence of fluid flow rates and particle volume concentrations on exergy efficiency 370 

Figure 6 depicts the exergy losses and exergy destruction of FPSC system with respect to 371 

fluid flow rate for the collector operates with various working fluids. The investigation was carried 372 

out at a steady solar heat flux of 1×103 W/m2 with the atmospheric temperature of 25°C and the 373 

inlet collector temperature was assumed to be 27°C. It is vividly understood that the destruction 374 

of exergy monotonically raised with the increment in fluid flow rate inside the riser tubes. The 375 

increment was initially significant and became less at the higher fluid flow rates. It indicates that 376 

the generation of entropy was high at the augmented mass flow rates. On the other hand, the exergy 377 

loss of the FPSC system drops with increased mass flow rates. Similar to the exergy destruction, 378 

the loss in exergy was considerably reduced till the value of 0.04 kg/s and less significant 379 

afterwards. When the mass flow rates are raised, the heat transfer to the ambient are reduced 380 

because the Reynolds number is increased, leads to rapidly removes energy from the walls of the 381 

solar collector's absorber. Compared to the nanofluids, the exergy destruction and exergy loss were 382 



expressively higher for the water. Further, Zn-Fe2O4/water hybrid nanofluid recorded lesser exergy 383 

destruction and exergy loss with the increment in mass flow rate compared to the nanofluid 384 

containing Fe2O4 nanoparticles. The fluid decreases exergy destruction and losses by a maximum 385 

of 3.7% when compared with water. On the whole, the hybrid nanofluid was assisted to reduce the 386 

irreversibility of the FPC system substantially, compared to other fluid fluids. As the Reynolds 387 

number raises considerably, the heat resistance within the collector decreases. 388 

 389 

Fig. 6. Influence of mass flow rate on Exergydestructionandexergy losses 390 

 At a constant solar thermal intensity of 1×103 W/m2 and a fluid flow rate of 0.01 391 

kg/s, Fig.7. illustrates destruction in exergy values and losses in exergy values as a function of 392 

ΔT/I. Among the exergy input values only around 3–5.5% is converted to usable energy, since the 393 

rest is lost due to exergy losses and exergy destruction factors. As the sun's energy is collected by 394 

the collector, the system's total exergy is depleted. It's because of the large thermal gradient among 395 

the solar collector and the source; as the temperature variation decreases, the destruction inexergy 396 

is minimized to a lesser extent. It's also been found that utilizing hybrid Zn-Fe2O4/water nanofluids 397 



reduces the force of losses in exergy of the FPSC by maximum of 2.84 percent. Fe2O4/water 398 

nanofluids have also been shown to effectively reduce the rate of irreversibilities with in process. 399 

The increased thermal conductivity properties of nanofluids are the reason for this. However, when 400 

it comes to exergy losses in the system, Zn-Fe2O4/water hybrid nanofluids are a superior 401 

alternative.  402 

 403 

Fig. 7. Exergy losses and destruction as a function of (ΔT/I) 404 

Figure 8 depicts the changes in entropy generation and Bejan Number for the Reduced 405 

Temperature parameter. It is also fascinating to note that the accumulation of entropy gradually 406 

decreases in water for 0.5% Fe2O4 nanofluid as well as for 0.5% Zn-Fe2O4/water hybrid nanofluid 407 

as the working fluids have increased the reduction temperature parameter (Ti – Ta )/It .The inability 408 

of a system to convert available energy into useful tasks is shown by entropy generation. It is not 409 

typically advised to generate entropy at a faster rate. The entropy generation rate for the 0.5 percent 410 

Zn-Fe2O4/water hybrid nanofluid is 5.39 W/K, whereas it is 5.41 W/K for 0.5 percent Fe2O4/water 411 

nanofluids and 5.43W/K for water, respectively, among the selected working fluids. The physical 412 

significance of the Bejan number is shown in Eq (29). It is a non-dimensional number that 413 

represents the proportion of entropy generated by thermal energy transfer to the overall entropy 414 



generated by thermal energy transfer plus irreversibility induced internally by pressure drop and 415 

frictional losses happens at adiabatic conditions. A shift toward a greater Bejan number indicates 416 

that the system's dynamic responsiveness has improved. The Bejan number falls when the 417 

reduction temperature parameter is increased for a constant particle volume concentration. 418 

Because entropy generation due to ΔP is less than that provided by irreversibility, the decrease in  419 

Bejan number is progressive rather than rapid. 420 

 421 

Fig. 8. Influence of ΔT/I on Bejan number and entropy generation of FPSC 422 

 Conclusions 423 

An analytical study was performed to assess the effectiveness of a thermal flat plate solar 424 

collector using water, Fe2O4/water nanofluid, and Zn-Fe2O4/water hybrid nanofluid as working 425 

fluids at various flow rates for varied volume concentrations. The developed regression polynomial 426 

form was use to calculate the thermal properties of all the working fluids. On the use of MATLAB 427 

codes, thermal model for the FPSC was solved and the first and second law-based performances 428 

were evaluated. 429 

The following points highlight the key conclusions in the results. 430 



 At a nanoparticle concentration of 0.5%, Zn-Fe2O4/water hybrid nanofluid provides a 431 

thermal enhancement of 6.6 % in the collector when compared to Fe2O4/water nanofluid. 432 

When compared to water, single nanofluids improve the collector's thermal performance 433 

by 7.83 %. 434 

 While hybrid nanofluids give a superior thermal alternative than water and single 435 

nanofluids, they also showed a8.24% increase in exergetic efficiency over Fe2O4/water 436 

nanofluids. 437 

 Whereas nanoparticles improve the performance of heat transfer fluids, there is an best 438 

possible volume concentration of nanoparticles beyond which its usage in a fluid is 439 

becomes less helpful to the energy and exergy transfer rate. 440 

 The convective heat transfer flux in the flow area is significantly increased by nanofluids. 441 

Fe2O4/water nanofluids and Zn-Fe2O4/water hybrid nanofluids both show a 25.8% and 442 

52.6% increase in heat transfer coefficient, respectively. 443 

 Exergy destruction due to energy transfer between the FPSC and the source attributed for 444 

13.8% of total exergy destruction across the FPSC, whereas destruction in exergy due to 445 

friction recorded for the lower amount of exergy destruction at 0.05 % of total exergy 446 

destruction. 447 

 The greater enhancement in nanofluid thermal conductivity values, significantly reduces 448 

the of entropy generationrate in the system as the nanoparticles concentration in the fluid 449 

increases. 450 

 The magnitude of entropy formulation in the FPSC increases when the mass flow rate is 451 

raised due to higher pumping losses happens in the system. 452 

 The magnitude of mass flow rate are higher, the Bejan number is reduced due to the raise 453 

in pumping power losses.  454 
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