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ABSTRACT: Most of the global energy demand is related to the residential and commercial sectors. 

This significant share in the energy demand portfolio also shows a significant share of greenhouse 

gas emissions from the great cities. This is why renewable and other cleaner energy sources have 

been attractive in the last three decades. Solar collectors, energy storage, and photovoltaic cells are 

the most suitable clean technologies applicable to generate and store electricity, cooling, and heating 

demand in the residential sector. Due to this increasing attractiveness, much research has been done 

on those technologies to increase the systems' efficiency. One of the most important methods  

to improve these systems' performance can directly improve thermal conductivity and heat transfer. 

In this study, the collector is modeled in the system's fluent software and the main parameters  

are estimated for different nanoparticles. Then an exergy analysis is done to find the entropy generation and 

exergy destruction of the system to detect the main sources of the irreversibility in the system. Also, 

the effect of different parameters is studied on the exergy efficiency of this system. The results show 

that the value of temperature generation in cold climates has been higher than in hot climates, and 

increasing the inflow and collecting water level has increased consumer water Temperature. Using 

copper nanofluids increases solar water heaters' efficiency by up to 67%, while aluminum oxide and 

copper oxide nanofluids have 74% and 47% efficiency, respectively. 
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INTRODUCTION  

In Indirect (or volumetric) collectors, light is absorbed 

by volume, while other collectors, such as flat-panel 

collectors, absorb sunlight by the surface, which raises the 

surface Temperature and, consequently, increases heat loss  

 

 

 

on the surface. The outdoor environment leads through the 

surface [1]. Under the same conditions, the solar collector 

shows direct absorption (volumetric) due to the removal  

of pipes, also shows less heat resistance against  
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the conversion of sunlight into useful heat [2]. The sun, 

which receives energy through particle-filled liquids 

(liquid-particle suspensions), has been analyzed by various 

researchers using theoretical and experimental methods. 

One of the first direct absorption collectors using a liquid-

working fluid was a collector, which was tested using a 

black fluid (Indian ink-water) to absorb radiation directly 

and improve efficiency in the late 1970s [3]. This black 

fluid was a solution of black particles with micron-sized 

aggregates in transparent, spiral, flowing, and exposed to 

sunlight plastic tubes and Chang stated in his research that 

due to the removal of metal from the collector building and 

glass and plastic and reducing costs, corrosion problems 

would also be eliminated [3]. In recent years, researchers 

have studied the effect of using nanofluid (liquid-

nanoparticle suspension) as a working fluid on improving 

the efficiency of direct absorption solar collectors 

compared to flat-panel collectors (Sharpen). As the first 

research, Tiagi et al. [4] Examined aluminum in water 

numerically and concluded that under similar operating 

conditions, a 10% increase in efficiency is achieved by 

using a new collector compared to a conventional flat plate 

solar collector.  The first experimental study on solar 

collectors for direct absorption of nanosilbyanes was 

conducted by Ethanikar et al. Using graphite 

nanoparticles, carbon and silver nanotubes were confirmed 

compared to conventional collectors. He co-authored 

Golden with another study on the economic use of 

nanofluids in solar collectors. According to their results, 

solar collectors containing nanofluids have higher thermal 

efficiency and less compensatory energy than 

conventional collectors [6]. The results of research 

conducted by Atanikar et al. [7] on the effect of 

nanoparticle size on thermal performance showed that the 

smaller the particle diameter, the higher the collector 

efficiency. 

Virarajavan et al. [8] presented an analytical model  

for the design of solar volumetric collectors. They investigated 

the base fluid of the 1-VP terminal with graphite 

nanoparticles in a channel one centimeter deep and 

concluded that the system efficiency was about 35% 

during the 0.86 dimensionless comes. 

Lajevardi et al. [9] numerically investigated the 

application of graphite nanofluids to absorb solar 

radiation. Their results showed that graphite nanofluid 

with a volume component of 0.000025% absorbs more 

than 50% of the input radiation; While, only $ 0.0045 per liter 

increases the cost. 

All thermodynamic processes involve irreversibility 

that reduces system performance. The amount of this 

irreversibility is determined by the entropy production 

rate. Heat transfer and entropy production indirect 

absorption solar collector containing copper-water 

nanofluid has been investigated by Parvin et al. [10]. Their 

study focused on the effect of the nanoparticle volume 

component and Reynolds number on the Nusselt number, 

entropy production, and collector efficiency. The results showed 

that increasing the volumetric component and Reynolds number, 

Nusselt number, and entropy production increases. 

Gupta et al. [11] conducted an experimental study of 

direct absorption solar collectors. The experiment was 

performed using four different volume fractions, with 

Al2O3 nanoparticles measuring 20 nm. The results 

showed that nanofluid use as the operating fluid improves 

the radiative and thermophysical properties, which 

increases the collector efficiency. In another study, they 

investigated the effect of discharge on direct absorption 

solar collectors' efficiency using Al2O3-H2O nanofluids. 

the collector efficiency for flow rate 1.5 lpm and 2 lpm  

has increased by 4.2% and 8.1% [12].  

Karami et al. [13] investigated the performance of 

direct absorption solar collectors for residential 

applications by designing and constructing a device 

according to EN 2-12975 [14] and built a prototype of this 

type of collector for domestic water heater use. 

Experiments were performed with different discharges in 

the two inner states of the absorber and reflector collectors. 

The collector efficiency with the adsorbent's internal 

surface was about 4.11% higher than the reflector's 

internal surface at 90 l/h flow. To evaluate the collector's 

performance using metal oxide nanoparticles in the 

working fluid, they prepared copper oxide nanofluid. They 

observed that by increasing the nanofluid volume fraction 

and its discharge, the collector efficiency improves by 

about 9-17% compared to the base fluid [13 ]. In the 

research of Delfani et al. [15], it was found that the 

efficiency of direct adsorption collector using carbon 

nanotube nanofluid is about 10-29% higher than its 

efficiency with base fluid. Vakili et al. [16] investigated 

volumetric solar collectors' performance in domestic  

hot water systems using graphene nanofluid nanofluids. 

The results showed that the collector efficiency increases  
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with increasing mass fraction. The best collector efficiency 

is achieved at a flow rate of 0.015 kg / s for nanofluids and 

base fluids based on the results. The percentage of 

efficiency improvement in the mass fraction of 0.005 and 

the flow rate of 0.015 kg/s compared to the base fluid is 

23.2%. Table 1 summarizes the studies performed on solar 

collectors by direct low-temperature adsorption with 

nanofluid operating fluid. 

Considering the research process on direct solar 

absorption collectors, it can be concluded that this issue 

has become one of the topics of interest for various 

researchers in recent years. On the other hand, following 

research on nanofluids, researchers have recently begun  

to use hybrid nanofluids by mixing dissimilar nanoparticles  

in a base fluid. The idea of using hybrid nanofluids is  

to further improve the properties of hybrid nanofluids  

such as heat transfer and pressure drop by considering  

the advantages and disadvantages of each nanofluid 

separately [17].  Considering the literature in this field, 

there is a gap in the comparative studies of different 

nanoparticles, which can help industry members to select 

the most suitable nanoparticle in the solar collectors. 

Another gap is that entropy generation and exergy analysis 

in nanoparticle systems are very rare and less attractive. 

This study tries to fill those mentioned gaps and 

investigates the differences between using different 

nanofluids and their performance in simulating a solar 

water heater system with flat plate collectors. For this 

purpose, copper, copper oxide, and aluminum oxide 

nanofluid particles have been selected based on water.  

These nanoparticles are being studied using exergy and 

energy analysis, and their performance in the solar 

collector system is compared.  

 

EXPERIMENTAL SECTION 

Problem formulation 

Fig. 1 shows the geometry of the problem. The two 

cylinders have constant Temperature boundary conditions, 

and the Temperature of the inner cylinder is higher than 

the outer cylinder. Both the inner and outer cylinders rotate 

at a constant angular velocity in a clockwise and 

counterclockwise direction [18, 19]. And we consider the 

clockwise rotation to be negative, and the problem is 

solved in steady and calm conditions, the nanoparticles 

with base fluid are in thermal equilibrium conditions,  

and the relative velocity between them is zero [20]. 

The thermophysical properties of a fixed fluid  

are considered, except for the density, calculated using  

the Bozinsky approximation. Due to the low velocity  

in the heat transfer phenomenon, the composite displacement 

term of the viscosity loss in the energy equation has been 

omitted. The properties of water and nanoparticles  

can be seen in Table 1. According to this table, it is clear 

that nanoparticles' thermo-physical properties with a base 

fluid such as water are very different. The problem is 

investigated in two-dimensional mode, and the cylindrical 

coordinate system r is used. The radial coordinates φ start 

from the upper part of the circular space's vertical axis i 

n a counterclockwise direction. Dimensional parameters 

are defined as Eqs (1) and (2) [21, 22]. 

L = ro − ri              R =
r

L
             UR =

urL

v
                    (1) 

Uϕ =
uϕL

v
               P =

pL2

ρv2
          θ =

T − Tc

Th − Tc

 

Gr =
gβ(Th − Tc)L3

v2
                       Pr =

v

α
                        (2) 

It should be noted that kinematic viscosity is used for 

dimensionless velocity. Using this method, the velocity is 

converted to a Reynolds number, which can better interpret 

the results. The equations of continuity, mass, momentum, 

and energy are dimensionless as follows [23, 24]. 
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Border conditions are mentioned as follows [25]: 
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Table 1: Thermo-physical properties [22]. 

Parameter Al2O3 Cu CuO 

Density, kg.m-3 3890 8978 6000 

Heat Constant, kJ.oK-1 880 381 551 

Conductivity, mS/cm 35 3876 33 

 
 

 
 

Fig. 1: Problem geometry with various parameters. 

 

{
R = Ri, θ = 1
R = Ro, θ = 0

                                                              (7) 

Nanofluid viscosity can be estimated using the basic 

fluid viscosity based on Equation (8). This equation is 

proposed for low-concentration suspensions and spherical 

solid particles by reference [26]. 

μnf =
μf

(1 − φ)2.5
                                                                   (8) 

The density and thermal capacity of nanofluids are 

calculated using Equations (9) and (10). 

ρnf = (1 − φ)ρf + φρs                                                        (9) 

(ρCp)nf = (1 − φ)(ρCp)f + φ(ρCp)s                            (10) 

The thermal conductivity of nanofluids can be 

estimated using Equation (11); in this relation, n represents 

the shape coefficient of nanoparticles, and for spherical 

nanoparticles, its value is equal to 3. The Ref. [27] has 

proposed this Equation (11). 

Knf

Kf

=                                                                                     (11) 

KS + (n − 1)Kf − (n − 1)Kf − (n − 1)(Kf − Ks)φ

Ks + (n − 1)Kf + (Kf − Ks)φ
 

Due to the different epochs of the outer and inner 

cylinders, the speed limit conditions on these two cylinders 

are different. According to Equations (12) and (13), the 

local Nusselt number on two cylinders is defined as 

dividing the Nusselt number's real in pure conduction 

mode[28]. 

Nui =
−R

∂θ
∂R

Nucond

,            R = Ri                                            (12) 

NuO =
−R

∂θ
∂R

Nucond

,            R = RO                                         (13) 

Nucond represents the Nusselt number under net 

conduction heat transfer conditions in the above equations 

and is defined as Equation (14). 

Nucond =
1

ln (
ro

ri
)

                                                                (14) 

The mean Nusselt number is obtained by integrating 

the local Nusselt number around the cylinders as Equations 

(15) and (16) [29]. 

Nui
̅̅ ̅̅ ̅ =

1

2π
∫ Nui(ϕ)dϕ

2π

0

                                                 (15) 

Nuo
̅̅ ̅̅ ̅ =

1

2π
∫ Nuo(ϕ)dϕ

2π

0

                                                (16) 

Also, the algorithm of the numerical simulation  

of the system is shown in Fig. 2.  

 

Geometry and numerical method 

Fig. 3 shows the networked geometry of the problem. 

The governing equations are solved using the finite 

volume method based on the simple algorithm [30-33]. 

The pressure equation's discretization is done using the 

standard method, and the momentum energy equations are 

done using the first-order upstream method. Is. The 

following discount coefficients for pressure, density, 

buoyancy force, momentum, and energy are about 0.2 to 1. 

The number of iterations to converge under different 

conditions is about 2000 iterations, and the residuals  

for the equations of continuity, momentum, and energy are 

equal to 10-9, 10-11, and 10-15, respectively. 

In this study, the upper part of the collector is 

continuously absorbing solar energy while the collector's 

sides' vertical plates are insulated, and the lower plate  



Iran. J. Chem. Chem. Eng. Exergy Performance of a Natural Circulation Solar ... Vol. 42, No. 3, 2023 

 

Review Article                                                                                                                                                                  993 

 

Fig. 2: Typical algorithm of computational fluid dynamics 

solutions. 

 

 
Fig. 3: Example of a computational network. 

 

 

Fig. 4: shows a mesh in the two-dimensional channel of the 

desired results and a discussion of the geometry of the problem. 

 

of the collector is kept constant at Tc Temperature. High-

level concentrations are also considered higher than  

low-level is assumed(Cc <Ch). The nanoparticles are assumed 

to be spheres with a diameter of 5 nm and the amplitude of 

the wave Am=0.04 m, and the value of the wavelength  

λ = 3.5 for the absorber plate (Fig. 4) [34-36]. 

The two-dimensional steady-state channel is designed 

with insulation walls on either side. Solar energy radiation 

is absorbed by its top cover and directed to the absorber 

plate. It is located inside the nanofluid system, and its 

particles move due to heat transfer. To check the mesh's 

quality, the element's quality is a function of the scales 

being measured and is very suitable for estimating  

the mesh conditions created [37-43]. 

 

Independence from the network and validation  

of the numerical solution 

To ensure that the results are not dependent on the grid 

size, the value of the local Nusselt number on the inner 

cylinder for conditions Pr = 0.7 using three grids of  

15×60, 30×120, and 240×60 for normal displacement 

under the conditions specified in Fig. 5. Extracted and 

compared. Table 2 shows the mean Nusselt number values 

in the conditions of Fig. 5. According to the table, it is clear 

that the mean Nusselt number values in different networks 

are less than four percent different. The set of solutions 

performed in this study was performed using the 

mentioned network[44-49]. 

 

System modeling  

Solar Collectors consist of a control system, a flat panel 

solar collector, an energy storage tank, a pump, a flow 

separator, and a flow integrator. The absorber plate is  

the main component of the solar collector through which 

the action of absorbing solar radiation and transferring heat 

to the operating fluid is done. The absorber plate should 

have high thermal conductivity, high radiation absorption 

coefficient, low emission coefficient, and resistance to 

internal and external corrosion. The tank's energy 

dissipation coefficient is very important because it 

determines how fast the obtained energy is lost. The lower 

the value, the better the tank performance. When there is 

no current, some of the energy obtained is lost due to heat 

transfer from the walls to the outside and energy loss. 

Some of the heat generated is not solar and is provided by 

an auxiliary heat exchanger built into the energy storage 

tank. The number of auxiliary heat exchangers can also be 

determined. When a lot of energy is needed, only a heat 

exchanger is turned on, and this design is disabled  

Laminent layer 

Absorber plate 
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Table 2: Network size and average Nusselt number. 

Network size(r×ϕ), mm2 Mean Nusselt 

15×60 1.1801 

30×120 1.1791 

60×240 1.1071 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Mesh dependency analysis. 

 

 
Fig. 6: Schematics of a solar water heater . 

 

in the water storage tanks of water heaters. The heat 

transfer fluid must have a high specific heat capacity, low 

heat dissipation coefficient, high heat transfer, low 

viscosity, and no corrosion. The price of the fluid is very 

important, which should ultimately be affordable. 

Different nanofluids' behavior and efficiency have been 

investigated according to Temperature, velocity distribution, 

radiant heat transfer, and convection (Fig. 6) [50-53].  

In simulating the system with TRNSYS software,  

the weather information of the area or city understudy is 

needed. Therefore, two cities of Bandar Abbas and Tabriz 

have been selected from the eight cities whose information 

was available. Thus, each nanofluid's performance and 

comparison with other nanofluids is also examined  

in different climatic conditions. Introducing long times 

with short time intervals will lead to crowded charts, so 

the middle day is considered the year's hottest month (Table 2). 

 

Energy and Exergy Analysis 

Investigating the energy of a solar water heater system 

The amount of useful energy collected is obtained through 

Equations (17) and (18). 

Quseful = Qrecv − Qloss =                                               (17) 

AI(λk) − hA(Tcol − Tamb) 

Quseful = mcp(Tout − Tin)                                               (18) 

Where λ = surface displacement rate, k = adsorption 

rate by adsorbent, Tout = collector output Temperature, Tin 

= collector inlet Temperature, Tcol = collector 

Temperature, and Tamb = ambient Temperature. FR is a 

coefficient used to express the collector's efficiency and 

the ratio of actual useful energy to useful heat when  

the Temperature is the average Temperature of the fluid 

inside the collector. 

FR =
mCp(Tout − Tin)

AI(λk) − hA(Tcol − Tamb)
                                    (19) 

The flat panel solar collector's efficiency, which is the 

ratio of useful energy to solar energy, is calculated. 

η =
mcp(Tout − Tin)

AI
                                                         (20) 

η =
(FRAI(λk) − FRhA(Tm − Tamb))

AI
=                      (21) 

FR(λk) − FRh (
Tm − Tamb

I
) 

With the help of Navier Stokes equations for energy 

and concentration, a solar collector can be modeled.  

The state equations with the corresponding boundary 

conditions are transformed into a dimensionless form and 

are solved numerically by the finite difference method. 

Also, Exergy equations are used in the system to obtain 

exergy values. This Equation (22) is generally defined for 

solar flat panel collectors [38]: 

𝐸𝑥𝑖𝑛 + 𝐸𝑥𝑠 + 𝐸𝑥𝑜𝑢𝑡 + 𝐸𝑥𝑑 = 0   (22) 

The input exergy rate consists of two parts: the input 

exergy rate based on fluid flow and the input exergy rate 

based on the radiative exergy rate. The input exergy rate 

based on fluid flow is defined as Equation (23) [6]: 
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Table 3: Specifications of the energy storage tank. 

 Parameter assumption 

storage tank 
Volume 0.3 m3 

Heat loss coefficient 2.5 kJ.hm-2oK-1 

separator 

Inlet mass flow 100kg/h 

Reservoir Temperature 55 C 

Control Temperature 45C 

 

Exin = mcp (Tin − Ta − TaLn (
Tin

Ta

))                           (23) 

 

The exergy rate of absorbed radiation, which is part of 

the input exergy, is defined as Equation (24) [6]: 

Exs = ηoGtAp [1 − (
Ta

Ts

)]                                                (24) 

Ts is the sun’s temperature, Gt is glass transparency 

and Ap is the area of the collector. The sun's surface 

Temperature is equal to 5700 oK. The system is considered 

a bulk body in the above relation. The exergy rate of outlet 

fluid is described as follows: 

Exout = mcp [Tout − Ta − TaLn (
Tout

Ta

)]                      (25) 

Degraded exergy rate The collector itself consists of 

three degraded exergy rates according to Equation (27) 

[39]: 

Exd = Exd,Ts
+ Exd,P + Exd,Tf

                                        (26) 

As the degraded exergy due to the Temperature 

difference between the collector surface and the sun 

surface is equal to: 

Exd,Ts
= −ηoGtApTa (

1

Tp

−
1

Ts

)                                     (27) 

The adsorbent surface of the collector is introduced to 

the surrounding environment, the rate of exergy wasted 

due to heat loss with the environment, which is introduced 

by the following Equation (28) [6]: 

Exd,Tf
= −ULApTa(Tp − Ta) (1 −

Ta

Tp

)                        (28) 

Finally, the degraded exergy due to pressure drop  

in the collector is equal to [6]: 

Exd,p = −
mΔP

ρ
                                                                   (29) 

In the above relations, cp is the heat capacity of the fluid 

used in the collector, which in the case of using nanofluid, 

the heat capacity of the nanofluid is obtained from 

equation (30) [40]: 

Cp,nf =
ϕ(ρnpCpnp) + (1 − ϕ)(ρbfCpbf)

ϕρnp + (1 − ϕ)ρbf

                     (30) 

In this regard, the mass fraction of nanofluid and 𝐶𝑝𝑏𝑓 , 

𝜌𝑏𝑓And the heat capacity and density of the base fluid and 

𝐶𝑝𝑛𝑝  and 𝜌𝑛𝑝  are the heat capacity and density of the 

nanoparticles, respectively. The solar flat plate collector's 

exergy efficiency is defined as the difference between the 

inlet and outlet exergy of the operating fluid flow on the 

radiative exergy by the radiation source [17]. 

ηex =
cp [Tout − Ta − TaLn (

Tout

Ta
)]

GtAp [1 −
Ta

Ts
]

                               (31) 

To evaluate the exergy efficiency, one must first examine 

the different exergy rates in the solar flat plate collector. 

 

RESULTS AND DISCUSSION  

Collector simulation results 

In this study, the problem was calculated using a 

pressure-based solver, independent of time. The PISO 

procedure was used despite the higher computational cost 

due to the higher accuracy of the calculations. The system 

will be solved in the state of natural displacement. 

Depending on the flow rate, the solution will be turbulent 

or laminar. In this modeling, due to the natural 

displacement, the flow will be laminar. Finally, the 

continuity equations, velocity equations in two directions, 

energy equations, and radiation equations were studied and 

converged. The estimations' accuracy is 10-6  for the 

energy and radiation equations and 10-3  for the software's 

velocity and continuity equations. The results of the 

simulation are shown in Figs. 7-10. 



Iran. J. Chem. Chem. Eng. Norouzi N. & Bozorgian A. Vol. 42, No. 3, 2023 

 

996                                                                                                                                                                  Review Article 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Velocity of natural circulation using water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Natural circulation velocity using aluminum oxide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Velocity f natural circulation using copper oxide nanofluid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: The velocity of natural circulation using copper nanofluid. 

 

By creating heat transfer and increasing sunlight 

absorption, the circular motion inside the diffuser has 

increased the heat transfer to the absorber plate; by 

changing the fluid to alumina nanofluid, the nanofluid's 

velocity inside the diffuser increases. The relative 

symmetry remains, and the system seeks to increase  

the heat transfer from the cover plate to the absorber plate 

by increasing the rotational period created. The conversion 

of the nanofluid used by aluminum oxide to copper oxide 

has caused a more circulating current inside the diffuser 

and increased nanofluid movement speed. The highest 

velocity is shown in the center of the rotation towards the 

absorber plate. Due to its high heat transfer coefficient, 

copper nanofluid has increased the adsorbent's 

Temperature by absorbing more heat transfer than copper 

oxide, aluminum oxide, and water-based nanofluids.  

The authors have calculated the free convective heat 

transfer coefficient of nanofluids in theoretical and 

experimental results were compared and also evaluate  

the effect of particle concentration and operating 

Temperature on the forced convective heat transfer 

coefficient of nanofluids. The comparison of theoretical 

and simulated results is shown in Figs. 11 and 12. 

 

Collector system performance  

The results are analyzed by comparing the diagrams  

of different nanofluids in the two cities' climatic  

conditions (Figs. 13 and 14). Nanofluids containing  

copper oxide and aluminum oxide particles reach  

lower Temperatures, and as the flow is faster, the higher 

the Temperature, the faster the nano-particles with  

copper particles reach the desired maximum Temperature 

of 100 ° C. 

The amount of sunlight on the collector surface is 

constant in a weather condition. In Tabriz's city, the water's 

Temperature leaving the collector is much higher than  

the water Temperature, leaving the collector in Bandar 

Abbas's city (Figs. 15 and 16). 
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Fig. 11: The new Nusselt number of fluid mixed with CuO, Cu, 

and Al2O3 nanofluids compared to the former fluid without 

mixing particles in plate collector. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12: The new linear thermal conductivity of fluid mixed 

with CuO, Cu, and Al2O3 nanofluids compared to the former 

fluid without mixing particles in plate collector. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13: Diagram of the final Temperature of the outlet water 

for three nanofluids in Bandar Abbas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14: Diagram of the final outlet water Temperature for 

three nanofluids in the city of Tabriz. 

 

 

The outlet water Temperature is the maximum 

Temperature at which the collector can heat water utilizing 

solar and nanofluid energy. The Temperature is regulated 

by a controller connected to the collector and reaches  

the consumer up to a maximum of 100 ° C. Nanofluid with 

copper particles has the highest output Temperature.  

In other words, a solar collector with copper nanofluid  

can increase the water Temperature further, and finally,  

the output water from it has a higher Temperature than 

other nanofluids. It is noteworthy that the solar collector 

using nanofluid in Tabriz can increase the Temperature 

more than Bandar Abbas. The ambient Temperature 

diagrams of each city are shown in Fig. 17, and it is clear 

that the city of Bandar Abbas has a higher ambient 

Temperature than the city of Tabriz. Tabriz's city has  

a higher altitude, less air concentration, and more sunlight 

on the collector surface. 

Because the maximum output Temperature is 100 ° C, 

this system can be used for nanofluids with copper 

particles in both cities. As shown in the diagrams,  

if nanofluids with aluminum oxide particles are used  

in Bandar Abbas, Because the maximum water outlet 

Temperature is 83 ° C, a heat exchanger must be used to 

achieve the desired Temperature is 100 ° C. It should be 

noted that there are different types of auxiliary heaters and 

the heater used here with Depending on the amount of 

energy, when the Temperature reaches 55 ° C, it turns on. 

It heats the water to 60 ° C. Water at a Temperature below 

100 ° C leaves the collector and enters the energy storage 

tank heated by a heat exchanger and delivered  

1

1.05

1.1

1.15

1.2

1.25

1.3

0.10% 0.30% 0.50% 0.70% 0.90%

N
u

n
/N

u
f

volume fraction (%)

CuO

Cu

Al2O3

Linear (CuO)

Linear (Cu)

Linear (Al2O3)

1

1.02

1.04

1.06

1.08

1.1

1.12

1.14

0.00% 0.20% 0.40% 0.60% 0.80% 1.00%

K
n

/K
f

Volume Fraction (%)

CuO

Cu

Al2O3

Linear (CuO)

Linear (Cu)

Linear (Al2O3)



Iran. J. Chem. Chem. Eng. Norouzi N. & Bozorgian A. Vol. 42, No. 3, 2023 

 

998                                                                                                                                                                  Review Article 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15: Chart of useful collector energy for three nanofluids 

in the city of Tabriz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16: Chart of useful collector energy for three nanofluids 

in Bandar Abbas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17: Diagram of ambient Temperature in Bandar Abbas 

and Tabriz. 

Table 4: Value of input to the system in the simulation. 

Schedule Mass flow, kg.h-1 

7-9 am 0.1 

9 am-3 pm 0.2 

3 pm-6pm 0.1 

 

Table 5: The amount of flow applied to the system  

in the simulation. 

Schedule 
Mass flow of stream 4, 

kg.h-1 

Mass flow of stream 5, 

kg.h-1 

7 - 9 am 1 1 

9 am - 3 

pm 
2 4 

3 pm-6 pm 1 2 

 

to the consumer. For aluminum oxide nanofluids with  

the mentioned water Temperature, after leaving the 

collector, the Temperature does not drop to 55 ° C, which 

forces the system to turn on the heat exchanger. But it is 

normal for a slight drop to leave the energy storage tank 

and reach the consumer. Part of the decline is also due to 

the storage tank dissipation coefficient discussed earlier. 

Finally, the consumer Temperature using aluminum oxide 

nanofluid in Bandar Abbas will be 80 ° C. The input  

\and applied flow values are presented in Tables 4 and 5. 

Water flow discharge: After applying the new inlet 

water flow, due to the increase in the inlet water's mass 

flow, the system needs auxiliary energy to heat all the 

incoming water and use only solar energy nanofluid used 

in it will not respond to increasing water Temperature (see 

Figs. (18 and 19)). 

The collector outlet Temperature decreased with 

increasing inlet water flow. The sun's energy and the fluid 

used in the system are the same, and when more water 

enters the system, the said energy will heat a smaller 

volume of water to the desired Temperature or increase  

the total incoming water at a lower Temperature. When 

the flow rate increases by 20, the result is an increase  

in auxiliary heat energy. After the heat exchanger raises 

the water temperature to an acceptable level, it shuts 

down, and the solar energy system continues to increase 

the Temperature until it reaches the maximum 

Temperature. According to the diagram, the Temperature 

of different points of the energy storage tank also 

fluctuates. It can be concluded that if the heat exchanger 

and solar collector power and the amount of solar,  
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Fig. 18: Diagram of water Temperature coming out of the 

collector in the applied flow No. 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 19: Graph of outlet water Temperature from the collector 

in the applied flow No. 5. 

 

radiation remain constant with increasing the mass flow 

rate of the incoming water, the system Temperature 

fluctuation increases, The heat exchanger is switched on. 

Its energy will increase in proportion to the amount of inlet 

flow, and the final Temperature will be slightly lower than 

the maximum Temperature. If the heat exchanger power  

is increased, the maximum Temperature can be reached. 

The area applied to the collector surface in the simulation is 

presented in Table 6. The level intended for the collector in 

the simulation is 2 (Ac =5m). The outlet water Temperature 

diagrams are presented in Figs. 20 and 21. 

The higher the collector level, the sooner the desired 

Temperature will be reached. Increasing the level of 

collectors has a positive effect on the system, and of 

course, this change requires an optimal economic impact. 

Since the three nanofluids studied in previous studies have 

not been analyzed together, the study of Nusselt number 

changes can be good evidence of how they work compared 

to each other. Nusselt number changes are observed based 

on the amount of heat transfer, which is greater when using 

copper nanofluids. Heat transfer within the diffuser is free-

moving, and improved Nusselt number changes along the 

diffuser result in better and more orderly velocity 

profiles(see Figs. 22). 

Nanofluids are a mixture of metal nanoparticles or 

metal and carbon oxides that have been mixed to improve 

the thermal and physical properties of the base fluid. Many 

fluids are used in industry, and the range of these fluids 

range is limited due to physical and safety limitations in 

some cases. Therefore, the relevant fluid can not 

completely meet the existing needs. A good example of 

this is low-Temperature thermal cycles or organic Rankine 

cycles that work with organic fluids or solar thermal 

systems suitable for this type of cycle. These fluids are 

very suitable for these cycles due to the low boiling point, 

but they have low thermal efficiencies due to their low 

thermal conductivity. Therefore, if this defect can be 

solved by adding nanoparticles with high thermal 

conductivity, higher powers can be achieved in these 

cycles, and more energy can be transferred through this. 

This project investigates the effect of using nanofluids on 

improving the performance and thermal efficiency of the 

organic cycle. To be able to determine how much heat 

transfer and production work can be improved if nanofluid 

is used instead of the primary fluid in this cycle, and in a 

broader sense, by examining the exergy efficiency, the 

effect of this effect on converting available work into 

useful work can be investigated. 

Fig. 23 shows the variations of different exergy rates 

for different nanofluids with a mass percentage of 3.0% at 

a flow rate of 2 liters per minute. As shown in Fig. 23, as 

the amount of radiation on the collector surface increases, 

increasing the collector surface Temperature and the 

operating fluid Temperature, the exergy rates' values all 

increase. For the two exergy curves of absorbed radiation 

and degraded exergy due to the difference between the 

collector surface Temperature and the surface 

Temperature of the sun, the values of these two exergy 

rates are higher than the other values of the exergy rates 

and with increasing radiation, these two exergy rates 

increase significantly. The exergy rates of degraded and  

  

Simulation time =   

  

Simulation time = 
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Table: 6 Area applied to the collector level in the simulation. 

Area Optimum value 

Area 1 10 m2 

Area 2 7.5 m2 

Area 3 2.5 m2 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 20: Graph of the final Temperature of the water leaving 

the system for the consumer in different areas of the collector. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21: Graph of the outlet water Temperature in the collector 

in different areas of the solar collector. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 22. Graph of Nusselt number changes per unit length of 

diffuser in terms of the heat transfer value. 

leaked and the difference in the inlet and outlet of the 

collector operating fluid are relatively smaller. The exergy 

rate of inlet and outlet increases with increasing radiation 

due to the difference between the inlet and outlet 

Temperatures of the collector's fluid. In this diagram,  

due to the slight pressure drop of the collector's fluid,  

the amount of degraded exergy rate due to the pressure 

drop due to its very small amount (less than one watt)  

is indicated at the bottom of the diagram. 

According to the exergy efficiency relations, the 

amount of efficiency in the days and different hours  

of the simulation in 30-minute intervals for the discharges 

and the percentage of different nanofluid masses  

has been calculated. In Fig. 24, the amount of exergy 

efficiency at different times of the day is shown according 

to radiation and ambient Temperature. From Fig. 24, it is 

shown that with increasing the amount of radiation and as 

a result of the average collector surface Temperature, the 

amount of collector exergy efficiency increases. Also, by 

adding different nanoparticles to the base fluid (water), the 

exergy efficiency significantly increased. Also, in Fig. 25, 

the solar collector's efficiency is simulated for nanofluids' 

different volume fractions. 

Although many experimental and theoretical studies 

have been performed on nanofluids' thermal properties, 

very few of these studies have examined nanofluids based 

on the fluids used in collectors, and this number is much 

lower in experimental studies. Wang et al. [13], in an 

experiment, investigated the production methods of 

nanofluid-containing gold particles in therminol VP1 and 

this nanofluid's thermal properties. For mass concentrations 

of 0.005%, 0.01%, and 0.05% in this study, the increase in 

thermal conductivity was equal to 4.8% and 6.5%, 

respectively. Using the relationships presented for thermal 

conductivity used in this modeling, the percentage increase 

of nanofluid thermal conductivity at 30 ℃, 3.6, 3.1,  

and 7.38, respectively, is obtained for these mass 

concentrations. In Fig. 26, the experimental values  

are obtained. And the theory for different nanofluids 

studied in this research can be compared [13-16]. 

 
CONCLUSIONS  

In the present paper, solar thermal system are simulated 

and their exergy and economic analysis is performed. The 

working fluid of the solar thermal system is Al2O3/water 

nanofluid flowing in a specific arrangement of copper tubes.  

Time (h) 

Time (h) 
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Fig. 23: Changes in the exergy rates of absorbed radiation and degraded exergy due to the difference between  

the Temperature of the sun and the collector surface, the leaked exergy, the exergy due to the fluid flow,  

and the difference between the collector surface Temperature and the fluid Temperature, and the difference between  

the exit and inlet exergy rates in (a) Al2O3 (b) CuO (c) Cu nanoparticles. 
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Fig. 24: Exergy efficiency variances according to irradiance 

duration and ambient Temperature in different day hours at the 

base fluid mode with a volumetric flow rate of 1.5 liters/minute. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 25: The efficiency of the Flat plate collector system of 

CuO, Cu, and Al2O3 Nano Fluids. 

 

 

By changing the Q and φ, the amount of exergy output, 

exergy efficiency, and investment recovery time are analyzed 

and the following results are obtained. An increment  

in the working flow rate in the heat exchanger system in 

solar thermal, cools more the panel. Enhancing the fluid 

flow rate in the heat exchanger system in solar thermal 

reduces exergy output. Increasing the volume percentage 

of nanoparticles enhances the exergy output. The 

maximum exergy output is obtained for 1% nanofluid  

at a flow rate of 0.5 lit/min. An enhancement in the fluid 

flow rate of the heat exchanger system in solar thermal 

reduces the exergy efficiency so that increasing the water 

flow rate from 0.5 to 4 lit/min reduces the exergy 

efficiency by 2.03%. The addition of nanoparticles 

enhances the exergy efficiency so that adding 1% Al2O3  

to water at a flow rate of 0.5 lit/min enhances the exergy 

efficiency by 0.45%. Maintenance cost and the initial cost 

of solar thermal system is more than PV, while investment 

recovery is 6 years for PV and 4 years for solar thermal. 

According to the case study, this study can be done for 

different countries to obtain estimation for the efficiency 

of solar systems economically. Besides, other cooling 

systems can be evaluated for the solar panel to investigate 

its effect on solar thermal exergy output. The comparison 

of nanofluid mixtures and water used in this study and their 

changes compared to copper nanofluid in another study 

shows that nanofluid with copper particles has the best 

performance and exergy efficiency than other nanofluids. 

Collectors in cold climates using these nanoparticles have 

led to attaining more energy from the sunlight. As the inlet 

water flow rate increases, the collector efficiency 

increases, and as the solar collector level increases,  

the amount of radiation absorbed from the sun increases, 

which will ultimately lead to increased efficiency. 

Comparing the results obtained for solar collectors,  

it can be seen that the efficiency of solar water heaters  

has increased significantly. The changes in velocity 

obtained in modeling the system using water fluid with the 

results obtained from previous studies are somewhat 

acceptable, and there is a slight change due to the lack of 

the same diffuser length and a difference in the mesh 

structure of the two studies. Similarly, other changes 

obtained for nanofluids in modeling can be considered 

acceptable. The flow exergy for the three nanofluids  

of copper oxide, aluminum oxide, and copper is calculated 

to be 67%, 57%, and 53%, respectively. The portion of the 

nanofluid energy of aluminum oxide that can be converted 

to work will be greater. According to the studies, it is clear 

that energy efficiency and exergy in many cases are 

opposite to each other. In this study, energy efficiency for 

three nanofluids of copper oxide, aluminum oxide, and 

copper have been calculated 76%, 67%, and 48%, 

respectively. Results also show that increasing the inlet 

water Temperature decreases the collectors' energy 

efficiency and generally increases the exergy efficiency  

to its maximum value.  

 

Nomenclature 

D                                           Internal cylinder diameter, m 

g                                                              Gravity acceleration 

Gr                                                                       Graf number 

L                                                     Characteristic length, m 
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Nu                                                                   Nusselt number 

P                                                      Dimensionless pressure 

p                                                                   Pressure, kg/m.s2 

Pr                                                                     Prandtl number 

R                                          Dimensional radial coordinates 

c                                                                                          Cold 

h                                                                                          Hot 

f                                                                                           Fluid 

i                                                                                      Inlet 

o                                                                                           Outlet 

r                                                                           Radius, m 

Ra                                                                     Riley number 

Re                                                               Reynolds number 

Ri                                                         Richardson's number 

T                                                                 Temperature, oK 

U                                                                      Velocity, m/s 

U                                                      Dimensionless velocity 

β                                                Expansion coefficient, oK-1 

ϴ                                       Temperature without dimension 

μ                                                    Dynamic viscosity, kg/m.s 

υ                                                   Cinematic viscosity, m2/s 

ρ                                                                     Density, kg/m3 

ϕ                                                            Tangential coordinates 

φ                                        Volume percentage of nanoparticles 
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